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AMPA receptor and metabotropic glutamate receptor 1
adaptations in the nucleus accumbens core during incubation
of methamphetamine craving
Conor H. Murray1, Jessica A. Loweth1,4, Mike Milovanovic1, Michael T. Stefanik1,5, Aaron J. Caccamise1,6, Hubert Dolubizno1,7,
Jonathan R. Funke1,2, M. Foster Olive3 and Marina E. Wolf1,2

Cue-induced drug craving progressively intensifies after withdrawal from self-administration of cocaine, methamphetamine, and
other drugs of abuse, a phenomenon termed incubation of craving. For cocaine and methamphetamine, expression of incubated
craving ultimately depends on strengthening of nucleus accumbens (NAc) synapses through an accumulation of high conductance
Ca2+-permeable AMPA receptors (CP-AMPARs) that is detectable with electrophysiological approaches. This study sought to further
characterize glutamate receptor adaptations in NAc core during methamphetamine incubation. Previous biochemical studies
revealed that the CP-AMPARs accumulating after cocaine incubation are mainly homomeric GluA1 receptors and that their
accumulation is reflected by increased cell surface GluA1. Here, for methamphetamine, we observed no significant change in
surface or total GluA1 (GluA2 and GluA3 were also unchanged). Nonetheless, GluA1 translation was elevated after incubation
of methamphetamine craving, as recently found for cocaine. Additionally, for cocaine, we previously observed a withdrawal-
dependent decrease in mGlu1 surface expression that precedes and enables CP-AMPAR accumulation and incubation of craving,
reflecting weakening of mGlu1-dependent mechanisms that normally limit synaptic CP-AMPAR levels in the NAc core. Here, we
observed no change in surface or total mGlu1 protein or its coupling to Homer scaffolding proteins after methamphetamine
withdrawal, nor did elevation of mGlu1 tone through repeated injections of an mGlu1-positive allosteric modulator delay
incubation of craving. These findings suggest a common role for increased GluA1 translation, but not decreased mGlu1 function, in
the incubation of methamphetamine and cocaine craving. We speculate that increased GluA1 translation near synapses may drive
formation and synaptic insertion of homomeric GluA1 receptors in the absence of detectable changes in GluA1 protein levels.
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INTRODUCTION
Persistent vulnerability to relapse is a major challenge in treating
methamphetamine abuse. The majority of individuals discharged
from methamphetamine treatment relapse within 1 year [1],
yet there are currently no FDA-approved drugs to help recovering
stimulant users stay abstinent. It is well established that
methamphetamine abuse induces alterations in brain circuitry
that are critical to relapse vulnerability, in part by modulating
responses to drug-associated cues. In a rodent model termed
the incubation model, relapse vulnerability is exemplified by a
progressive increase or ‘incubation’ of cue-induced craving after
withdrawal from self-administration of methamphetamine, as well
as cocaine, heroin, nicotine, and ethanol [2, 3]. For methamphe-
tamine, incubation of craving is observed in rats during forced
abstinence [4–6] or self-imposed abstinence [7], and in abstinent
humans [8].

How do mechanisms underlying the incubation of metham-
phetamine craving compare to cocaine? One important point
of convergence between the two drugs pertains to glutamate
receptor plasticity in the nucleus accumbens (NAc) necessary
for the expression of incubated craving. In drug-naïve or saline-
treated animals, GluA2-containing Ca2+-impermeable α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs)
are primarily responsible for excitatory transmission onto medium
spiny neurons (MSNs), the major cell type and output neurons of
the NAc [9, 10]. However, following ~1 month of withdrawal from
extended-access cocaine self-administration (i.e., after incubation
of cocaine craving is near maximal), levels of high conductance
Ca2+-permeable AMPA receptors (CP-AMPARs) are increased in
NAc core and shell synapses; thereafter, their activation is required
for expression of incubation [10, 11]. In NAc core, we showed
that CP-AMPAR accumulation after cocaine is attributable to
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increased homomeric GluA1 receptors, associated with an
increase in cell surface GluA1 [10, 12] in the absence of significant
changes in GluA2 [10]. The increase in surface GluA1 may be
due to increased GluA1 translation [13].
In addition to CP-AMPAR accumulation after incubation of

