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Rats that have self-administered methamphetamine (meth) under long access, but not short access, conditions do not recognize novel
objects. The perirhinal cortex is critical for novelty detection, and perirhinal metabotropic glutamate 5 receptors (mGlu5) are
downregulated after long-access meth. The novel positive allosteric modulator (PAM) 1-(4-(2,4-difluorophenyl) piperazin-1-yl)-2-((4-
fluorobenzyl)oxy)-ethanone, or DPFE, demonstrates improved solubility compared with other mGlu5 PAMs, thus allowing brain-site-
specific pharmacological studies. Infusion of DPFE into perirhinal cortex restored novel object recognition in long-access meth rats. To
investigate the impact of these cognitive enhancing effects on relapse, we tested the effects of DPFE infusions into perirhinal cortex on
meth-seeking under two different test conditions. In the standard cue relapse test, perirhinal DPFE infusions did not alter meth-seeking in
the presence of meth cues. However, in a novel cue relapse test, wherein animals were allowed to allocate responding between a novel
cue and meth-conditioned cue, perirhinal DPFE infusions shifted the pattern of responding in long-access rats toward a profile resembling
short-access rats, which respond equally for novel and meth cues. Perirhinal mGlu5 are thus a promising pharmacological target for the
restoration of cognitive function in meth addicts. Targeting these receptors may also reduce relapse, particularly in situations where novel
stimuli compete with conditioned stimuli for control over meth seeking.
Neuropsychopharmacology (2016) 41, 1477–1485; doi:10.1038/npp.2015.283; published online 21 October 2015
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INTRODUCTION

Methamphetamine (meth) abuse is a growing problem in the
United States and worldwide. Cognitive deficits have been
observed in meth users, and these deficits are greater after
extended meth use (Dean et al, 2013; Marshall and O'Dell,
2012). In human studies, it is difficult to infer whether such
cognitive deficits are a cause or consequence of meth use;
thus, animal models are useful in determining the direction-
ality of this relationship. Self-administration models are
currently the gold standard for studying addiction in rats,
and in recent years, models that employ longer, extended
access to drug have received growing attention, owing to
their greater face validity and the noted differences between
long- and short-access models (Ahmed and Koob, 1998;
Rogers et al, 2008). Long access, but not short access, meth
leads to a highly reproducible escalation of meth intake
that is thought to reflect a more ‘addicted’ state compared
with short-access models, which may reflect ‘recreational’
drug use (Ahmed and Koob, 1998).
Long-access meth leads to deficits in novel object

recognition, a basic cognitive function that engages a neural

circuit comprising the prefrontal cortex, hippocampus,
and the perirhinal cortex, but only the latter is critical for
novelty detection (Kealy and Commins, 2011; Warburton
and Brown, 2014). Long-access meth results in a number
of neuroadaptations within the perirhinal cortex that may
underlie this cognitive deficit, including a downregulation
of glutamate receptors, specifically GluN2B-containing
N-methyl-D-aspartate (NMDA) receptors and metabotropic
glutamate 5 receptors (mGlu5; Reichel et al, 2014; Reichel
et al, 2011; Scofield et al, 2015), both of which have
been implicated in novel object recognition (Barker et al,
2006a; Barker et al, 2006b). Furthermore, restoring activity
at perirhinal NMDA receptors using the partial agonist
D-cycloserine restores novel object recognition in long-access
meth rats (Scofield et al, 2015).
Systemic administration of the mGlu5-positive allosteric

