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Inhibition of PKM{ in Nucleus Accumbens Core Abolishes
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During abstinence, memories of drug-associated cues persist for many months, and exposure to these cues often provokes relapse to drug
use. The mechanisms underlying the maintenance of these memories are unknown. A constitutively active atypical protein kinase C
(PKC) isozyme, protein kinase M ¢ (PKM{), is required for maintenance of spatial memory, conditioned taste aversion, and other
memory forms. We used conditioned place preference (CPP) and conditioned place aversion (CPA) procedures to study the role of
nucleus accumbens PKM( in the maintenance of drug reward and aversion memories in rats. Morphine CPP training (10 mg/kg, 4
pairings) increased PKM{ levels in accumbens core but not shell. Injections of the PKM{ inhibitor ¢ inhibitory peptide (ZIP) into
accumbens core but not shell after CPP training blocked morphine CPP expression for up to 14 d after injections. This effect was mimicked
by the PKCinhibitor chelerythrine, which inhibits PKM{, but not by the conventional and novel PKC inhibitor staurosporine, which does
not effectively inhibit PKM{. ZIP injections into accumbens core after training also blocked the expression of cocaine (10 mg/kg) and
high-fat food CPP but had no effect on CPA induced by naloxone-precipitated morphine withdrawal. Accumbens core injections of
Tat-GluR2,y, which inhibits GluR2-dependent AMPA receptor endocytosis, prevented the impairment in morphine CPP induced by local
ZIP injections, indicating that the persistent effect of PKM{ is on GluR2-containing AMPA receptors. Results indicate that PKM{ activity
in accumbens core is a critical cellular substrate for the maintenance of memories of relapse-provoking reward cues during prolonged

abstinence periods.

Introduction

Relapse to drug use during abstinence is a major clinical problem
(Huntetal., 1971). Seminal studies by Wikler (1973) and O’Brien
et al. (1986) indicate that exposure to craving-provoking envi-
ronmental cues previously associated with drug use and effects is
a major cause of drug relapse. Based on these studies, they con-
cluded that Pavlovian conditioning processes play a major role in
drug addiction and that drug-associated memories persist for
months and years after cessation of drug use. In laboratory rats,
cues previously associated with drug intake also provoke drug
seeking after prolonged abstinence (Grimm et al., 2001; Cicco-
cioppo et al., 2004; Di Ciano and Everitt, 2004). However, while
many investigators have explored the neuropharmacological
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bases of conditioned drug effects and consolidation and recon-
solidation of their memories (Everitt and Robbins, 2005; Weiss,
2005; Tronson and Taylor, 2007), the mechanisms mediating the
persistence of drug cue memories are unknown.

Recent studies indicate that a constitutively active atypical
protein kinase C (PKC) isozyme, protein kinase M ¢ (PKMY), is
required for maintaining long-term memories of hippocampus-
dependent spatial memory (Pastalkova et al., 2006), insula-depen-
dent conditioned taste aversion (Shema et al., 2007, 2009), and other
forms of basolateral amygdala- and dorsal hippocampus-dependent
long-term instrumental and classical conditioned memories (Ser-
rano et al., 2008; Migues et al., 2010). These studies were inspired by
early work by Ling et al. (2002), who demonstrated that PKM( is
critical for the maintenance of hippocampal long-term potentiation
(LTP). In these studies, the main compound used to inhibit PKM{
activity has been a selective peptide inhibitor called { inhibitory pep-
tide (ZIP) (Laudanna etal., 1998; Serrano et al., 2008; Sacktor, 2011).

Here, we used a drug conditioned place preference (CPP)
procedure to investigate whether long-term memories for con-
textual cues previously paired with morphine or cocaine injec-
tions are mediated by PKM{ activity in nucleus accumbens.
Accumbens neuronal activity is associated with cue-induced
drug craving in humans (Kilts et al., 2001) and mediates cue-
induced drug seeking in rats (Everitt and Robbins, 2005; Crom-
bag et al., 2008). CPP is a classical conditioning procedure
entailing a training phase in which one environmental context is
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paired with drug injections, while another context is paired with
vehicle (e.g., saline) injections (Mucha et al., 1982). During sub-
sequent drug-free CPP tests, rats choose between the drug- and
vehicle-paired contexts. Increased preference for the drug-paired
context serves as a measure of the drug’s rewarding effects (Mu-
cha et al., 1982; Stewart, 1992).

We report that morphine CPP training increased PKM({ levels
in accumbens core and that local ZIP injections after CPP train-
ing blocked morphine CPP expression for up to 14 d. Accumbens
core ZIP injections after training also blocked the expression of
cocaine and high-fat food CPP but had no effect on conditioned
place aversion (CPA) induced by naloxone-precipitated morphine
withdrawal. Finally, Migues et al. (2010) showed that PKM{ role in
memory maintenance involves a reduction in GluR2-dependent
AMPA receptor endocytosis. Thus, we injected into accumbens core
Tat-GluR2;y, which inhibits GluR2-dependent AMPA receptor en-
docytosis, and found that it blocked the impairment in morphine
CPP induced by local ZIP injections.

Materials and Methods

Subjects

Male Sprague Dawley rats (weighing 220-240 g upon arrival) were
housed in groups of five in a temperature- (23 £ 2°C) and humidity-
(50 = 5%) controlled animal facility. The rats were maintained ona 12 h
light/dark cycle with ad libitum access to food and water. The experimen-
tal procedures were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and were
approved by the local Animal Care and Use Committee. Thirty-eight of
the four hundred fifty-eight rats were excluded from experiments due to
loss of head cup or cannula misplacement. Forty-two rats that showed
strong unconditioned side preference (>540 s) during the drug precon-
ditioning phase were also excluded.

Drugs

Morphine sulfate (Qinghai Pharmaceutical), cocaine HCl (Qinghai
Pharmaceutical), and naloxone HCI (Sigma-Aldrich) were dissolved in
0.9% physiological saline and injected at a volume of 1 ml/kg. Morphine
and naloxone were injected subcutaneously, and cocaine was injected
intraperitoneally. The PKM{ inhibitor ZIP (myr-SIYRRGARRWRKL-
OH) [Calbiochem, catalog number (Cat No.) 539624], scrambled ZIP
(Tocris Bioscience, Cat No. 3215), AP5 (Sigma-Aldrich, Cat No. A8054),
Tat-GluR2,y (YGRKKRRQRRRYKEGYNVYG) (Anaspec, Cat No. 64429),
and Scrambled Tat GluR2,, (YGRKKRRQRRRVYKYGGYNE, Anaspec,
Cat No. 64428) were dissolved in PBS (the vehicle). Chelerythrine chlo-
ride (Alexis, Cat No. ALX-350-008) and staurosporine (Cell Signaling
Technology, Cat No. 9953) were dissolved in 50% DMSO to a final
concentration of 60 nmol/ul. Control group rats received injections of
vehicle.