cocaine craving, a robust mGlu1-dependent synaptic depression
mediated by the internalization of CP-AMPARs is detected [14, 15]
and can be targeted to reduce cocaine craving [16–18]. The
ability of mGlu1 activation to remove CP-AMPARs suggests that
endogenous glutamate tone on mGlu1 may contribute to low CP-
AMPAR expression under control conditions, and that mGlu1
levels may be inversely related to CP-AMPAR levels. Indeed, we
found that decreased mGlu1 surface expression in the NAc core
precedes and enables CP-AMPAR accumulation during incubation
of cocaine craving [17]. Furthermore, in a study of incubation of
craving produced by a single cocaine self-administration session,
a reduction in mGlu1 mRNA was found in NAc shell but not
core, and an enhancement of incubated cocaine seeking was
observed after systemic mGlu1 blockade [19].
In the NAc core of rats that undergo incubation of metham-

phetamine craving, electrophysiological studies have found that
CP-AMPARs also accumulate, albeit more rapidly than following
cocaine [5]. Once present, they are required for expression of
incubation; furthermore, they are removed by acute pharmacolo-
gical mGlu1 stimulation, leading to reduced craving [5]. In this
study, we tested the hypothesis that CP-AMPAR accumulation
during the incubation of methamphetamine craving involves
increased translation and surface expression of GluA1 in the
NAc core, similar to cocaine, and sought to determine whether
CP-AMPAR accumulation after methamphetamine withdrawal is
triggered by decreased mGlu1 expression. It is important to
determine if common adaptations underlie cocaine and metham-
phetamine incubation because this could lead to common
therapeutic approaches to maintain abstinence in individuals
suffering from cocaine and methamphetamine addiction.

MATERIALS AND METHODS
Subjects and surgery
All procedures were approved by the Rosalind Franklin University
of Medicine and Science and Oregon Health & Science University
IACUCs in accordance with the US Public Health Service Guide for
Care and Use of Laboratory Animals. Male Sprague-Dawley rats
(Envigo, Indianapolis, IN or South Kent, WA) weighing 275–300 g
were housed 3/cage under a reverse 12-hour light/dark cycle with
food and water available ad libitum. One week after arrival, rats
were implanted with a jugular catheter under ketamine/xylazine
anesthesia and thereafter were single-housed. Catheters were
flushed daily with Cefazolin (100mg/ml in sterile 0.9% saline; 0.15
ml) for the week prior to self-administration to prevent infection
and maintain catheter patency.

Drug self-administration and cue-induced seeking tests
Methamphetamine (from NIDA) was dissolved in 0.9% saline. Rats
self-administered methamphetamine (0.1mg/kg; 0.065ml/infusion)
or saline (0.065ml/infusion) during 10 sessions (6 hours/day)
conducted over 11-12 days with 1 or 2 days off in a chamber
equipped with two nose-poke holes. Active hole nose-pokes
resulted in an intravenous infusion paired with a 20-second light
cue (white light illuminating the active hole) on a fixed-ratio
1 schedule. Each infusion was followed by a 20-second time-out
period. Nose poking in the inactive hole had no consequences. After
10 days of training, rats underwent 1–48 days of withdrawal in
home cages and were handled weekly. This regimen produces
incubation of cue-induced craving that is maximal after ~1 week of
withdrawal [5], consistent with other findings [6]. One cohort of rats
underwent cue-induced seeking tests, during which responding in
the previously active hole delivered the light cue but no drug, in

early and late withdrawal. Responding under these conditions is our
operational measure of cue-induced methamphetamine craving.

SYN119 Injections
The selective mGlu1 positive allosteric modulator (PAM) SYN119
[(9H-Xanthene-9-carboxylic acid (4-trifluoromethyl-oxazol-2-yl-
amide)] was synthesized by EAG Labs (Tempe, AZ). SYN119 was
dissolved in vehicle consisting of 10% Tween-80 (vol/vol, #P4780,
Sigma-Aldrich, St. Louis, MO) in 0.9% saline. Either SYN119 (10 mg/
kg) or vehicle was injected intraperitoneally (i.p.) on withdrawal
days (WD) 1, 3, 5, and 7 from methamphetamine self-administra-
tion, with no injections given on intervening days. Cue-induced
seeking tests were conducted on WD1 (prior to the first SYN
or vehicle injection) and on WD9.

