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The intense associative memories that develop between cocaine-paired contexts and rewarding stimuli contribute to cocaine seeking and

relapse. Previous studies have shown impairment in cocaine reward memories by manipulating a labile state induced by memory retrieval,

but the mechanisms that underlie the destabilization of cocaine reward memory are unknown. In this study, using a Pavlovian cocaine-

induced conditioned place preference (CPP) procedure in rats, we tested the contribution of ubiquitin-proteasome system-dependent

protein degradation in destabilization of cocaine reward memory. First, we found that polyubiquitinated protein expression levels and

polyubiquitinated N-ethylmaleimide-sensitive fusion (NSF) markedly increased 15min after retrieval while NSF protein levels decreased 1 h

after retrieval in the synaptosomal membrane fraction in the nucleus accumbens (NAc) core. We then found that infusion of the

proteasome inhibitor lactacystin into the NAc core prevented the impairment of memory reconsolidation induced by the protein synthesis

inhibitor anisomycin and reversed the effects of anisomycin on NSF and glutamate receptor 2 (GluR2) protein levels in the synaptosomal

membrane fraction in the NAc core. We also found that lactacystin infusion into the NAc core but not into the shell immediately after

extinction training sessions inhibited CPP extinction and reversed the extinction training-induced decrease in NSF and GluR2 in the

synaptosomal membrane fraction in the NAc core. Finally, infusions of lactacystin by itself into the NAc core immediately after each

training session or before the CPP retrieval test had no effect on the consolidation and retrieval of cocaine reward memory. These findings

suggest that ubiquitin-proteasome system-dependent protein degradation is critical for retrieval-induced memory destabilization.
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Keywords: cocaine; addiction; memory; reconsolidation; extinction; protein degradation

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Associative learning between environmental cues paired
with drug taking and the rewarding effect of the drug forms
a robust, persistent memory. Reexposure to drug-related
cues after prolonged abstinence can reactivate the reward-
ing experience, elicit craving, and lead to relapse in humans
(Childress et al, 1988; O’Brien et al, 1992) and rodents (Meil
and See, 1996; Lu et al, 2004). Manipulating reward-related
memories has become a promising potential method for
treating addiction (Milton and Everitt, 2010).
Consolidated memory, once retrieved, enters a labile state

and requires the maintenance of de novo synaptic protein
synthesis (Tronson and Taylor, 2007; Nader and Hardt,
2009). A series of studies focused on the reconsolidation
of reward memory (Lee et al, 2006; Bernardi et al, 2007;
Fuchs et al, 2009; Ramirez et al, 2009; Yu et al, 2009; Li et al,
2010; Theberge et al, 2010). The memory of cocaine-
induced conditioned place preference (CPP) undergoes

reconsolidation and can be blocked by systemic anisomycin
administration (Fan et al, 2010). However, the mechanism
that underlies the transient labile state during the reconso-
lidation of cocaine reward memory is less well known.
Ubiquitin-proteasome system-mediated protein degrada-

tion mediates activity-dependent synaptic remodeling
(Hegde et al, 1993; Jiang et al, 1998; Ehlers, 2003; Yi
and Ehlers, 2005; Fonseca et al, 2006; Karpova et al, 2006;
Fioravante et al, 2008) and is critical for memory formation
and reconsolidation (Lopez-Salon et al, 2001; Artinian et al,
2008). In the contextual fear memory model in rats, an
increase in polyubiquitinated hippocampal postsynaptic
density (PSD) protein was detected after retrieval, and
immediate infusion of a proteasome inhibitor into the
hippocampal CA1 area prevented anisomycin-induced
memory impairment and the extinction of fear memory,
suggesting that ubiquitin-proteasome system-dependent
protein degradation underlies destabilization processes
after fear memory retrieval (Lee et al, 2008; Jarome et al,
2011).
Accumulating evidence suggests a critical role for