Surgery

Rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.).
Twenty-three gauge guide cannulae (Plastics One) were bilaterally im-
planted 1 mm above the nucleus accumbens core and shell. The cannulae
were angled toward the midline at 16° to avoid penetrating the lateral
ventricles. The coordinates (Paxinos and Watson, 2005) for the accum-
bens core were anterior/posterior +1.5 mm, medial/lateral +3.8 mm,
dorsal/ventral —6.2 mm; the coordinates for the accumbens shell were
anterior/posterior +1.8 mm, medial/lateral =3.2 mm, dorsal/ventral
—6.6 mm (Zangen et al., 2006; Bossert et al., 2007, 2009). The cannulae
were anchored to the skull with stainless steel screws and dental cement.
A stainless steel blocker was inserted into each cannula to maintain pa-
tency and prevent infection. The rats were allowed to recover from sur-
gery for 5-7 d.

Intracranial injections

ZIP (10 or 30 nmol/side/0.5 ul), scrambled-ZIP (30 nmol/side), Tat-
GluR2,y (45 pmol/side) and Scrambled Tat GluR2,y (45 pmol/side),
chelerythrine chloride (30 nmol/side), staurosporine (30 nmol/side),
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AP5 (0.375 pg/side), or their vehicles (0.5 ul/side) were injected bilater-
ally into accumbens core or shell with Hamilton syringes connected to 30
gauge injectors (Plastics One). The doses of the different compounds
were based on previous reports (Pastalkova et al., 2006; Shema et al.,
2007, 2009; Serrano et al., 2008; Migues et al., 2010). A total volume of 0.5
wl was injected bilaterally over 1 min, and the injector was kept in place
for an additional 1 min to allow for diffusion. At the end of the experi-
ments, the rats were anesthetized with sodium pentobarbital (100 mg/kg,
i.p.) and transcardially perfused. Cannula placements were assessed us-
ing Nissl staining with a section thickness of 40 wm under light micros-
copy. Rats with misplaced cannulae were excluded from statistical
analysis. The approximate cannula placements in accumbens core and
shell are presented in Figure 2 D.

Drug CPP
Morphine CPP was performed using an unbiased, counterbalanced pro-
tocol (Li et al., 2008, 2010; Wang et al., 2008). The CPP apparatus con-
sisted of five identical three-chamber polyvinyl chloride (PVC) boxes.
Two large side chambers (27.9 cmlong, 21.0 cm wide, 20.9 cm high) were
separated by a smaller one (12.1 cmlong, 21.0 cm wide, 20.9 cm high with
a smooth PVC floor). The two larger chambers differed in their floor
texture (bar or grid, respectively), and provided distinct contexts that
were paired with morphine, cocaine, high-fat-food, or saline injections.
Three distinct chambers were separated by manual guillotine doors.
Baseline preference was assessed by placing the rats in the center com-
partment of the CPP apparatus and allowing ad libitum access to all
compartments for 15 min. On subsequent conditioning days, the rats
were trained for 8 consecutive days with alternating injections of mor-
phine (10 mg/kg, s.c.) or saline (1 ml/kg, s.c.) in the designated compart-
ments. After each injection, the rats were confined to the corresponding
conditioning chambers for 45 min and then returned to their home
cages. Tests for the expression of drug CPP in a drug-free state (15 min
duration) were performed at different days after training . The procedure
during testing was the same as during the initial baseline preference
assessment. The CPP score was defined as the time (in seconds) spent in
the reward-paired chamber minus the time spent in the saline-paired
chamber during CPP testing. The training and testing procedure for
cocaine CPP was identical, except that cocaine (10 mg/kg, i.p.) was in-
jected instead of morphine.

High-fat food CPP
Before the start of the experiment, the rats received a small portion (1 g)
of the high-fat food (Research Diets) (Zhang et al., 1998) for 5 d in their
home cage, to minimize food neophobia. The CPP procedure for high-
fat food is based on the previous work of Figlewicz et al. (2004) and
includes three phases, similar to those used in the drug CPP procedures.
Baseline preference was assessed by placing the rats in the center com-
partment of the CPP apparatus and allowing ad libitum access to all
compartments for 15 min. The 8 d training phase included four 2 d cycles
in which rats received a 5 g aliquot of the high-fat food [~30 kcal (126 kJ)
per aliquot] in one chamber on one day and no food in the other chamber
on the other day. The duration of the daily training sessions was 45 min.
The 15 min tests for the expression of CPP were conducted in the absence
of the high-fat food at different days after CPP training and ZIP injec-
tions. During testing, the rats were allowed to freely explore the cham-
bers. The CPP score is defined as the time (in seconds) spent in the
high-fat food-paired chamber minus the time spent in the no-food-
paired chamber.

Naloxone-precipitated morphine withdrawal CPA

The CPA procedure for naloxone-precipitated opiate withdrawal is
based on previous work of Azar et al. (2003). The procedure includes
three phases similar to morphine CPP described above: baseline prefer-
ence test, CPA training, and test for the CPA expression.

Baseline preference was assessed by placing the rats in the center com-
partment of the CPP apparatus and allowing ad libitum access to all
compartments for 15 min. The CPA training included four 2 d cycles. In
each cycle, naloxone-precipitated opiate withdrawal was paired with one
of the chambers for 45 min on one day, and “no withdrawal” was paired
with the other chamber on the other day. Naloxone-precipitated with-
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drawal was induced by injecting morphine (5 mg/kg, s.c.) followed 4 h
later by naloxone (0.3 mg/kg, s.c.); the rats were confined to the chamber
immediately after the naloxone injection. The “no withdrawal” condi-
tion included two injections of saline (1 ml/kg) 4 h apart; the rats were
confined to the “no withdrawal” chamber for 45 min immediately after
the second injection. The 15 min tests for the expression of naloxone-
precipitated opiate withdrawal CPA were conducted in a drug-free state
at different time points following CPA training and ZIP injections. Dur-
ing testing, the rats were allowed to freely explore the apparatus’ cham-
bers. The CPA score is defined as the time (in seconds) spent in the
naloxone-precipitated-withdrawal-paired chamber minus the time spent in
the no-withdrawal-paired chamber.