modulator (PAM) 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)
benzamide, or CDPPB, similarly restores novel object
recognition in long-access meth rats (Reichel et al, 2011).
With the recent advent of a more soluble, selective mGlu5
PAM, 1-(4-(2,4-difluorophenyl) piperazin-1-yl)-2-((4-fluoro-
benzyl)oxy)- ethanone, or DPFE (Gregory et al, 2013),
a potential perirhinal locus for this effect can now be
investigated using brain-site specific microinfusions. The
goal of Experiment 1 was to determine whether intra-
perirhinal infusions of DPFE can restore novel object
recognition in long-access meth rats, with the basic
hypothesis that restoring glutamate receptor transmission
in perirhinal cortex may be a viable strategy for restoring
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novel object recognition. Conversely, blocking glutamate
transmission in this brain region disrupts novel object
recognition in rodents and primates (Barker et al, 2006b;
Malkova et al, 2015).
In order to determine whether meth-induced impairments

in novelty detection have any bearing on relapse vulner-
ability, we set out to develop a model of relapse in
Experiment 2, wherein novel cues compete with meth-
conditioned cues. We hypothesized that such a model would
engage the perirhinal cortex, which to date has not been
implicated in relapse, despite its extensive interconnectivity
with other brain regions, including the prefrontal cortex,
nucleus accumbens, and amygdala (Kealy and Commins,
2011), all known to mediate relapse (Nawata et al, 2012;
Rocha and Kalivas, 2010). Given that short-access meth
rats do not exhibit deficits in novelty recognition (Reichel
et al, 2012a; Rogers et al, 2008), and animals have an innate
propensity to explore and interact with novel objects
(Ennaceur and Delacour, 1988), we hypothesized that a
novel cue would invigorate responding as well as a meth
cue in short-access rats. In long-access rats, however, we
anticipated that their deficits in novelty detection would bias
them toward greater responding for the meth cue.
Finally, Experiment 3 was designed to examine the role of

perirhinal mGlu5 in this new model of relapse, which we
refer to here as a novel cue relapse test. This would not only
implicate perirhinal cortex in relapse involving competition
between novel and meth cues, but also identify a receptor
system that could be therapeutically targeted to restore
novelty salience and reduce relapse. Furthermore, this would
imply that similar neural mechanisms regulate novel object
recognition and novel cue detection in an operant model of
relapse, thus underscoring the importance of a common
meth-induced deficit in novelty salience.

MATERIALS AND METHODS

Subjects

A total of 57 male Sprague-Dawley rats (Harlan) weighing
250–275 g on arrival were individually housed on a reversed
12 : 12 light–dark cycle (1800 hours light on); all experiments
were conducted during the dark cycle. Food (standard rat
chow, Harlan, Indianapolis, IN) was restricted to 20 g chow/
day during experimentation; water was available ad libitum.
Procedures were conducted in accordance with the ‘Guide
for the Care and Use of Laboratory Rats’ (Institute of
Laboratory Animal Resources on Life Sciences, National
Research Council) and approved by the IACUC of the
Medical University of South Carolina.

Surgery

Rats were anesthetized with ketamine (57 mg/kg, i.p.),
xylazine (8.7 mg/kg, i.p.), and Equithesin (0.7 ml/kg, i.p.).
Ketorolac (2.0 mg/kg, i.p.) and cefazolin (200 mg/kg, s.c.)
were administered preoperatively for analgesia and to protect
against post-surgical infection, respectively. Intravenous
catheters were surgically implanted as previously described
(Reichel et al, 2014). For experiments requiring intracranial
microinfusions, guide cannulas (Plastics One, Roanoke, VA)
directed at the perirhinal cortex were stereotaxically

implanted after the catheter surgery, under the same plane
of anesthesia. Perirhinal coordinates were measured from
bregma at the skull surface, angled 10° laterally, as follows:
anterior–posterior (AP) − 4.8 mm, medial–lateral (ML)
− 5 mm, DV − 7.5 mm. When necessary, an anesthesia
booster of ketamine (~1/6th of initial dose) was administered
to maintain sedation throughout the stereotaxic surgery. Rats
were allowed to recover 5–10 days before initiating
behavioral procedures.