Biotinylation and co-immunoprecipitation
Rats were decapitated and bilateral NAc core was dissected using
a 1.5-mm biopsy punch from two 1mm slices prepared with
a brain matrix. Tissue was biotinylated, as previously described
[17], for analysis of surface GluA1, GluA2, GluA3, and mGlu1.
Homogenates from the same rats were used for co-
immunoprecipitation (co-IP) experiments, in which mGlu1 was
immunoprecipitated and its associations with Homer1b/c and
Homer2 assessed with immunoblotting (see Supplementary
Methods). Samples were run on 4–12% Bis-Tris gels (Bio-Rad)
and transferred to PVDF membranes as previously described
[10, 12, 17]. Biotinylated tissue was immunoblotted with
antibodies to GluA1 (1:500, sc-55509, Santa Cruz), GluA2
(1:300, clone L21/32, RRID: AB_10674575, UC Davis/NIH NeuroMab
Facility, Davis, CA), GluA3 (1:300, 3437, Cell Signaling Technology,
Danvers, MA), mGlu1 (1:10,000, 610964, BD Biosciences),
Homer1b/c (1:200, sc-55463, Santa Cruz Biotechnology, Dallas,
TX), or Homer2 (1:500, H00009455-B01P, Abnova, Taipei, Taiwan).
The mGlu1 dimer band was analyzed because it represents the
functional pool of these receptors [20]. For immunoblotting after
immunoprecipitation, the same antibodies to Homer1b/c (1:200)
and Homer2 (1:500) were used. Secondary antibodies to rabbit or
mouse IgG light chain were used (211-032-171 or 115-035-174,
Jackson ImmunoResearch Laboratories, West Grove, PA) in co-IP
studies to prevent interference with the Homer band (~45 kDa) by
the heavy chain (~50 kDa). Proteins were visualized by chemilu-
minescence (ECL; GE Healthcare, Piscataway, NJ) and analyzed
with TotalLab (Life Sciences Analysis Essentials) as described
previously [10, 12, 17]. Data were excluded only if imperfections in
the gel/blot interfered with analysis.

Puromycin labeling
On WD30 after methamphetamine or saline self-administration,
NAc tissue (mainly core; see diagram in [21]) was dissected and
newly translated proteins were labeled with 1 μM puromycin
(Sigma-Aldrich) for 1 h, as detailed in Supplementary Methods and
described previously [13]. Samples were immunoprecipitated with
puromycin antibody (3 µg, 3RH11, Kerafast, Boston, MA) to isolate
newly translated proteins, and the immunoprecipitated fraction
was immunoblotted with antibodies to GluA1 and GluA2 to
measure newly translated pools of these subunits. This approach
has been previously validated. First, side-by-side pulldowns with
control IgG and puromycin antibody, followed by immunoblot-
ting, verified that puromycin-labeled AMPAR subunit bands were
not detected after IgG pulldown [13]. Second, preadsorption of
GluA1 or GluA2 antibody with the peptide used to make the
antibody, prior to immunoblotting, further verified the identity
of the newly translated GluA1 and GluA2 bands (Stefanik,
Milovanovic and Wolf, unpublished findings).

Statistical analyses
Cue-induced seeking on different WDs was compared using
paired t-tests (two-tailed) except for the SYN119 study, which
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was analyzed with a mixed design module in Prism 8 (GraphPad
Software Inc., La Jolla, San Jose, CA) with treatment (vehicle/
SYN119) as a between-group factor and withdrawal time (WD1/
WD9) as a within-group factor. For biochemical studies, unpaired
two-tailed t-tests were performed. Data collection/analysis
were not performed blind to experimental group. No statistical
methods were used to predetermine sample sizes, but they are
similar to those we used previously [5, 10, 17].

RESULTS
Incubation of methamphetamine craving is not associated with
changes in AMPAR subunit expression
To determine if the elevated CP-AMPAR transmission observed in
whole-cell patch-clamp recordings of MSN after incubation of
methamphetamine craving [5] is accompanied by changes in
AMPAR subunit surface expression, we used biotinylation to
measure cell surface and total protein levels of GluA1, GluA2,
and GluA3 after withdrawal from methamphetamine or saline
self-administration. Based on the time course of CP-AMPAR
accumulation [5], biochemical analyses were conducted on WD3
and WD21 – withdrawal times at which CP-AMPAR accumulation
is just beginning and maximally expressed, respectively. WD48
was also examined because this is a time-point at which craving
is maximal and CP-AMPARs are stably elevated during incubation
of cocaine craving [22]. Surprisingly, despite clear electrophysio-
logical evidence for increased synaptic CP-AMPAR levels during
incubation of methamphetamine craving [5], and robust
increases in surface GluA1 accompanying CP-AMPAR accumula-
tion during incubation of cocaine craving [10], we found no
significant differences in total or cell surface AMPAR subunit
expression at any withdrawal time between methamphetamine
and saline groups (Fig. 1).
The rats depicted in Fig. 1 did not undergo cue-induced seeking