Tissue sample preparation

In experiments in which PKM{ levels were determined by Western blots,
rats were rapidly decapitated without anesthesia 1 d after the 15 min CPP
tests. After decapitation, the brains were quickly extracted and frozen in
—60°C N-hexane. The brains were then transferred to a —80°C freezer.
We used a freezing cryostat (—20°C) to make 1-mm-thick coronal sec-
tions ~1.5-2.5 mm anterior to bregma (Lu et al., 2003). Bilateral tissue
punches (16 gauge) of accumbens core and shell were then taken. Tissue
punches were homogenized (3 X 10-15 s, 5 s interval) with an electrical
disperser (Wiggenhauser, Sdn Bhd) after 30 min in RIPA lysis buffer with
protease and phosphatase inhibitors (Beyotime Biotechnology; 20 mm Tris,
pH 7.5, 150 mm NaCl, 1% Triton X-100, 2.5 mum sodium pyrophosphate, 1
mmEDTA, 1% Na,VO,, 0.5 ug/mlleupeptin, 1 mm phenylmethanesulfonyl
fluoride). The tissue homogenates were then centrifuged at 12,000 X g for 8
min at 4°C. The above procedures were performed at 0—4°C. The protein
concentrations of all samples were determined using the bicinchoninic acid
assay (Beyotime Biotechnology). Samples were further diluted in RIPA lysis
buffer to equalize the protein concentrations.

Western blot assays

The assay’s procedures were based on those used in our previous studies
(Lu et al., 2003, 2005; Li et al., 2008) and previous studies of Sacktor and
colleagues (Sacktor et al., 1993; Hrabetova and Sacktor, 1996; Naik et al.,
2000; Crary et al., 2006; Kelly et al., 2007; Yao et al., 2008). Loading buffer
(4X;516% glycerol, 20% mercaptoethanol, 2% SDS, 0.05% bromophenol
blue) was added to each sample (3:1, sample:loading buffer) before boil-
ing for 3 min. Samples were cooled and subjected to SDS-PAGE (10%
acrylamide/0.27% N, N'-methylenebisacrylamide resolving gel) for ~40
min at 80 V in stacking gel and ~1 h at 130 V in resolving gel. For each
electrophoresis run, increasing amounts of protein pooled from the
brain region being tested were used to produce a standard curve. Proteins
were transferred electrophoretically to Immobilon-P transfer mem-
branes (Millipore) at 0.25 A for 2.5 h. Membranes were washed with
TBST (Tris-buffered saline plus 0.05% Tween 20, pH 7.4) and then
placed in blocking buffer [5% bovine serum albumin (BSA) in TBST]
overnight at 4°C. The membranes were then incubated for 1 h at room
temperature on an orbital shaker with anti-PKM{ antibody (1:1000; Mil-
lipore, 07-264) or B-actin (1:1000; Santa Cruz Biotechnology) in TBST
plus 5% BSA and 0.05% sodium azide. After three 5 min washes in TBST
buffer, the blots were incubated for 45 min at room temperature on a
shaker with horseradish peroxidase-conjugated secondary antibody
(goat anti-rabbit IgG; Santa Cruz Biotechnology; PI-1000; Vector Labo-
ratories) diluted 1:5000 in blocking buffer. The blots were then washed
three times for 5 min each in TBST and incubated with a layer of Super
Signal Enhanced chemiluminescence substrate (Detection Reagents 1
and 2, 1:1 ratio, Pierce Biotechnology) for 1 min at room temperature.
Excess mixture was removed before the blots were wrapped with a clean
piece of plastic wrap (no bubbles between blot and wrap), and the blots
were then exposed to x-ray film (Eastman Kodak) for 5-60 s. Band
intensities for PKM{ were quantified by two observers who were blind to
the experimental groups using Quantity One software (version 4.4.0,
Bio-Rad). Band intensities from each test sample were compared to the
band intensities from the standard curves. The amount of the protein of
interest in each sample was interpolated from the standard curve. The
standard curve runs in all Western blots in our studies demonstrate that
the band intensities for each of our test samples were within the linear
range of detection.
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Specific experiments

Experiment I: effect of morphine CPP training and testing on accumbens
core and shell PKM( protein levels. We used four groups of rats (n = 7-9
per group) to assess the effect of morphine CPP training and testing on
PKM({ protein levels in the accumbens core and shell (Fig. 1 A). All rats
underwent a baseline preference test. We used a 2 (morphine CPP train-
ing: no, yes) X 2 (CPP testing: no, yes) factorial design wherein half of the
rats underwent morphine CPP training, while the other rats received
morphine injections in the home cage. During testing the next day, half
of the rats in each morphine-exposure condition were given a drug-free
CPP test, while the other rats remained in their home cage. One day later,
the rats were decapitated, and their brains were removed for Western blot
assays.

Experiment 2: effect of inhibition of PKM({ activity in accumbens core or
shell on morphine CPP. We used four groups of rats (n = 9—10 per group)
to determine the effect of inhibition of PKM{ in nucleus accumbens on
morphine CPP expression (Fig. 2A). The rats were trained for morphine
CPP. One day after morphine CPP training, we bilaterally injected either
vehicle or ZIP (10 or 30 nmol/side) into accumbens core or shell. We
then measured the expression of morphine CPP in a drug-free state 1, 7,
or 14 d after ZIP injections.

We also used four additional groups (n = 9—-10 per group) to deter-
mine whether the CPP test after CPP training affected the ZIP’s effect on
morphine CPP (Fig. 3A). The rats were trained for morphine CPP over
8 d and tested for the expression of CPP on day 9 without any injections.
The day after CPP testing, we injected rats with vehicle or ZIP (30 nmol/
side) into accumbens core and shell, and then repeatedly assessed the
expression of morphine CPP 1, 7, or 14 d after injections.

Experiment 3: characterization of the pharmacological specificity of ZIP’s
effect on morphine CPP. We used four groups of rats (n = 9-10 per
group) to further characterize the pharmacological specificity of ZIP’s
effect in accumbens core on the expression of morphine CPP (Fig. 4A).
The rats were trained for morphine CPP for 8 d. One day after morphine
CPP training, we bilaterally injected with 30 nmol ZIP side, scrambled
ZIP (an inactive form of ZIP), staurosporine (a potent inhibitor of con-
ventional/novel PKC isoforms, but not PKM{), and chelerythrine (a
PKC inhibitor strongly effective on PKM{) (Ling et al., 2002; Serrano et
al., 2008) or vehicle into accumbens core, and 1 d later assessed morphine
CPP expression.