Drugs and Microinfusions

Meth (Sigma, St Louis, MO) was dissolved in sterile saline.
The novel mGlu5-positive allosteric modulator 1-(4-(2,4-
difluorophenyl)piperazin-1-yl)-2-((4-fluorobenzyl)oxy) etha-
none (DPFE) was used to activate perirhinal mGlu5. DPFE
was dissolved in a 20% solution of hydroxyl-propyl
betacyclodextrin in distilled water at a concentration of
1 mg/ml. This vehicle is sufficient to dissolve DPFE with
gentle sonication to a point where it can pass through a
microinjection needle, which is not possible with the more
commonly used mGlu5 PAM CDPPB. The DPFE dose for
intracranial studies (0.5 μg/0.5 μl/side) was inferred from a
preliminary study we performed with systemic dosing
(Supplementary Experiment S1). Microinjectors extended
1.5-mm beyond the cannula; bilateral microinfusions
occurred simultaneously over 2 min; injectors were left in
place an additional minute to allow diffusion.

Meth Self-Administration

Self-administration was conducted in behavioral chambers
(30 × 20 × 20 cm, Med Associates, St Albans, VT) as pre-
viously described (Reichel et al, 2014). Responding on the
active lever delivered a 2-s infusion of meth (20 μg in 50 μl)
followed by an unsignaled 20 s timeout period (FI-20 s)
where responding was without consequence (to prevent
overdose). Positioned above the active lever was a white
stimulus light used to signal each meth infusion. A speaker
positioned near the ceiling of the chamber was used to
deliver a tone (78 dB, 4.5 kHz) in conjunction with the
stimulus light for Experiment 1. Responding on the inactive
lever never produced any consequence. The first week
consisted of 1-h sessions. After seven sessions of acquisition,
rats either continued for an additional 14 sessions of 1 h
(short access), or they increased to 6 h (long access) sessions
over the last 2 weeks of self-administration. Rats were then
returned to their home cage for 1–2 weeks of abstinence
prior to relapse testing and/or novel object recognition
testing (see Experimental Procedures for details). Four rats
were eliminated from the short-access group (Experiment 2)
due to failure to meet acquisition criteria of at least 15
infusions on average over the last 3 days of meth self-
administration.

Cue Relapse Testing

Cue relapse testing was conducted by returning rats to their
self-administration chambers after a period of home cage
abstinence (eg no prior extinction training was conducted),
and a single non-contingent cue presentation signaled the
start of the test. Rats were not tethered and meth was not
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delivered during this 1-h test. Responding on the active lever
resulted in presentation of the light-tone stimulus (5 s
duration; FI-20 s) previously paired with meth during self-
administration.

Novel Cue Relapse Testing

For novel cue relapse tests, a novel lever and stimulus light,
neither of which was present during self-administration,
were positioned on the opposite wall from the active lever, to
minimize association between the novel and meth cues at
test. For this same reason, no tone was used during self-
administration or testing. The novel stimulus light was
covered with pieces of Velcro on the top and bottom to
provide a tactile stimulus and reduce light intensity
(compared with the meth cue) by leaving only a small slit
for the light to disperse. Responding on the novel and active/
meth levers turned on their respective cue lights (15 s
duration; FI-20 s), but meth was not delivered. Responding
on all levers was recorded over the 1 h session. Testing
occurred after a period of home cage abstinence, and no
prior extinction training was conducted. Data were con-
verted to a Relapse Index to reflect the within-subject choice
for the meth cue+lever vs the novel cue+lever. The formula
parallels that used to calculate the recognition index for novel
object recognition:

Relapse index ¼ Active lever presses
Active lever pressesþ novel lever presses

Thus, a relapse index above 0.50 indicates higher
responding for the meth cue vs the novel cue, whereas an
index of 0.50 indicates indifference for these cues. Results
were also examined during the first 15-min bin of the session
separately, since novelty is short lived, and time-course
analyses revealed this was an optimal time point for detecting
discrimination between novel and active levers. Figure 3b
depicts the layout of the operant chamber at test.