tests to verify incubation of craving, although their training data

(Fig. S1) were in line with data from animals that exhibited
incubation of craving after the identical regimen [5]. Nevertheless,
to confirm our biochemical findings, we trained an additional
cohort of saline and methamphetamine rats (Fig. 2a). Cue-induced
seeking tests on WD1 and WD21 demonstrated incubation of
craving (t12= 3.20, p= 0.008; Fig. 2b). In agreement with results
in the test-naïve group (Fig. 1), surface GluA1 in NAc core tissue
harvested and biotinylated on WD24 did not differ between
saline and methamphetamine groups (Fig. 2c). It is possible that
GluA1 subunits could be shifted towards formation of homomeric
GluA1 receptors in the absence of detectable changes in GluA1
total protein or surface expression, particularly if the change is
confined to synapses. In our prior cocaine studies, we used
immunodepletion approaches as an alternate way to assess
homomeric GluA1 receptors [10]. Unfortunately, due to loss of
efficacy of a necessary antibody, our results for methamphetamine
were inconclusive (Fig. S2).

GluA1 and GluA2 translation after incubation of
methamphetamine craving
Accumulation of CP-AMPARs in the NAc after incubation
of cocaine craving is accompanied by increased translation of
GluA1 but not GluA2 [13]. Here, we measured GluA1 and GluA2
translation as we did for cocaine, utilizing the antibiotic
puromycin, which resembles tyrosyl-transfer RNA and incorpo-
rates into newly translated proteins [23–25]. Although puromycin
incorporation interrupts elongation, low concentrations of pur-
omycin (1 µM) sufficiently label proteins without substantially
altering overall protein synthesis [24].
We prepared puromycin-labeled NAc tissue (from rats depicted

in Fig. 1) and immunoprecipitated with puromycin antibody to
isolate all newly translated (puromycin-containing) proteins on
WD30, when CP-AMPARs are stably expressed in the NAc [5].
Immunoblotting for GluA1 and GluA2 proteins in the puromycin-
immunoprecipitated fraction revealed a significant increase in

Fig. 1 Withdrawal from extended-access methamphetamine (Meth) self-administration is not associated with changes in AMPAR subunit
expression in the NAc core. a Cell surface and b total protein levels of AMPAR subunits were measured in NAc core at three time-points after
discontinuing self-administration of saline (Sal; control condition) or Meth: withdrawal day (WD) 3, WD21 and WD48. Data are expressed as %
control at each time-point (n= 10–12 rats/group; mean ± SEM). Representative blots (cropped) are shown for a Sal rat (left) and a Meth rat
(right) for each WD. Arrows indicate bands analyzed and lines indicate location of closest molecular weight marker (in kDa). We do not present
full-length images because blots were cut to enable different molecular weight regions to be probed with different antibodies. The same
applies to subsequent figures. Differences in optical density of bands for experiments conducted on different WDs reflect differences in
exposure time
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newly translated GluA1 but not GluA2 in methamphetamine rats
compared to saline controls (t13= 2.22, p= 0.045; Fig. 3), indicat-
ing a potential common mechanism for increased formation of
homomeric GluA1 receptors after cocaine and methamphetamine
withdrawal.

mGlu1 does not regulate CP-AMPAR accumulation during
methamphetamine withdrawal
We found that decreased cell surface mGlu1 after cocaine
withdrawal enables CP-AMPAR accumulation and incubation of
craving. Thus, by restoring mGlu1 tone during a critical period of
withdrawal (via every-other-day injections of the mGlu1 PAM
SYN119), we prevented incubation and accumulation of CP-
AMPARs, although both resumed 2–3 days after the last PAM
injection [17]. Here, we determined if mGlu1 plays a similar role
during incubation of methamphetamine craving. We began by
measuring cell surface and total mGlu1 on WD3, just prior to
significant CP-AMPAR elevation, and on WD21 and WD48, when
CP-AMPARs are stably elevated. To our surprise, saline and
methamphetamine groups (same rats depicted in Fig. 1) did not
differ in mGlu1 levels at any of these withdrawal times (Fig. 4). As
reductions in Homer scaffolding proteins or their associations with
mGlu1 could lead to reduced mGlu1 function (see Discussion), we
assessed Homer1b/c and Homer2, two Homers that are expressed
in the NAc and are altered by certain cocaine regimens [26, 27].
We measured total protein levels of these Homers (Fig. 5a) and

also assessed their association with mGlu1 by immunoprecipitat-
ing mGlu1 and measuring bound Homer levels (Fig. 5b). No
differences between saline and methamphetamine groups were
found at any withdrawal time.