Experiment 4: effect of inhibition of PKM{ in accumbens core on the
relearning of morphine CPP. We used four groups (n = 8 -9 per group) to
determine whether inhibition of PKM{ activity in accumbens core affects
the relearning of morphine CPP (Fig. 5A). After morphine CPP training,
we injected rats with vehicle or ZIP (30 nmol/side) into accumbens core,
and then assessed the expression of morphine CPP 1 d later. One week
later, we trained the ZIP-injected rats and a new group of naive (nonin-
jected) rats for morphine CPP and then assessed the expression of mor-
phine CPP 1 d later.

Experiment 5: effect of inhibition of PKM( in accumbens core on different
days after morphine CPP. We used six groups (n = 810 per group) to
determine whether accumbens core ZIP injections will prevent the ex-
pression of morphine CPP if they are injected at different days after the end
of morphine CPP training (Fig. 6 A). We injected vehicle or ZIP (30 nmol/
side) into accumbens core 1,7, or 14 d after the completion of morphine CPP
training, and 1 d later (day 10, 16, and 23) assessed morphine CPP with or
without a morphine priming injection (10 mg/kg, s.c.).

Experiment 6: effect of inhibition of PKM({ activity in accumbens core on
cocaine or high-fat food CPP. We used four groups (n = 8—10 per group)
to assess the effects of PKM{ inhibition in NAc core on cocaine and
high-fat palatable CPP (Fig. 7A). We assessed the effect of accumbens
core ZIP injections on the maintenance of memories for high-fat food
CPP to determine whether or not the disruptive effect of these injections
on reward memory is selective to drug rewards.

The experimental procedures were similar to those performed in ex-
periment (Exp.) 2, with the exception that during CPP training the re-
ward was either cocaine (10 mg/kg, i.p.) or high-fat palatable food. As in
Exp. 4, we used three groups (n = 7—8 per group) to determine whether
inhibition of PKM({ activity in accumbens core affects the relearning of
cocaine CPP (Fig. 8 A). The experiments were similar to those performed
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in Exp. 2, with the exception that during CPP training the reward was
cocaine (10 mg/kg, i.p.).

Exp. 7: effect of inhibition of PKM{ activity in accumbens core on mor-
phine withdrawal CPA. We used two groups (n = 8-9 per group) to
investigate whether inhibition of PKM({ activity in NAc core abolish
naloxone-precipitated morphine withdrawal CPA (Fig. 9A). We trained
two groups of rats to associate a distinct environment with an injection of
naloxone (0.3 mg/kg, s.c.), after they had been injected with morphine (5
mg/kg, s.c.) 4 h earlier. One day after CPA training, we injected vehicle or
ZIP (30 nmol/side) into the accumbens core and assessed the expression
of naloxone-precipitated opiate withdrawal CPA 1 or 7 d after these
injections.

Exp. 8: effect of inhibition of AMPA receptor endocytosis on ZIP-induced
impairments in morphine CPP. We used four groups (n = 9-10 per
group) to examine whether persistently inhibiting GluR2-dependent
AMPA receptor removal from postsynaptic sites (Yao et al., 2008; Migues
et al., 2010) contributes to PKM{’s ability to maintain morphine CPP
memories. For this purpose, we used a synthetic peptide called Tat-
GluR2,y that inhibits GluR2-dependent AMPA receptor endocytosis
(Migues et al., 2010). One day after morphine CPP training, we injected
rats with Tat-GluR2,y (45 pmol/side) or its scrambled inactive form
(scrambled Tat-GluR25y) into the accumbens core 1 h before ZIP or
Scr-ZIP injection (Fig. 10 A). To rule out that NMDA receptor activation
is involved in the amnestic effect of ZIP, we tested four other groups of
rats (n = 7-9 per group) in an identical experimental design, except that
an NMDA receptor antagonist (AP5, 0.375 ug/side) was injected instead
of Tat-GluR2,y (Fig. 10C).

Data analysis

Data are expressed as mean * SEM and were analyzed by ANOVA with
the appropriate between- and within-subjects factors for the different
experiments (see Results). The Western blot data were analyzed sepa-
rately for the accumbens core and shell. Significant main effects and
interactions ( p < 0.05) from the factorial ANOVAs were followed by
simple ANOVA and Tukey’s post hoc tests. Because our multifactorial
ANOVAs yielded multiple main effects and interaction effects, we only
report in the Results section significant effects that are critical for data
interpretation. Additionally, for clarity, post hoc analyses are indicated by
asterisks in the figures but are not described in the Results section.

Results

Exp. 1: effect of morphine CPP training and testing on
accumbens core and shell PKM{ protein levels

In Exp. 1, we determined the effect of morphine CPP training (10
mg/kg, four pairings) and CPP testing on PKM({ levels in accum-
bens core and shell. We used a 2 (CPP training: no, yes) X 2 (CPP
testing: no, yes) factorial design wherein half of the rats under-
went morphine CPP training and half of the rats received mor-
phine injections in the home cage. The next day, half of the rats in
each morphine-exposure condition were given a drug-free CPP
test and half of the rats remained in their home cages (Fig. 1A).
One day later, the rats were decapitated and their brains were
removed for Western blot assays. We found that CPP training but
not testing increased PKM ¢ levels in accumbens core but not shell
(ANOVA, F(, |5, = 18.2,p < 0.01, for CPP training) (Fig. 1 B,C).
These data indicate that learning to associate an environment
with morphine reward contributes to the persistent increase of
endogenous PKM({ (and because the kinase is constitutive active,
by implication its activity) in accumbens core.