Novel Object Recognition

Novel object recognition testing was performed as previously
described (Reichel et al, 2012a). On abstinence day 7 or 14
(see Experimental Procedures), rats explored two identical
objects for 3 min. Immediately after this familiarization
session, vehicle or DPFE was administered. Testing was
conducted 90 min later by allowing rats to explore an object
from the familiarization phase and a novel object for 3 min.
Exploration time (seconds spent with novel or familiar
object) was measured manually by an experimenter blind to
treatment group using accelerated video playback with an
event recorder in Ethovision XT 8.0 (Noldus, Leesburg, VA)
and was defined as time spent actively sniffing or touching
the object. Using these values the recognition index is
calculated by dividing the time spent with the novel object by
the time spent with both objects. Approaches to the object
were also quantified, and an approach score was calculated
(approaches to novel object over total approaches). Total
distance (cm) traveled was simultaneously recorded as a
measure of ambulation during the test. Objects included
a PVC pipe (6.4 × 3.8 cm), a light bulb (8.9 cm), and/or a
plastic bottle (Reichel et al, 2014). Objects and the arena were

wiped down with 70% ethanol between animals. Animals
were excluded from all analyses if they failed to sample each
object for at least 3 s during familiarization (n= 2 from
Experiment 1), or if they failed to sample both objects during
testing, or had less than 3 s total exploration time for both
objects (n= 2 from Experiment 1).

Experimental Procedures

Experiment 1: Restoring novel object recognition in long-
access meth rats by activating perirhinal mGlu5.
Rats (n= 16) underwent long access meth self-

administration procedures. For this experiment, each meth
infusion during self-administration was paired with a 5-s
compound light-tone stimulus in which the white stimulus
light above the lever was delivered simultaneously with a
tone. On abstinence day 7, rats were tested for novel object
recognition. Vehicle or DPFE was microinfused into the
perirhinal cortex immediately after object familiarization.
After novel object recognition testing and an additional week
of home-cage abstinence, rats underwent cue relapse testing
on abstinence day 14. Vehicle or DPFE was microinfused
into perirhinal cortex 15 min prior to this test. Group
assignments were maintained between tests in case there
were any lasting effects of the initial DPFE dosing, as
tolerance has been noted with repeated administration of
other mGlu5 PAMs (Parmentier-Batteur et al, 2010).
Experiment 2: Developing a novel cue relapse test to assess

the impact of meth-induced cognitive deficits on relapse.
Rats (n= 29) were implanted with intravenous catheters

and, after recovery from surgery, went through either long-
(n= 8) or short-access (n= 12) meth self-administration.
Meth infusions were signaled by a 15-s cue light above the
active lever (eg the meth cue). On abstinence day 7, rats were
returned to the behavioral chambers for a novel cue-relapse
test (described in detail above). Just prior to testing, a subset
of short-access rats (n= 9) received a priming injection of
meth (1 mg/kg, i.p.), which has previously been shown to
induce relapse in traditional extinction-reinstatement models
(Reichel and See, 2010; Rocha and Kalivas, 2010). Thus, we
reasoned that a meth prime should increase the relapse index
in our novel cue relapse test. One rat in the meth prime
group was a statistical outlier (4 2 SD from the mean) and
was excluded from all analyses.
Experiment 3: Reducing relapse in a novel cue relapse test

by activating perirhinal mGlu5.
Rats (n= 16) were implanted with an intravenous catheter

and intracranial cannula directed at the perirhinal cortex.
After recovery from surgery, they underwent long-access
meth self-administration procedures. As in Experiment 2, a
15-s cue light above the active lever was used as the meth cue.
On abstinence day 7, rats received an infusion of vehicle or
DPFE into perirhinal cortex 15 min prior to placement in the
chambers for novel cue relapse testing. The following week,
rats underwent novel object testing on abstinence day 14.
Conditions for novel object testing were analogous to those
described for Experiment 1.