Fig. 2 Rats exhibiting incubation of cue-induced methampheta-
mine (Meth) seeking do not exhibit altered GluA1 surface expression
in the NAc core. a Training. Rats self-administered saline or Meth for
6 hours/day for 10 days (n= 7–8 rats/group). Shown are the number
of infusions (top) or number of active hole (AH) and inactive hole
(IH) nose-pokes (bottom). b Seeking tests on withdrawal day (WD) 1
and WD21. During the 30min test, AH nose-pokes led to
presentation of the 20-second light cue previously paired with
Meth infusion, but no Meth. Shown are AH and IH nose-pokes
during the seeking test (paired t-test, **p < 0.01 WD1 vs WD21).
c Cell surface levels of the AMPAR subunit GluA1 measured in
NAc core on WD24, 3 days after the seeking test shown in b. Data
are expressed as percent of saline control. Representative blots
(cropped) are shown for a Sal rat (left) and a Meth rat (right). Arrows
indicate band analyzed and lines indicate location of closest
molecular weight marker (in kDa). All data are presented as mean
± S.E.M.

Fig. 3 GluA1 translation in the NAc is increased after 30 days
of withdrawal from methamphetamine (Meth) self-administration
compared to saline (Sal) controls while GluA2 translation is
unchanged. NAc core tissue was incubated with puromycin to label
newly translated proteins, immunoprecipitated using puromycin
antibody, and then immunoblotted for GluA1 or GluA2. Data
are expressed as % control (n= 7–8 rats/group; mean ± SEM;
unpaired t-test, *p < 0.05 vs. saline). Representative blots (cropped)
are shown for a Sal rat (left) and a Meth rat (right) for each AMPAR
subunit. Arrows indicate bands analyzed and lines indicate location
of closest molecular weight marker. Puromycin-labeled GluA1 and
GluA2 subunits migrated slightly above their predicted molecular
weight of ~100 kDa, as shown previously [13]. Structural changes
due to puromycin incorporation likely affect protein unfolding/SDS
binding and thereby alter migration during SDS-PAGE

Fig. 4 Prolonged withdrawal from extended-access methampheta-
mine (Meth) self-administration does not affect expression of mGlu1
in the NAc core. a Surface and b total mGlu1 expression in NAc
core were determined at three time-points during withdrawal from
self-administration of saline (Sal; control condition) or Meth. Data
are expressed as % control (n= 9–12 rats/group; mean ± SEM).
No significant group differences were found. Representative blots
(cropped) are shown for a Sal rat (left) and a Meth rat (right) for each
withdrawal day (WD). Arrows indicate bands analyzed and lines
indicate location of closest molecular weight marker. The mGlu1
dimer band was analyzed because it represents the functional pool
of these receptors [20]. Please note that differences in optical
density of bands for experiments conducted on different WDs
reflect differences in exposure time
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Despite lack of evidence for reduced mGlu1 function after
methamphetamine withdrawal, we wondered whether enhancing
mGlu1 tone during the rising phase of incubation might never-
theless delay or suppress incubation. To test this, methampheta-
mine rats were injected with SYN119 (10 mg/kg, i.p.) every other
day during the rising phase of incubation and CP-AMPAR
accumulation (i.e., on WD1, WD3, WD5, and WD7). Cue-induced
seeking tests were administered on WD1, to define baseline
craving, and on WD9, to determine if incubation had occurred
(Fig. 6). Analysis with a mixed design module revealed an effect
of withdrawal time (F1,14= 9.04, p= 0.009) but no significant
treatment effect (F1,14= 0.27, p= 0.609) or treatment × withdrawal
day interaction (F1,14= 0.07, p= 0.799). Thus, in contrast to
cocaine studies, repeated SYN119 treatment during withdrawal
did not prevent the incubation of methamphetamine craving.