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors in the nucleus accumbens (NAc)
in cocaine-seeking behavior (Cornish and Kalivas, 2000;
Anderson, 2008; Conrad et al, 2008; Famous et al, 2008).
The PSD scaffolding protein N-ethylmaleimide-sensitive
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fusion (NSF) protein, which interacts with the C-terminus
of the AMPA glutamate receptor 2 (GluR2) subunit, has an
important role in maintaining the surface expression of
AMPA receptors and synaptic currents (Nishimune et al,
1998; Osten et al, 1998; Song et al, 1998; Noel et al, 1999; Lee
et al, 2002). In the amygdala, disruption of the interaction
between NSF and GluR2 impairs the formation of long-term
fear memory (Joels and Lamprecht, 2010). The NAc core
and shell, two subregions of the NAc, are considered to have
differential roles in drug-associated behaviors. The NAc
core is involved in the storage of reward-related informa-
tion derived from conditioned reinforcers, whereas the NAc
shell is essential for the motor-activating effects of stimulant
drugs (Ito et al, 2004). Thus, dynamic changes in NSF
protein levels in the NAc core may be involved in cocaine
reward memory. We used a Pavlovian CPP procedure to
study the role of protein degradation in the reconsolidation
and extinction of cocaine reward-related associative
memory. We hypothesized that the destabilization of
cocaine reward memory induced by memory retrieval
requires ubiquitin-proteasome system-mediated protein
degradation in the NAc core, and synaptic cytoskeleton
proteins, such as NSF, may be candidate targets that
underlie this process.

MATERIALS AND METHODS

Subjects

Male Sprague-Dawley rats, weighing 240–260 g upon arrival,
were housed in groups of five in a temperature-controlled
(23±2 1C) and humidity-controlled (50±5%) animal facil-
ity. The rats were maintained on a 12-h/12-h light/dark cycle
with ad libitum access to food and water. A total of 395 rats
were used in the experiments described below. All of the
experimental procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals, and the procedures were approved
by the Local Animal Care and Use Committee.

Drugs

Cocaine hydrochloride was purchased from Qinghai Phar-
maceutical (Xining, China). Lactacystin (Tocris, St Louis,
MO, USA, cat. no. 2267), MG 132 (N-[(phenylmethoxy)
carbonyl]-L-leucyl-N-[(1S)-1-fromyl-3-methylbutyl]-L-leuci
namide; Tocris, cat. no. 1748), and anisomycin (Alomone,
Jerusalem, Israel, cat. no. A-520) were dissolved in 2%
dimethylsulfoxide (DMSO) in artificial cerebrospinal fluid.
All drugs were freshly prepared before the experiments.

Surgery and Intracranial Injections

The rats were anesthetized with sodium pentobarbital
(50mg/kg, i.p.), and permanent guide cannulae (23 gauge;
Plastics One, Roanoke, VA, USA) were implanted bilaterally
1mm above the NAc core and shell. The cannulae were
angled toward the midline at a 161 angle to avoid
penetration of the lateral ventricle. The respective coordi-
nates (Paxinos and Watson, 2005) were 1.5mm anterior to
bregma, 3.8mm lateral to midline, and 6.0mm ventral to
flat skull surface (measured along the trajectory of the

angled cannula) for the NAc core and 1.8mm anterior,
3.2mm lateral to midline, and 6.6mm ventral to flat skull
surface for the NAc shell (Xu et al, 2009). The rats were
allowed to recover from surgery for 5–7 days. In experi-
ments that did not involve western blots, the rats were
anesthetized with sodium pentobarbital (100mg/kg, i.p.)
and transcardially perfused. Cannula placements were
assessed using Nissl staining with thickness of 40 mm under
light microscopy. Seventeen subjects with misplaced
cannulae were excluded. The locations of cannula tips of
the rats are shown in Figure 1.
Injections were performed with Hamilton syringes, which

were connected to 30-gauge injectors (Plastics One).
Anisomycin (62.5 mg, 589mM) in a 0.4-ml volume, lactacys-
tin (32 ng, 213 mM) in a 0.4-ml volume, MG-132 (0.19 ng,
1 mM) in a 0.4-ml volume, or vehicle in a 0.4-ml volume was
delivered bilaterally over a 1-min period. The injection
needle was kept in place for another 1min to allow the drug
to completely diffuse from the injector tips (Lu et al, 2005,
2009). The doses of lactacystin, MG132, and anisomycin
were chosen based on the previous studies (Milekic et al,
2006; Merlo and Romano, 2007; Artinian et al, 2008; Lee,
2008; Lee et al, 2008).