Exp. 2: effects of inhibition of PKM( activity in accumbens
core and shell on morphine CPP

In Exp. 2, we trained rats for morphine CPP. One day after mor-
phine CPP training, we bilaterally injected either vehicle or ZIP
(10 or 30 nmol/side) into accumbens core or shell. We then mea-
sured the expression of morphine CPP in a drug-free state 1, 7, or
14 d after ZIP injections (Fig. 2A). We found that rats injected
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Figure 1. Morphine CPP training but not testing is associated with increased PKM{ protein
levelsin accumbens core, but not shell. A, Timeline of the experimental procedure. B, , Effect of
morphine CPP training on PKM{ in accumbens core and shell. Half of the rats underwent mor-
phine CPP training while the other rats received morphine injections in the home cage. During
testing, half of the rats in each morphine exposure condition were given a drug-free CPP test
while the other rats remained in their home cage. One day later, all rats were decapitated for
determining PKMZ levelsin the accumbens by Western blot. Data are presented as a percentage
(mean == SEM) of PKM levels of control rats (home cage morphine rats). HC Mor, Home cage
morphine; Mor CPP, morphine CPP training. *Different from HC Mor groups, p << 0.05;n = 7-9
per experimental condition.

with vehicle demonstrated morphine CPP at all time points,
whereas rats injected with ZIP in accumbens core did not
[ANOVA, F,,7 = 21.8, p < 0.01, for drug condition (vehicle,
ZIP) X test day interaction] (Fig. 2B). In contrast, under the
same experimental conditions, ZIP injections into accumbens
shell were ineffective (Fig. 2C).

We also assessed whether PKM({ activity in accumbens core is
critical for the long-term persistence of morphine cue memories
after drug-free rats have expressed the morphine-cue learned as-
sociation in a test conducted 1 d after CPP training. The day after
CPP testing, we injected rats with vehicle or ZIP (30 nmol/side)
into accumbens core and assessed the expression of morphine
CPP 1, 7, or 14 d after injection (Fig. 3A). We found that rats
injected with vehicle demonstrated robust CPP at all time points,
whereas rats injected with ZIP did not (ANOVA, F, 15, = 19.5,
p < 0.01, for drug condition X test day interaction) (Fig. 3B). In
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Figure2. Inhibition of PKM{ activity by ZIP injections into nucleus accumbens core but not
shell blocks the expression of morphine CPP. 4, Timeline of the experimental procedure. B, C,
Effect of bilateral vehicle or ZIP (10 or 30 nmol/side) injections 1 d after morphine CPP training.
D, Approximate placements of the intracranial injectors. CPP was assessed in drug-freerats 1,7,
and 14 d after ZIP or vehicle injections. During CPP training, rats learned to associate the effects
of morphine injections (10 mg/kg, s.c.) with one environmental context and the effects of saline
injections with a different context. Data are mean == SEM of preference score in seconds (time
spent in the morphine-paired chamber minus time spent in the saline-paired chamber) during
the (PP tests. *Different from vehicle, p << 0.05; n = 910 per experimental condition.

contrast, under the same experimental conditions, ZIP injections
into accumbens shell were ineffective (Fig. 3C).

Exp. 3: characterization of the pharmacological specificity of
ZIP’s effect on morphine CPP

In Exp. 3, we examined the pharmacological specificity of ZIP’s
effect on morphine CPP. We compared ZIP’s effect to those of
scrambled ZIP (an inactive form of ZIP), staurosporine (a potent
inhibitor of conventional and novel PKC isoforms, but not
PKMY{), and chelerythrine (a PKC inhibitor with a strong affinity
for PKM{) (Sacktor, 2008; Serrano et al., 2008). We injected the
different compounds into accumbens core 1 d after the comple-
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Figure3. Inhibition of PKM{ activity by ZIP injections into nucleus accumbens core after the
first CPP test blocks the subsequent expression of morphine CPP. 4, Timeline of the experimen-
tal procedure. B, C; Effect of bilateral vehicle or ZIP (30 nmol/side) injections that were given 1d
after a drug-free morphine CPP test (day 9). CPP was assessed in drug-free rats 1,7, and 14 d
after ZIP or vehicle injections. During CPP training, rats learned to associate the effects of mor-
phine injections (10 mg/kg, s.c.) with one environmental context and the effects of saline
injections with a different context. Data are mean = SEM of preference score in seconds (time
spent in the morphine-paired chamber minus time spent in the saline-paired chamber) during
the CPP tests. *Different from vehicle, p << 0.05; n = 910 per experimental condition.

tion of morphine CPP training and assessed morphine CPP 1 d
later (Fig. 4A). We found that both ZIP and chelerythrine injec-
tions decreased morphine CPP [ANOVA, F, 35 = 10.55, p <
0.01, for drug condition (vehicle or drugs)] (Fig. 4 B). In contrast,
vehicle, scrambled ZIP, and staurosporine had no effect on mor-
phine CPP. These data suggest that ZIP’s effect on morphine CPP
memories is mediated by PKM{ but not other PKC targets.

Exp. 4: effect of inhibition of PKM{ in accumbens core on the
relearning of morphine CPP

In Exp. 4, we assessed whether accumbens core ZIP injections
impair the relearning of morphine CPP. After morphine CPP
training, we injected rats with vehicle or ZIP (30 nmol/side) into
accumbens core and assessed the expression of morphine CPP 1d
later (Fig. 5A). As expected, ZIP injections blocked morphine
CPP expression (ANOVA, F(, 1) = 17.5,p < 0.01 for a ZIP effect)
(Fig. 5B). One week later, we trained the ZIP-injected rats and a
new group of naive (noninjected) rats for morphine CPP and
then assessed the expression of morphine CPP 1 d later (Fig. 5A).
We found that the expression of morphine CPP in the ZIP-
injected rats was similar to that of the noninjected rats (Fig. 5B).
Thus, in agreement with previous studies (Shema et al., 2007;
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Figure 5.  Inhibition of PKMZ activity by ZIP injections into nucleus accumbens core after mor-
phine CPP training blocks the expression of morphine CPP, but does not impair relearning of the
morphine CPP task. 4, Timeline of the experimental procedure. B, Effect of bilateral vehicle or ZIP (30
nmol/side) injections 1d after morphine CPP training. Morphine CPP was first assessed 1d after ZIP or
vehicle injections. The ZIP-injected rats and a new group of drug-naive rats were then trained for
morphine (PP and tested again 1 d later. During CPP training, rats learned to associate the effects of
morphine injections (10 mg/kg, s.c.) with one environmental context and the effects of saline injec-
tions with a different context. Data are mean == SEM of preference score in seconds (time spentin the
morphine-paired chamber minus time spent in the saline-paired chamber) during the CPP tests.
*Different from vehicle conditions, p << 0.05; n = 8 -9 per experimental condition.