DISCUSSION
Cocaine and methamphetamine exhibit both similarities and
differences. While both are monoamine reuptake inhibitors,
methamphetamine also releases monoamines by reversing
transporter function [28], methamphetamine is neurotoxic to
dopamine and serotonin neurons [29], and methamphetamine
clearance is substantially slower [30, 31]. Recently, acute admin-
istration of cocaine and methamphetamine to rats was shown to
produce very different effects on the blood-oxygenation-level
dependent (BOLD) signal throughout the reward circuit [32].

However, after discontinuing drug self-administration, incubation
of cue-induced craving occurs that is of similar magnitude for
cocaine and methamphetamine [2]. This, combined with the
ability of other classes of drugs of abuse to also produce
incubation [2], suggests a dominant role for withdrawal-
dependent plasticity as opposed to acute drug actions in eliciting
incubation. The goal of this study was to determine if glutamate
receptor-related adaptations in the NAc core during incubation of
methamphetamine craving are similar to those previously
characterized for cocaine. A limitation of our study is that we
were unable to compare these changes in D1 and D2 receptor-
expressing MSNs, but considerable evidence indicates that, in NAc
core, both populations undergo similar CP-AMPAR plasticity
during incubation of cocaine craving [11]. Our results reveal a
shared increase in GluA1 translation in the NAc after incubation of
cocaine and methamphetamine craving.

AMPAR expression during incubation of methamphetamine
craving
We began by studying expression of AMPAR subunits GluA1-3
using NAc core tissue from saline and methamphetamine rats
obtained at three time-points (WD3, WD21, and WD48). We
focused on NAc core because it is critical in cue-induced cocaine
seeking [33] and because blockade or removal of CP-AMPARs in
the NAc core is sufficient to inhibit the expression of incubated
craving for cocaine [10, 17] or methamphetamine [5].
Whole-cell patch-clamp recordings detect elevated CP-AMPAR

levels in NAc core after incubation of both cocaine and
methamphetamine craving [5, 10]. For cocaine, this is accom-
panied by increased cell surface GluA1; other biochemical
approaches (e.g., co-immunoprecipitation) further indicate that
the CP-AMPARs detected with electrophysiology are mainly
homomeric GluA1 receptors [10, 12]. Cell surface GluA3 is also
modestly increased after cocaine self-administration, but in a
withdrawal-independent manner (i.e., it was elevated on both
WD1 and WD45 in cocaine vs saline rats) [10]. Surprisingly, the
present study found no change in cell surface or total GluA1,
GluA2, or GluA3 in methamphetamine rats. We attempted co-
immunoprecipitation studies akin to those performed for cocaine
[10], but results were inconclusive (Fig. S2). These results suggest
that CP-AMPAR accumulation after methamphetamine craving
must be associated with subtle biochemical changes, perhaps

Fig. 5 Prolonged withdrawal from extended-access methampheta-
mine (Meth) self-administration does not alter total Homer levels
or mGlu1-Homer associations compared to saline (Sal) controls.
a Total Homer protein expression from NAc core homogenates,
expressed as % of control (n= 12 rats/group; mean ± SEM). b Co-
immunoprecipitation experiments assessing the physical associa-
tions between mGlu1 and Homer scaffolding proteins at three time-
points during withdrawal from self-administration of Sal or Meth
(n= 9–12 rats/group, same rats as shown in panel a; mean ± SEM).
Representative blots (cropped) are shown for a Sal rat (left) and a
Meth rat (right) for each withdrawal day (WD). Arrows indicate
Homer bands (~45 kDa) and lines indicate location of closest
molecular weight marker. Please note that differences in optical
density of bands between experiments conducted on different
WDs reflect differences in exposure time. IB, immunoblot; IP,
immunoprecipitation.

Fig. 6 Repeated systemic injections of the mGlu1 positive allosteric
modulator SYN119 (SYN) during early withdrawal do not affect
incubation of cue-induced methamphetamine seeking. For each rat,
seeking tests (30min) were conducted on withdrawal day (WD) 1
and WD9 after methamphetamine self-administration. SYN119 (10
mg/kg, i.p.) or vehicle (Veh) was injected every other day from WD1
(following the WD1 seeking test) through WD7. Shown are nose-
pokes in the previously active hole (a) and the inactive hole (b)
during the seeking test. Nose-pokes in the previously active hole led
to presentation of the 20-second light cue previously paired with
each methamphetamine infusion. Data are presented as mean ±
SEM (n= 8 rats/group; mixed design module, significant effect of
withdrawal time: **p < 0.01)
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confined to synapses and therefore not detected with our
methods. In theory, such a change could be revealed by analyzing
a postsynaptic density (PSD) fraction. However, in our studies of
NAc tissue from rats that had undergone incubation of cocaine
craving, we found that, despite robust increases in GluA1 in
biotinylated and LP1 fractions, this enrichment was not preserved
in a Triton insoluble PSD fraction, indicating that the CP-AMPARs
added during incubation, while synaptic, are not tightly anchored
within the PSD [12].
A study conducted 8 days after discontinuing a similar