Conditioned Place Preference

The CPP apparatus and training protocol have been
described in our previous work (Li et al, 2010). In the
baseline place preference test, the rats were initially placed
in the middle chamber with the doors removed for 15min
(preconditioning test, Pre-C). Conditioning was performed
using an unbiased, counterbalanced protocol as described
in our previous work. In all, 36 of the 387 rats showed
strong unconditioned side preference (4540 s in any
chamber) in the initial CPP baseline and were excluded
from further experimentation. On the subsequent condi-
tioning days, each rat was trained for 8 consecutive days
with alternate injections of cocaine (10mg/ml/kg, i.p.) and
saline (1ml/kg, i.p.). After each injection, the rat was
confined to the cocaine- or saline-conditioned chamber
for 45min before being returned to its home cage.
Subsequently, the expression of cocaine-induced CPP was
tested 1 day after the last training session. The experimental
conditions during the postconditioning tests (Post-C) were
the same as those for the preconditioning test. The CPP
score was defined as the time (in seconds) spent in the
cocaine-paired chamber minus the time spent in the saline-
paired chamber.

Drug-Memory Reactivation

The rats were freely reexposed to the previous CPP-trained
chambers, allowed access to all compartments for 15min to
reactivate cocaine reward memory (Miller and Marshall,
2005), and then given the different experimental treatments
(see below).

Extinction Training

One day after the postconditioning test, the rats were
trained for an additional 8 consecutive days with saline
(1ml/kg, i.p.) but no cocaine injections. After each
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injection, the rats were confined to the previous cocaine- or
saline-conditioned chamber for 45min before being re-
turned to their home cages. Subsequently, the expression of
CPP was tested 1 day after the last extinction training
session (postextinction test, Post-E).

Polyubiquitination Assay and Western Blotting

The crude synaptosomal membrane fraction from the NAc
core and shell was purified as described previously (Dunah
and Standaert, 2001; Lee et al, 2008; Mao et al, 2009). Brains
were removed, and the NAc core and shell were separately

removed into a 1.5-ml microtube that contained ice-cold
homogenization buffer (0.32M sucrose, 4mM HEPES, 1mM
EDTA, 1mM EGTA, pH 7.4) and a protease inhibitor
cocktail. The sample was homogenized by sonication. The
homogenate was centrifuged at 1000 g for 10min at 4 1C to
obtain the pellet (P1) that contained nuclei and large debris.
The supernatant (S1) was again centrifuged at 10 000 g for
30min at 4 1C to generate a crude synaptosomal fraction
(P2) and supernatant (S2). The crude synaptosomal
membrane pellet (P2) was lysed hypo-osmotically and
centrifuged at 25 000 g for 30min at 4 1C to generate the
synaptosomal membrane fraction (LP1) and supernatant
(LS1). The synaptosomal membrane fraction was solubi-
lized and denatured in Tris-buffered saline (TBS) that
contained 0.2% sodium dodecyl sulfate (SDS; 10min at
70 1C) diluted in 1% Triton X-100 and 5% glycerol and kept
in protease inhibitor cocktail (50 mM MG132 and 10 mM
blac). For binding, these samples (Input) were mixed with
glutathione S transferase (GST)-agarose or GST-S5a agarose
(Enzo Life Sciences, Farmingdale, NY, USA) and incubated
for 2 h at 4 1C. Bound proteins were washed extensively in
TBSþ 1% Tritonþ 5% glycerol and eluted by boiling in
lithium dodecyl sulfate polyacrylamide gel electrophoresis
(LDS-PAGE) sample buffer before LDS-PAGE (Nupage 4–
12% Bis-Tris gels). The western blotting procedures were
based on our previous studies (Lu et al, 2005; Li et al, 2008).
4� loading buffer (16% glycerol, 20% mercaptoethanol, 2%
SDS, and 0.05% bromophenol blue) was added to each
sample (3 : 1, sample:loading buffer) before boiling for
3min. The samples were cooled and subjected to SDS-PAGE
(10% acrylamide/0.27% N,N’-methylenebisacryalamide re-
solving gel) for B40min at 80V in stacking gel and B1 h at
130 V in resolving gel. The proteins were electrophoretically
transferred onto Immobilon-P transfer membranes
(Millipore, Bedford, MA, USA) at 0.25 A for 2.5 h. The
membranes were then incubated overnight at 4 1C with anti-
ubiquitin antibody (1 : 500; Santa Cruz Biotechnology, Santa
Cruz, CA, USA, cat. no. 8017), anti-NSF antibody (1 : 1000;
Cell Signaling, Danvers, MA, USA, cat. no. 2145), anti-
GluR2 antibody (1 : 1000; Millipore, cat. no. 07–598), PSD-
95 (1 : 1000; Santa Cruz, cat. no. 28941), and b-actin
(1 : 1000; Santa Cruz, cat. no. 47778) and incubated for
45min at room temperature on a shaker with horseradish
peroxidase-conjugated secondary antibody (goat anti-rabbit
IgG) diluted 1 : 5000 in blocking buffer. The immunostain-
ing was visualized using the EZ-ECL Chemiluminescence
detection kit. The blots were then exposed to X-ray film
(Eastman Kodak Company) for 5–60 s. Values for the target
protein levels were normalized to b-actin and analyzed with
Quantity One software (version 4.4.0; Bio-Rad, Hercules,
CA, USA).