Statistical Analyses and Behavioral Observations

Self-administration and relapse test data were analyzed
using a one- or two-way analysis of variance (ANOVA)
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with post hoc as specified in the Results. Dunnett’s post hoc
was used when comparing with a single control group or
time point, and Tukey’s post hoc was used when making
multiple comparisons across groups. Rats were assigned to
vehicle or DPFE treatment groups in a balanced manner
based on total meth intake, and two-way ANOVAs
confirmed no group differences in self-administration
responding (all p’s40.05). Relapse and recognition indices
were analyzed using either a two-sample unpaired t-test
comparing vehicle with DPFE treatment groups, or by one-
way ANOVA (Experiment 2 relapse indices). In addition, for
each treatment group, the relapse and recognition indices
were compared with a hypothetical mean of 0.50 using two-
sample t-test. All statistical analyses were conducted with the
alpha set at 0.05, and all data are graphed as the
mean± SEM.

RESULTS

Experiment 1: Restoring novel object recognition in long-
access meth rats by activating perirhinal mGlu5.
Consistent with our previous work (Reichel et al, 2011), we

observed a robust escalation in meth intake as long-access
progressed (F(20, 315)= 4.41, po0.001; Figure 1a). Total
meth intake over the entire self-administration phase was on
average 92± 6 mg/kg (vehicle group= 98± 10 mg/kg; DPFE
group= 85± 6 mg/kg). On abstinence day 7, rats were
tested for novel object recognition. The groups did not differ
during familiarization (Supplementary Table S1A). Vehicle
or DPFE was infused into perirhinal cortex after familiariza-
tion. Testing occurred 90 min later. The vehicle group
performed at chance levels, whereas the DPFE group had a
recognition index significantly above chance (eg 40.50)
(t(7)= 4.59, p= 0.003) and significantly greater than vehicle-
treated rats (t(14)= 2.24, p= 0.042). DPFE did not cause any
changes in ambulation during the test (Veh: 3190± 147 cm;
DPFE: 3093± 226 cm). Furthermore, DPFE did not alter
novel object recognition in saline controls (Supplementary
Experiment S2).
As DPFE was able to restore novel object recognition in

long-access meth rats, we tested whether this cognitive
enhancement might also reduce relapse in the presence of

meth cues. On abstinence day 14, rats were returned to the
operant chambers for a cue relapse test, following perirhinal
infusions of vehicle or DPFE. Responding on the active lever
was higher than the inactive lever (main effect of lever
(F(1,28)= 47.90, po0.001); Figure 2a). No other effects were
observed indicating that intraperirhinal DPFE does not alter
meth-seeking under these conditions. Microinfusions were
located predominantly at the entorhinal–perirhinal border,
just ventral to the rhinal fissure (ie area 35, Figure 2b).
Experiment 2: Developing a novel cue relapse test to assess

the impact of meth-induced cognitive deficits on relapse.
We hypothesized that the therapeutic effects of perirhinal-

applied DPFE might be contingent on the presence of novel
stimuli. Thus, we developed a self-administration/relapse
model that incorporates choice between a novel cue and a
meth-conditioned cue on the relapse test. Long-access meth
rats escalated their meth intake (One way ANOVA over
long-access Days 8 through 21, (F(7, 111)= 3.458, po0.001);
Figure 3a), but short-access rats did not. Total meth intake in
the long-access group (117± 11 mg/kg) differed significantly
from that in the short-access group (18± 2 mg/kg; t(18)=
10.91, po0.001).
During the novel cue relapse test (see Figures 3b for