Sacktor, 2008; Migues et al., 2010), ZIP injections selectively
abolished the memory of the conditioned stimulus (cue), but did
not impair subsequent relearning of the original association be-
tween the conditioned stimulus and the unconditioned stimulus.
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the experimental procedure. B, Effect of bilateral vehicle or ZIP (30 nmol/side) injections 1,7, or
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Data are mean == SEM of preference score in seconds (time spent in the morphine-paired
chamber minus time spent in the saline-paired chamber) during the CPP tests. *Different from
vehicle conditions, p << 0.05; n = 810 per experimental condition.

Exp. 5: effect of inhibition of PKM{ in NAc core at different
days after morphine CPP

In Exp. 5, we assessed whether persistent PKM{ activity in ac-
cumbens core during the first 2 weeks after CPP training is nec-
essary for the maintenance of morphine cue memories. We also
assessed whether ZIP-induced memory disruption can be re-
versed by an acute priming injection of morphine, a manipula-
tion known to reinstate drug CPP even after prolonged extinction
of the conditioned response (Shaham et al., 2003). We injected
vehicle or ZIP (30 nmol/side) into accumbens core 1, 7, or 14 d
after the completion of morphine CPP training, and 1 d later
assessed morphine CPP with or without a morphine priming
injection (10 mg/kg, s.c.) (Fig. 6A). In the vehicle-injected rats,
we found robust morphine CPP that was independent of the
duration of the morphine forced abstinence period and that was
modestly (nonsignificant effect) potentiated by a priming mor-
phine injection. In contrast, in the ZIP-injected rats, morphine
CPP was neither expressed nor reinstated by the morphine prim-
ing injection [ANOVA, F55;, = 20.5 and 31.8, p values <0.01,
for interactions of drug condition (vehicle, ZIP) X test day and
drug condition X morphine priming, respectively] (Fig. 6 B).

Exp. 6: effect of inhibition of PKM{ activity in accumbens
core on cocaine or high-fat food CPP

In Exp. 6, we examined the generality of the effects of accumbens
core ZIP injections by testing their effects on CPP induced by
another rewarding drug (cocaine) or nondrug reward (high-fat
palatable food). We assessed these particular rewards because
there are similarities between the behavioral and physiological
effects of drugs of abuse and palatable food (DiLeone et al., 2003;
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Figure 7. Inhibition of PKM{ activity by ZIP injections into nucleus accumbens core

after CPP training blocks the expression of cocaine and high-fat food CPP. A, Timeline of
the experimental procedure. B, , Effect of bilateral vehicle or ZIP (30 nmol/side) injec-
tions 1 d after cocaine or high-fat food CPP training. CPP in the absence of cocaine or the
high-fat food was assessed 1, 7, and 14 d after vehicle or ZIP injections (for accumbens
shell high-fat food, the rats were tested on days 1 and 7, but not day 14). During CPP
training, rats learned to associate the effects of cocaine injections (10 mg/kg, i.p.) or
high-fat food with one environmental context and the effects of saline injections or no
food with a different context. Data are mean = SEM of preference score in seconds (time
spent in the cocaine- or high-fat food-paired chamber minus time spent in the saline- or
no-food-paired chamber) during the CPP tests. *Different from vehicle, p < 0.05; n =
8-10 per experimental condition.

Avena et al., 2008; Nair et al., 2009; Johnson and Kenny, 2010).
The experiments were similar to those performed in Exp. 2, with
the exception that during CPP training the reward was either
cocaine (10 mg/kg, i.p.) or high-fat palatable food (Fig. 7A). We
found that rats injected with vehicle into accumbens core dem-
onstrated cocaine or high-fat food CPP, while rats injected with
ZIP did not (ANOVA, F(, ,,, = 38.2 and F(, ;5 = 11.8, p values
<0.02 for drug condition X test day interactions for cocaine and
high-fat food, respectively) (Fig. 7B). In contrast, ZIP injections
into accumbens shell 1 d after CPP training for cocaine or high-
fat food were ineffective (Fig. 7C). We also used an experimental
procedure identical to that used in Exp. 4 above, with the excep-
tion that rats were trained for cocaine CPP, and we found that
accumbens core ZIP injections did not impair the relearning of
the CPP (Fig. 84, B).
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Figure 8. Inhibition of PKM{ activity by ZIP injections into nucleus accumbens core after
cocaine CPP training blocks the expression of cocaine CPP, but does notimpair relearning of the
cocaine CPP task. A, Timeline of the experimental procedure. B, Effect of bilateral vehicle or ZIP
(30 nmol/side) injections 1d after cocaine CPP training. Cocaine CPP was first assessed 1 d after
ZIP or vehicle injections. The ZIP-injected rats, and a new group of drug-naive rats, were then
trained for cocaine CPP and tested again 1 d later. During CPP training, rats learned to associate
the effects of cocaine injections (10 mg/kg, i.p.) with one environmental context and the effects
of saline injections with a different context. Data are mean == SEM of preference score in
seconds (time spentin the cocaine-paired chamber minus time spent in the saline-paired cham-
ber) during the CPP tests. *Different from vehicle conditions, p << 0.05; n = 7—8 per experi-
mental condition.

Exp. 7: effect of inhibition of PKM({ activity in accumbens

core on morphine withdrawal CPA

In Exp. 7, we assessed the selectivity of the effect of accumbens
core ZIP injections on memories for reward cues by testing their
effect on memories of opiate-withdrawal-paired aversive cues.
We used a CPA procedure in which a distinct environmental
context was paired with acute opiate withdrawal symptoms (Azar
et al., 2003). In morphine-exposed rats, this can be done with
injections of opiate antagonists such as naloxone or naltrexone,
and the CPA thus induced is mediated in part by antagonism of
opiate receptors in the nucleus accumbens (Stinus et al., 1990).
We trained two groups of rats to associate a distinct environment
with an injection of naloxone (0.3 mg/kg, s.c.), after they had
been injected with morphine (5 mg/kg, s.c.) 4 h earlier (Fig. 9A).
One day after CPA training, we injected vehicle or ZIP (30 nmol/
side) into the accumbens core and assessed the expression of
naloxone-precipitated opiate withdrawal CPA 1 or 7 d after these
injections. We observed CPA on both test days, and ZIP injec-
tions had no effect (Fig. 9B).