Data Analysis

The data are expressed as mean±SEM and were analyzed
using analysis of variance (ANOVA) with the appropriate
between- and within-subjects factors for the different
experiments (see Results). Significant main effects and
interactions (po0.05) in the factorial ANOVAs were
followed by simple ANOVAs and Tukey post hoc tests. We
only report significant effects that are critical for the
interpretation of the data in Results. For clarity, post hoc

Figure 1 Schematic representation and photomicrographs of injection
sites and potential damage in the nucleus accumbens core (a) and shell (b).
The schematic representation (left column) begins with the most
anterior injection site associated with the nucleus accumbens, and it shows
that most needle tracks terminate within the nucleus accumbens,
and tissue damage was generally confined to 0.1mm around the needle
tracks. The photomicrographs (right column) show that there is no
significant tissue damage (characterized by gliosis and cell poor areas)
around needle tracks.
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analyses are indicated by asterisks in the figures but are not
described in Results.

RESULTS

Experiment 1: Effects of Cocaine Reward Memory
Retrieval on the Polyubiquitination of Synaptosomal
Membrane Proteins in the NAc

To determine the effects of memory retrieval on synapto-
somal membrane proteins, we first performed a total
protein polyubiquitination assay in the NAc core and shell
after cocaine reward memory retrieval. The rats were
divided into six groups (n¼ 7–10 per group): (1) naive
group (ie, subjected only to daily handling in the home
cage), (2) no retrieval group (ie, subjected to cocaine-
induced CPP training without retrieval), (3) 15min group
(ie, subjected to cocaine-induced CPP training and then
decapitated 15min after retrieval), (4) 60min group (ie,
subjected to cocaine-induced CPP training and then
decapitated 60min after retrieval), (5) 2 h group (ie,
subjected to cocaine-induced CPP training and then
decapitated 2 h after retrieval), and (6) 24 h group (ie,
subjected to cocaine-induced CPP training and then
decapitated 24 h after retrieval). All of the rats were
decapitated, and their brains were removed for subsequent
determination of polyubiquitination level, NSF protein
level, and NSF polyubiquitination level in the NAc core or
shell (Figure 2a). Polyubiquitinated protein expression
levels in the 15- and 60-min groups increased markedly in
the NAc core (ANOVA, F4,34¼ 5.30, po0.01; Figure 2b, left
column) but not in the NAc shell. These findings suggest
that the retrieval of cocaine reward memory induced
dynamic changes in protein polyubiquitination in the NAc
core but not in the shell. Then, we focused on NSF, a type of
PSD protein which has been showed to be involved in
synaptic plasticity (Lee et al, 2002) and memory (Joels and
Lamprecht, 2010), to further study the protein polyubiqui-
tination after the retrieval of cocaine reward memory in the
NAc core. We performed immunoblot analyses with
antibodies against NSF using GST in complex with S5a
(GST-S5a) in a pull-down assay. Polyubiquitinated NSF
significantly increased 15 and 60min after retrieval (one-
way ANOVA, F4,34¼ 7.54, po0.01; Figure 2c). Furthermore,
NSF levels decreased 1 and 2 h after retrieval in the
synaptosomal membrane region but returned to the base-
line levels of no-retrieval animals at 24 h (one-way ANOVA,
F4,34¼ 2.98, po0.05; Figure 2d). However, we did not
observe the polyubiquitinated PSD-95 under basal condi-
tions (Figure 2e). We also found no significant differences
in total PSD-95 protein levels (p40.1) in the NAc core
(Figure 2f) among five groups.