chamber layout), long- and short-access rats exhibited
distinct profiles of responding over the three available levers
(Figure 3c). A two-way ANOVA (lever × group) revealed a
main effect of lever (F(2,54)= 19.11, po0.001) and a
significant interaction (F(2,54)= 7.7, p= 0.001), but no main
effect of long- vs short-access. Tukey’s post hoc comparisons
revealed that in long-access rats, responding on the active
lever was significantly higher than responding on the novel
lever (po0.001) as well as the inactive lever (po0.001),
but responding on the novel lever was not substantially
higher than responding on the inactive lever. By contrast,
in short-access rats, responding on the active lever (po0.05)
and the novel lever (po0.01) were both significantly
higher than responding on the inactive lever, but responding
on the active lever was not substantially higher
than responding on the novel lever. The groups did not
differ in inactive lever responding, which is used as a
measure of non-specific activity. Thus, the relapse index was
calculated using only active and novel lever responding
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(active lever presses/total presses on both active and novel
levers).
Short-access rats did not show a significant relapse index

(eg above 0.50), whereas long-access rats did (t(7)= 5.51,
po0.001; Figure 3d), indicating they responded more for
meth cues. In a subset of short-access rats, we administered a

priming injection of meth (1 mg/kg, i.p.) just prior to the
novel cue test. This resulted in a significant relapse index
(t(7)= 7.48, po0.001), similar to that in long-access rats
(Figure 3d). Thus, it is possible to shift the profile of
responding in short-access rats to one resembling long-
access rats. A one-way ANOVA (F(2,25)= 12.69, po0.001)
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Experiment 1. (b) Histological verification of microinjector needle placements within perirhinal cortex from Experiment 1. White dots reflect the needle tip
location for vehicle infusions; black dots reflect DPFE infusions. Placements were predominantly clustered in area 35, just below the rhinal fissure.
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revealed that both long-access rats (Dunnett’s post hoc
po0.05) and short-access rats receiving a meth prime
(Dunnett’s post hoc po0.001) had a significantly higher
relapse index than short-access rats not receiving a meth
prime (Figure 3d).
Experiment 3: Reducing relapse in a novel cue relapse test

by activating perirhinal mGlu5.
Given that it was possible to shift responding in short-

access rats toward a pathological profile resembling long-
access rats by administering a meth prime, we next set out to
reverse the pathological profile in long-access rats with
perirhinal-applied DPFE. Long-access rats again exhibited
an escalation in meth intake (F(13,195)= 16.66, po0.001;
Figure 4a). Total meth intake was on average 90± 3 mg/kg
(vehicle group= 89± 5 mg/kg; DPFE group= 90± 6 mg/kg).
On abstinence day 7, rats were returned to the operant
chambers for novel cue relapse testing, following perirhinal
infusions of vehicle or DPFE. A time-course analysis of
responding over the 1-h test session indicated that differ-
ences between the groups were most pronounced early in the
session (Figure 4b), when novelty is strongest (eg before

habituation occurs). Thus, we restricted our analysis to the
first 15 min of the session. Importantly, retrospective analysis
of this time point did not alter effects from Experiments 1
and 2 (Supplementary Figure S3). Whereas the vehicle group
exhibited a significant relapse index (t(7)= 4.419, p= 0.004),
the DPFE group did not (p= 0.1455; Figure 4c). Further-
more, the vehicle group had a significantly higher relapse
index than the DPFE group (t(14)= 2.387, p= 0.032),
indicating that perirhinal-applied DPFE reduced relapse in
this model.
After an additional week of home cage abstinence, on

abstinence day 14, rats were tested for novel object recog-
nition to reassess whether intraperirhinal DPFE produced
similar therapeutic effects on the recognition index. As in
Experiment 1, group assignments were maintained between
tests. During the familiarization phase, the groups showed
equivalent approach scores and time spent exploring each
object (Supplementary Table S1B). Consistent with results
from Experiment 1, the DPFE group showed significant
novel object recognition [t(7)= 3.996, p= 0.005], whereas the
vehicle group did not (Figure 5a). Furthermore, DPFE-
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at right.
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infused rats performed significantly better than their vehicle
counterparts [t(14)= 4.134, p= 0.001]. DPFE did not alter
general ambulation during the test (Veh: 2794± 130 cm;
DPFE: 2943± 108 cm). Microinfusions were again located
predominantly in area 35 (Figure 5b).