Exp. 8: effect of inhibition of AMPA receptor endocytosis on
ZIP-induced impairments in morphine CPP

Recent evidence indicates that PKM{ mediates both long-term
memory and a putative cellular substrate of memory—Ilate-phase
LTP— by persistently inhibiting GluR2-dependent AMPA recep-
tor removal from postsynaptic sites (Yao et al., 2008; Migues et
al., 2010). In Exp. 8, therefore, we examined whether this mech-
anism contributes to PKM{’s ability to maintain morphine CPP
memories. To do this, we used a synthetic peptide, Tat-GluR25y,
that inhibits GluR2-dependent AMPA receptor endocytosis
(Migues et al., 2010). One day after morphine CPP training, we



Lietal. e PKMZ and Drug Reward Memory

A Timeline
ZIPivehicle injection
CPA
L training L1 |
I T T T T 1
0 1 6 7 8 15days
Pre-conditioning CPAtests
(Pre-C)
B Conditioned place aversiontests
1004 [ Vehicle
'_Tj 30 nmol ZIP
0 L .
S -1004
£
[
S -2004
&
& -300 L
o
Pre-C Test Test
-4007 day 8 day15
5004 Experimental phase

Figure9. Inhibition of PKM{ activity by ZIP injections into nucleus accumbens core does not
block the expression of naloxone-precipitated opiate withdrawal CPA. 4, Timeline of the exper-
imental procedure. B, Effect of bilateral vehicle or ZIP (30 nmol/side) injections 1 d after
naloxone-precipitated withdrawal CPA training. CPA was assessed in drug-free rats 1and 7 d
after ZIP or vehicle injections. During CPA training, rats learned to associate the effects of
naloxone-precipitated withdrawal with one environmental context and the effects of no with-
drawal (saline injections) with a different context. In the naloxone-precipitated withdrawal
condition, morphine (5 mg/kg, s.c.) was injected 4 h before the CPA training sessions and
naloxone (0.3 mg/kg, s.c.) was injected immediately before these sessions. In the “no with-
drawal” condition, rats were injected with saline (1 ml/kg) instead of morphine and naloxone.
Data are mean = SEM of preference score in seconds (time spent in the naloxone-precipitated-
withdrawal-paired chamber minus time spent in the saline-paired chamber) during the CPA
tests. n = 89 per experimental condition.

injected rats with Tat-GluR2,y (45 pmol/side) or its inactive form
(scrambled Tat-GluR25y) into the accumbens core 1 h before ZIP
or Scr-ZIP injection (Fig. 10A). We found that Tat-GluR2,y in-
jections prevented the amnestic effect of ZIP injections on the
subsequent expression of morphine CPP (ANOVA, F, ;) =
4.921, p < 0.05, for Tat-GluR2;y X ZIP X test day interaction)
(Fig. 10 B). Finally, to rule out the possibility that NMDA recep-
tor activation is involved in the amnestic effect of ZIP, we used an
identical experimental design, with the exception that an NMDA
receptor antagonist (AP5) was injected instead of Tat-GluR2y
(Fig. 10C). We found that AP5 had no effect on inhibition of
morphine CPP expression by ZIP (Fig. 10D).

Discussion

We investigated the role of PKM{ in the nucleus accumbens in
the maintenance of drug reward memories. Our results indicate
that persistent PKM{ activity in accumbens core mediates the
maintenance of memories of cues associated with morphine,
cocaine, and high-fat palatable food. Our results also indicate
that PKM{ maintains reward cue memories by regulating
postsynaptic GluR2-AMPAR trafficking, similarly to other
forms of PKM{-mediated memories (Migues et al., 2010).
Thus our study identifies PKM{ activity in the accumbens core
as a critical cellular substrate for the maintenance of memories
of relapse- and craving-provoking reward cues during pro-
longed abstinence periods.

Specificity of accumbens core PKM({ activity for persistent
memories for reward cues

The effect of ZIP injections in accumbens core on the mainte-
nance of memories of morphine, cocaine, and palatable food CPP
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Figure 10.  Blockade of the effect of ZIP on morphine CPP expression by inhibition of GluR2-
dependent AMPA receptor synaptic removal, but not by inactivation of NMDA receptors. 4, C,
Timeline of the experimental procedures. B, D, Morphine CPP 1 d after pretreatment with
GluR2;, (45 pmol/side)/AP5 (0.375 wg/side) or Scr-GluR2,y (45 pmol/side)/vehicle 1 h before
ZIP (30 nmol/side) or Scr-ZIP(30 nmol/side) injections into accumbens core. Data are mean =
SEM of preference score in seconds (time spent in the morphine-paired chamber minus time
spent in the saline-paired chamber) during the CPP tests. *Different from other groups, p <
0.05; n = 7-10 per experimental condition.

were anatomically specific and signaling pathway specific, and
also appear selective to reward-associated cues.

Anatomical specificity

Morphine CPP was associated with increased PKM({ levels in
accumbens core but not shell. Additionally, ZIP injections into
the nearby accumbens shell had no effect on the maintenance of
memories for morphine, cocaine, or high-fat CPP. However,
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when drugs are injected intracranially, they typically diffuse up
the cannula shaft and reach brain areas dorsal to the intended
injected site (Routtenberg, 1972; Wise and Hoffman, 1992).
Thus, a question for future research is whether PKM{ activity in
dorsal striatum areas above our accumbens core injection site
also plays a role in the maintenance of memories of reward cues.

Signaling pathway specificity

The effect of ZIP injections in accumbens core on the mainte-
nance of morphine CPP memories was mimicked by cheleryth-
rine (a PKC inhibitor strongly effective on PKM{) but not by
scramble ZIP or staurosporine (a potent inhibitor of conven-
tional and novel PKC isoforms, but not PKM{) (Ling et al., 2002;
Serrano et al., 2008). This pattern of results indicates that ZIP
selectively targeted PKM({ activity; this conclusion is in agree-
ment with results from previous studies (Sacktor, 2008, 2011;
Serrano et al., 2008).

Reward cue specificity

Evidence for the notion that PKM{ activity in accumbens core is
specific for reward-associated cues is that local ZIP injections into
accumbens core had no effect on the maintenance of memories of
environmental cues previously paired with aversive opiate with-
drawal symptoms. However, a general conclusion regarding the
selectivity of PKM({ activity in accumbens core to reward cues
should be made with caution, because we and others have not yet
assessed whether ZIP injections in accumbens core would inhibit
persistent memories in other aversive learning procedures, such
as contextual or cue fear conditioning. Another question for fu-
ture research is whether the disruptive effect of accumbens core
ZIP injections on the maintenance of memories for high-fat pal-
atable food generalizes to other food types, such as nutritionally
balanced healthy food.