Experiment 2: Protein Degradation Inhibition Blocks
Anisomycin-Induced Reconsolidation Impairment After
Cocaine Memory Retrieval

In Experiment 1, we found that the retrieval of cocaine
memory induced specific dynamic changes in protein
polyubiquitination in the NAc core. We then sought to
determine whether ubiquitin-proteasome system-dependent
protein degradation in the NAc core has a role in retrieval-

induced memory reconsolidation. To determine the speci-
ficity of the NAc core, we used the NAc shell as a control.
In Experiment 2, we used eight groups of rats to determine
the role of protein degradation in the NAc core (four
groups, n¼ 10–12 per group) and shell (four groups, n¼ 8–
11 per group) in the reconsolidation of cocaine reward
memory (Figure 3a). After the establishment of cocaine-
induced CPP, the rats were divided into eight groups that
received different treatments in the NAc core and shell: (1)
vehicleþ vehicle, (2) lactacystin (0.032 mg/side)þ vehicle,
(3) vehicleþ anisomycin (62.5 mg/side), and (4) lactacystin
(0.032mg/side)þ anisomycin (62.5 mg/side). A retest was
conducted 24 h later. Fifteen minutes after the CPP test, all
of the rats were decapitated, and only the NAc core,
regardless of the infusion site, was removed for the
subsequent determination of NSF and GluR2 protein levels
in the synaptosomal membrane fraction (LP1 fraction). We
focused on the NAc core because the core, not the shell, is
critical for the reconsolidation and maintenance of cocaine
cue memory (Miller and Marshall, 2005; Li et al, 2011).
Furthermore, in Experiment 1, we found that polyubiqui-
tinated protein expression levels in the 15- and 60-min
groups markedly increased in the NAc core but not in the
shell.
After 8 days of CPP training, all of the groups developed

cocaine-induced CPP (F1,39¼ 77.04, po0.01; Figure 3b). No
differences were found between these groups (p40.05). The
CPP score data from the posttreatment test (Post-T) for the
NAc core and shell injections were analyzed with a two-way
ANOVA that included the between-subjects factors lacta-
cystin (vehicle, lactacystin) and anisomycin (vehicle,
anisomycin). This analysis revealed a significant interaction
between these two factors (F1,39¼ 4.43, po0.05; Figure 3c,
left column) in the NAc core. The analyses of immediate
NAc shell injections revealed no significant effects of
lactacystin, anisomycin, or lactacystin� anisomycin
interaction (p40.05; Figure 3c, right column). The analyses
of the western blot data included the between-subject
factors lactacystin (vehicle, lactacystin) and anisomycin
(vehicle, anisomycin). The analyses of NSF and GluR2
in the NAc core in rats that received NAc core injections
revealed a significant interaction between the two factors
(F1,39¼ 45.13, po0.01 and F1,39¼ 27.99, po0.01, respec-
tively; Figure 3d and e, left columns). No significant effects
on NSF and GluR2 levels in the NAc core were observed for
the rats that received NAc shell injections (p40.05;
Figure 3d and e, right columns). Post hoc group differences
are shown in Figure 3. Thus, the proteasome inhibitor
lactacystin injected into the NAc core reversed the
impairment effect of anisomycin on cocaine-induced CPP
and memory retrieval-induced decreases in NSF and GluR2
protein levels in the synaptosomal membrane in the NAc
core.