methamphetamine regimen revealed no change in the AMPA/
NMDA ratio in NAc core MSN [34]. Insertion of high conductance
CP-AMPARs would have been expected to increase this ratio;
potential explanations include minor differences between regi-
mens and the possibility of concurrently increased NMDAR
transmission. It should be noted that, although we have focused
on postsynaptic glutamate receptors, others have found changes
in extracellular glutamate levels [35], mGlu2/3 expression [36], and
membrane excitability [37] in the NAc after withdrawal from
methamphetamine self-administration.

mGlu1 and incubation of methamphetamine craving
In the NAc of rats that have undergone incubation of cocaine
craving, as well as at other synapses containing appreciable CP-
AMPAR levels, mGlu1 stimulation elicits a form of LTD that
depends on CP-AMPAR internalization (see ref. [38] for review, and
refs. [14, 15]). Triggering this LTD via an acute injection of SYN119
(shortly before a seeking test) removes CP-AMPARs from NAc core
synapses and thereby blocks the expression of incubated cue-
induced cocaine [17] or methamphetamine craving [5]. mGlu1
also plays an important role in the rising phase of incubation of
cocaine craving. Thus, decreased mGlu1 surface expression is
detected on WD25 (just as CP-AMPAR levels begin to rise) and
WD48 (when they are stably expressed), but not as early as WD14
(prior to any alteration in CP-AMPARs) [17]. These results suggest
that reduced mGlu1 surface expression, resulting in reduced
mGlu1-mediated CP-AMPAR internalization [14, 15] and perhaps
increased translation of GluA1 [39], is permissive for CP-AMPAR
accumulation during incubation of cocaine craving. Does the
same apply to methamphetamine?
Given that CP-AMPAR accumulation and incubation occur more

rapidly after methamphetamine withdrawal, with both approach-
ing maximal levels by WD7-8 [5, 6], we hypothesized that a
decrease in NAc core mGlu1 surface expression may occur during
the first few days of methamphetamine withdrawal. However,
no changes in mGlu1 surface or total protein expression were
detected on WD3, or at later withdrawal time-points. Furthermore,
potentiating mGlu1 transmission with SYN119 during the rising
phase of incubation and CP-AMPAR accumulation did not prevent
the incubation of methamphetamine craving. These results, taken
together with previous findings, indicate that reduced mGlu1
function in early withdrawal enables incubation of cocaine craving
but not methamphetamine craving.
Despite lack of any decrease in mGlu1 surface expression after

methamphetamine, it remained possible that mGlu1 function was
decreased in early withdrawal due to a reduction in Homer
proteins or their association with mGlu1. Three Homer genes
(Homer1, Homer2, and Homer3) encode transcriptional variants
that include constitutively expressed long forms (Homer1b-d,
Homer2ab, and Homer3) and truncated activity-induced forms
(Homer1a, ania-3). Long Homers consist of a coiled-coil domain
that enables dimerization and facilitates coupling between group I
mGluRs and downstream effectors [27, 40]. Thus, a reduction
in Homer proteins or their association with mGlu1 could lead to
reduced mGlu1 function and subsequent CP-AMPAR accumulation
during incubation. In the NAc, reductions in Homer protein levels
have been found following cocaine exposure [27], including
decreases in Homer1b/c and Homer2 following extended-access

cocaine self-administration [26]. Here, we did not observe changes
in total Homer1b/c or Homer2 levels, or mGlu1-Homer associa-
tions, during incubation of methamphetamine craving. We note
that mGlu1-Homer associations were also unaffected by incuba-
tion of cocaine craving [17].