DISCUSSION

The present study identifies the therapeutic efficacy of
activating perirhinal mGlu5 to both restore novelty recogni-
tion and reduce meth relapse by enhancing novelty salience.
This new relapse model has several implications for
meth relapse: (1) Novel stimuli can compete with meth-
conditioned stimuli for control over meth-seeking behavior,
(2) Prolonged or extended use of meth results in a loss of
novelty salience, and (3) Restoring activity at perirhinal
mGlu5 can restore novelty salience and reduce relapse.
Presumably the latter compensates for previously observed
meth-induced reductions of mGlu5 expression in perirhinal
cortex (Reichel et al, 2011). These results underscore the
importance of the perirhinal cortex, not just as a novelty
detector, but also as a key component of the neural circuit
controlling meth relapse, particularly under conditions
where meth-conditioned cues compete with novelty for
control over behavior.

mGlu5, Novelty and Meth Addiction

Antagonists of mGlu5 administered prior to, or in conjunc-
tion with, repeated meth injections protect against meth-
induced toxicity (Battaglia et al, 2002; Golembiowska et al,
2003). Thus, during initial drug exposure, mGlu5 antagonists
might be protective. However, most addicts seek treatment
only after they begin their attempt to abstain from drug use.
Given that mGlu5 mediate some of the reinforcing properties
of meth (Gass et al, 2008; Osborne and Olive, 2008), the
downregulation in perirhinal mGlu5 observed after 7–14 days
of abstinence (Reichel et al, 2011) may be a compensatory
neuroadaptation to temper overactivation of these receptors
during meth exposure. During abstinence, this adaptation
could have negative consequences for neural processes, such
as novelty detection, that rely on mGlu5. Thus, the treatment
approach during abstinence may need to be different than
the approach during drug exposure.
The mGlu5 PAM CDPPB has been shown to accelerate

reductions in meth-seeking during extinction training
(Kufahl et al, 2012). Furthermore, mGlu5 knockout mice
exhibit delayed extinction of meth-seeking and increased
cue-induced reinstatement (Chesworth et al, 2013).
Chesworth et al, (2013) hypothesized that mGlu5 may have
a role in mediating contextual salience, as both of these
studies employed contextual cue extinction. Indeed, when
extinction was conducted in an alternate context, the former
group failed to observe an extinction-enhancing effect of
CDPPB (Widholm et al, 2011). In contrast with the increased
reinstatement reported by Chesworth et al, (2013) in the
mGlu5 knockout, acute pharmacological antagonism of
mGlu5 reduces cue-induced reinstatement of meth-seeking
(Gass et al, 2008; Watterson et al, 2012). Developmental
adaptations resulting from embryonic deletion of mGlu5 in
the knockout may account for this apparent discrepancy.

Like long-access meth rats, transgenic mice expressing
microRNA hairpins against mGlu5 mRNA under the control
of a dopamine D1-receptor promoter exhibit deficits in novel
object recognition (Parkitna et al, 2013). Similar to mGlu5
knockout mice (Olsen et al, 2010), these D1-mGlu5 knock-
downs exhibit lower levels of operant sensation seeking,
indicated by their reduced propensity to respond for novel
cue lights (Parkitna et al, 2013). Interestingly, though they
consume normal amounts of alcohol, they do not escalate
their intake after a period of abstinence, whereas control
mice typically double their intake (Parkitna et al, 2013). This
phenotype suggests that mGlu5 are required for novel cue
lights to engage responding, as well as for escalation to occur.
This is consistent with our hypothesis that while activation of
mGlu5 during initial meth exposure may promote meth-
taking, a downregulation in mGlu5 during meth withdrawal
may lead to impairments in novelty salience. In addition,
these findings underscore an important connection between
mGlu5 and dopamine signaling.