Memory maintenance specificity

We found that ZIP injections into the accumbens core selectively
interfered with established morphine CPP memories but had no
effect on relearning of the CPP task (Fig. 5). These data suggest
that as in other forms of memories, PKM{ activity contributes
specifically to the maintenance of established memories but, once
eliminated, does not prevent the acquisition of new learned asso-
ciations (Sacktor, 2008). An earlier observation with cheleryth-
rine injections immediately after each session of CPP training
showed inhibition of the subsequent expression of cocaine CPP,
consistent with a possible PKM{ effect on memory consolidation
(Cervo et al., 1997). However, the relevance of these findings to
conclusions based on our data is questionable, because we selec-
tively targeted the accumbens core, whereas in the study of Cervo
et al. (1997), chelerythrine was injected into the cerebral ventri-
cles and reached many brain areas. Furthermore, it is unlikely
that the effect of accumbens core ZIP injections was due to some
form of motor impairment, because we found that these injec-
tions had no effect on locomotor activity (data not shown). Fi-
nally, a methodological issue that should be considered in the
interpretation of the PKM{ expression data in Exp. 1 is that we
did not include a control group injected with saline in both com-
partments during CPP training. Thus, we cannot rule out that the
persistent expression of accumbens core PKM{ after morphine
CPP training is due to repeated exposure to a novel context that is
independent of morphine pairing. However, the correlational
expression data together with the causal pharmacological data on
the consistent effect of inhibition of accumbens core PKM{ on
memories for morphine reward make this alternative interpreta-
tion unlikely.

Lietal.  PKMZ and Drug Reward Memory

Glutamate receptor trafficking underlies PKM{ role in
maintaining persistent memories for reward cues
Yao et al. (2008) recently reported that PKM{ modulation of late
LTP in hippocampal slices involves N-ethylmaleimide-sensitive
factor (NSF)/GluR2-dependent AMPA receptor trafficking.
These authors demonstrated that PKM{ acts via NSF by releasing
GluR2-containing receptors from a reserve pool held at extrasyn-
aptic sites by PICK1 and promoting their trafficking to the syn-
apse (Yao et al., 2008). Because an interaction between NSF and
GluR2 prevents the internalization of postsynaptic AMPA recep-
tors (Nishimune et al., 1998; Song et al., 1998), Yao et al. (2008)
proposed that PKM{ maintains long-term memory by persis-
tently inhibiting the removal of GluR2 AMPA receptors from the
surface of postsynaptic sites. This hypothesis was confirmed by
Migues et al. (2010). These authors first demonstrated that the
magnitude of inhibition of fear memories induced by ZIP injec-
tions into basolateral amygdala was correlated with a decrease in
postsynaptic GluR2. They then demonstrated that basolateral
amygdala injections of Tat-GluR2;y, a peptide that inhibits
GluR2-dependent AMPA receptor endocytosis (Brebner et al.,
2005), 1 h before ZIP injections prevented both the loss of fear
memory induced by ZIP injections and ZIP-induced decreases in
postsynaptic GluR2. Together, these results indicate that block-
ing GluR2-dependent AMPA receptor synaptic removal with
GluR2;y prevents the memory impairment induced by ZIP.
Based on the above findings, we used the GluR2;, peptide as
an experimental tool to determine whether the inhibitory effect
of accumbens core ZIP injections on memories for reward cues
involves removal of GluR2 AMPA receptors from postsynaptic
sites. We found that Tat-GluR2,y injections prevented the am-
nestic effect of ZIP injections on subsequent expression of mor-
phine CPP. However, while our negative data with the NMDA
receptor antagonist AP5 (Fig. 10) potentially rule out the involve-
ment of NMDA receptors in ZIP effects on memory mainte-
nance, our behavioral data with GluR2,y should be interpreted
with caution, and await further study by biochemical analysis of
the changes in surface expression of postsynaptic GluR2.
Finally, using a rat model of drug relapse and craving, Conrad
et al. (2008) reported that formation of GluR2-lacking recep-
tors—AMPA heteromeric or monomeric receptors that do not
contain the GluR2 subunit—in the accumbens plays a critical
role in incubation of cocaine craving or the time-dependent in-
creases in cue-induced cocaine seeking after withdrawal from
self-administered cocaine (Grimm et al., 2001; Lu et al., 2004a).
On the other hand, our present data suggest the importance of
accumbens postsynaptic GluR2-containing receptors in the
maintenance of memories for drug cues, which likely play a major
role in drug relapse. In reconciling these findings, several issues
should be considered. First, the GluR2-lacking receptors induced
by cocaine self-administration and prolonged withdrawal from
the drug are only a small minority of AMPA receptors in the
accumbens, and their incorporation to postsynaptic cells was not
associated with a decrease in the number of GluR2-containing
receptors (Conrad et al., 2008; Wolf and Ferrario, 2010). Second,
the incorporation of GluR2-lacking calcium-permeable recep-
tors likely results in enhanced motivational response to the
cocaine-associated cues (Conrad et al., 2008; Wolf and Ferrario,
2010) rather than playing a role in the maintenance of the mem-
ories for these cues. Additionally, rate of extinction responding in
the presence of drug-associated cues, the dependent measure
used to assess incubation of cocaine craving in the studies of
Conrad etal. (2008) and Lu et al. (2004b), is context independent
(Crombag and Shaham, 2002; Bossert et al., 2004). On the other
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hand, the learning task in the CPP procedure involves associating
a specific context with the drug rewarding effect. There are also
other significant procedural differences between our study and
that of Conrad et al. (2008), including the duration of the with-
drawal period, the amount of drug exposure, and noncontingent
versus contingent drug exposure. Based on the above, it is a ques-
tion for future research whether the accumbens core PKM{
mechanism identified in our study also contributes to the long-
lasting memories of cues previously paired with intravenous self-
injections of drugs (Ciccocioppo et al., 2004; Lu et al., 2004b).

Concluding remarks

Our results indicate that PKM({ activity in accumbens core is
critical for the maintenance of the memories for cues previously
associated with morphine, cocaine, and high-fat food rewards,
but not for the memories of cues associated with the aversive state
of morphine withdrawal. Our results also suggest that PKM{
activity in accumbens core maintains the memories of morphine-
associated cues by persistently inhibiting GluR2-dependent AMPA
receptor removal from postsynaptic sites. More generally, our results
suggest that PKM{ activity in accumbens core is a critical cellular
substrate for the maintenance of memories of relapse-provoking
reward cues during prolonged abstinence periods.
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