GluA1 translation
Newly translated GluA1 was labeled by incubating NAc tissue
with puromycin, which incorporates into nascent polypeptides
at tyrosine codons [23–25], and measured by immunoblotting
for GluA1 following immunoprecipitation with puromycin anti-
body. Recently, we used this approach to demonstrate increased
translation of GluA1 (but not GluA2) in cocaine rats compared
to saline controls on >WD40, when CP-AMPAR levels are stably
elevated, but not on WD1, prior to their elevation [13]. Similarly,
at a withdrawal time when CP-AMPARs are stably increased
after incubation of methamphetamine craving (WD30), levels
of newly translated GluA1 but not GluA2 were elevated in
methamphetamine rats compared to saline controls, suggesting
that CP-AMPAR accumulation during incubation of both metham-
phetamine and cocaine craving may stem at least in part from
increased GluA1 translation. This is consistent with prior results
showing that maintenance of elevated CP-AMPAR levels in the
NAc of rats that have undergone incubation of cocaine craving
requires ongoing protein translation [41] and that protein
translation is dysregulated during incubation of cocaine craving
[13, 42].

Other pathways implicated in methamphetamine incubation
Although we have focused on NAc, incubation involves additional
brain regions that exhibit both similarities and differences related
to cocaine versus methamphetamine incubation. Notably, activa-
tion (measured with c-Fos) of the ventromedial prefrontal cortex
(vmPFC) and central nucleus of the amygdala (CeA) is necessary
for expression of cocaine incubation, while the CeA, but not the
vmPFC, is necessary for expression of methamphetamine incuba-
tion [43]. Neurochemical studies also implicate the PFC in cocaine
incubation [44]. Extending the CeA findings, a genome-wide
transcriptional profiling study of CeA during incubation of
methamphetamine craving found substantially more differentially
expressed genes on WD35 than WD2; biological processes over-
represented in the upregulated genes on WD35 included post-
synapse organization and histone lysine methylation [45]. In
orbitofrontal cortex, which is not required for expression of
methamphetamine incubation but is implicated in other aspects
of addiction [43], there were fewer differentially expressed genes
overall and more upregulated genes on WD2 than WD35, as well
as an interesting overlap between upregulated genes on WD2
and downregulated genes on WD35 [45].
Studies on methamphetamine incubation have also revealed a

role for dorsal striatum (DS). No changes in glutamate receptor
mRNAs were evident when comparing DS homogenates from
rats that underwent a cue-induced seeking test on WD2 versus
WD35. However, separation of Fos-positive (cue-activated) and
Fos-negative neurons using fluorescence-activated cell sorting
revealed that the Fos-positive population (which included both
D1 and D2 receptor-expressing neurons) expressed increased
levels of mRNA coding for GluA1, GluA3, GluN2A, and mGlu1
(mRNA for GluA2 was decreased), as well as increases in mRNA
for epigenetic enzymes [46]. Expression of incubation on WD35
required D1 receptor signaling (D2 antagonists were not tested)
and histone deacetylase 5 [46, 47]. These findings have been
extended to show that glutamatergic projections from the
anterior intralaminar nuclei of the thalamus interact with D1
receptor-mediated signaling in DS to promote methamphetamine
craving [48]. It will be important to investigate this pathway for
cocaine as some evidence suggests a role for DS in incubation
of cocaine craving [11]. Given the commonality between
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methamphetamine and cocaine incubation in regard to CP-
AMPAR accumulation in NAc core, and perhaps a role for the DS,
it is interesting to speculate that NAc core and DS may work
together to enable expression of incubation, as previously shown
for cue-maintained cocaine seeking [49].

CONCLUSION
These experiments compared glutamatergic plasticity in NAc core
between the incubation of cocaine and methamphetamine
craving. Although AMPAR subunit and mGlu1 expression were
unaltered during methamphetamine incubation, and mGlu1
potentiation during withdrawal was insufficient to prevent
methamphetamine incubation, a commonality was found in
increased GluA1 translation, suggesting a potential explanation
for accumulation of homomeric GluA1 CP-AMPARs during
incubation of craving for both drugs. Our ability to detect CP-
AMPARs using electrophysiological methods [5], but not bio-
chemical methods (present study), suggests subtler biochemical
alterations underlying CP-AMPAR accumulation in methampheta-
mine incubation. Relevant to this, we note that the newly
translated pool of GluA1 is a small fraction of total GluA1 in the
NAc [13]. If new GluA1 translation preferentially supplies synaptic
pools, it could influence synaptic transmission in the absence of
biochemically detectable changes in GluA1 protein. Future efforts
should focus on testing a causal relationship between increased
GluA1 translation and increased synaptic CP-AMPARs, and on
common mechanisms supporting elevated GluA1 translation in
methamphetamine and cocaine incubation.
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