Novelty Detection vs Novelty Reward

Although the observed meth-induced impairments in novel
object recognition are generally interpreted as a deficit in
novelty detection, these effects might also be explained by a
deficit in novelty-induced reward. Nucleus accumbens
dopamine release has been implicated in novelty choice
behavior and indeed is a key substrate of novelty-induced
place preference (Pierce et al, 1990; Rebec et al, 1997).
Interestingly, novelty reward in a place preference model
has been proposed as a measure of anhedonia (Bevins and
Besheer, 2005). This is particularly relevant given that
anhedonia has been reported in psychostimulant abusers
after protracted withdrawal (Leventhal et al, 2008), and
persistent decreases in striatal metabolism are proposed to
underlie this anhedonic state (Wang et al, 2004). Although
the long-access regimen of meth self-administration em-
ployed in the present study is not expected to induce striatal
toxicity per se (Reichel et al, 2012b), there may be more
subtle, detrimental effects on midbrain dopamine neuron
physiology that lead to diminished novelty-induced dopa-
mine release at nucleus accumbens terminals.
Perhaps another indication of the importance of dopamine

in novel cue choice behavior is the observation that a
priming injection of meth was able to shift responding away
from the novel cue and toward the meth cue in short-access
rats (Figure 3d). In the absence of this dopaminergic
challenge, short-access meth rats respond equally for the
novel vs meth cue on the novel cue relapse test. This finding
is consistent with a study by Bastle et al., (2012), who
reported that short-access (2 h daily self-administration
sessions for 2 weeks) cocaine rats respond equally for novel
and cocaine cues on a reinstatement test conducted after
two weeks of extinction training. In the latter study, however,
the novel and cocaine cues were tested in separate animals,
so this model did not address the ability of novel cues to
compete with conditioned drug cues in a choice setting.
Although previous studies have demonstrated the ability
of novelty (eg in a place preference model) to compete with
the conditioned rewarding effects of cocaine (Reichel and
Bevins, 2008,2010), to our knowledge this is the first to do so
in an operant model of relapse. That a meth prime was able
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to shift behavior in short-access rats to a profile resembling
long-access rats suggests that dopaminergic mechanisms, in
addition to the perirhinal mGlu5 mechanism we identified
here, mediate novel choice behavior in this paradigm. Future
studies are needed to address the brain sites whereby this
occurs and the potential interaction between dopamine and
mGlu5 signaling.
Deficits in novel object recognition, or variants of the task,

have been observed after repeated exposure to not only meth
(Belcher et al, 2007; Gonzalez et al, 2014; O'Dell et al, 2010;
Reichel et al, 2014; Reichel et al, 2012b; Rogers et al, 2008),
but also cocaine (Briand et al, 2008), ecstasy (Schenk et al,
2010), and alcohol (Cippitelli et al, 2010; Zhao et al, 2012). A
few of these studies implicated certain neural mechanisms
within a circuit including the prefrontal cortex (Gonzalez
et al, 2014; Kamei et al, 2005), hippocampus and entorhinal
cortex (Zhao et al, 2012). However, none of these studies
related the deficits in novel object recognition or the
underlying substrates to relapse vulnerability. Our data
suggest a cyclical pattern of meth use, cognitive deficits,
and subsequent increased vulnerability to relapse. This cycle
begins with a downregulation of perirhinal mGlu5 as a
function of escalating meth use (Reichel et al, 2011), and
restoring function at these receptors with an mGlu5 PAM
rescued meth-induced deficits in novel object recognition in
the present study. Relapse involving a choice between novel
vs meth-conditioned stimuli relies on similar mechanisms,
perhaps owing to a common deficit in novelty salience. Thus,
treatments aimed at restoring perirhinal mGlu5 signaling in
meth addicts may be a viable therapeutic target for restoring
novelty salience and reducing relapse.
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