Experiment 3: Further Confirmation of the Role of
Protein Degradation in the NAc Core in the
Reconsolidation of Cocaine Reward Memory

We used 16 groups of rats to further confirm the role
of NAc core protein degradation in the reconsolidation of
cocaine-induced CPP (Figures 4 and 5). First, we used four
groups (n¼ 7–9 per group) to determine whether MG132,
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another proteasome inhibitor, mimics the effect of lacta-
cystin by reversing the effect of anisomycin on reconsolida-
tion. The protocol was the same as in Experiment 2, with
the exception that lactacystin was replaced with MG132
(Figure 4a). After 8 days of CPP training, all of the groups
developed cocaine-induced CPP (F1,28¼ 78.47, po0.01;
Figure 4b, left column). No differences were found between

these groups (p40.05). The CPP score data from the
posttreatment test for the NAc core injections were analyzed
with a two-way ANOVA that included the between-subjects
factors MG132 (vehicle, MG132) and anisomycin (vehicle,
anisomycin). This analysis revealed a significant MG132�
anisomycin interaction (F1,28¼ 5.76, po0.05; Figure 4b,
right column) in the NAc core. Post hoc group differences

Figure 2 Memory retrieval significantly increases polyubiquitination in the NAc core synaptosomal membrane fraction. (a) Timeline of the experiment.
The rats were divided into six groups (n¼ 7–10 per group): naive group (ie, subjected only to daily handling in the home cage), no retrieval group
(ie, subjected to cocaine-induced CPP training without retrieval), 15min group (ie, subjected to cocaine-induced CPP training and then decapitated 15min
after retrieval), 60min group (ie, subjected to cocaine-induced CPP training and then decapitated 60min after retrieval), 2 h group (ie, subjected to cocaine-
induced CPP training and then decapitated 2 h after retrieval), and 24 h group (ie, subjected to cocaine-induced CPP training and then decapitated 24 h after
retrieval). All of the rats were decapitated, and their brains were removed for the subsequent determination of polyubiquitination levels, NSF protein levels,
and NSF polyubiquitination levels in the NAc core and shell. (b) Effect of retrieval on polyubiquitination in the NAc core and shell. (c–f) Effect of retrieval on
protein levels of polyubiquitinated NSF (c), total NSF (d), polyubiquitinated PSD-95 (e), and total PSD-95 (f) in the NAc core. The data are expressed as a
percentage (mean±SEM) of the values of the NoR group. *po0.05, compared with NoR group. n¼ 7–10 per group. NoR, no retrieval group; Pre-C,
preconditioning test; Post-C, postconditioning test.
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are shown in Figure 4b. These results indicate that MG132
mimicked the effects of lactacystin and reversed the effect of
anisomycin on reconsolidation.
Then, we used another four groups (n¼ 6–9 per group) to

determine whether the effect of lactacystin is retrieval
dependent. The protocol was the same as in Experiment 2,
with the exception that the rats did not undergo a memory
retrieval test before NAc core infusions (Figure 5a, left
column). After 8 days of CPP training, all of the groups
developed cocaine-induced CPP (F1,27¼ 77.86, po0.01;

Figure 5a, right column). No differences were found
between these groups (p40.05). The CPP score data from
the posttreatment test for the NAc core injections were
analyzed with a two-way ANOVA that included the
between-subjects factors lactacystin (vehicle, lactacystin)

Figure 4 MG132 mimics the effects of lactacystin on the reconsolidation
of cocaine reward memory by blocking anisomycin-induced memory
impairment after retrieval. (a) Timeline of the experiments. After the
establishment of cocaine-induced CPP, the rats were divided into four
groups that received different treatments in the NAc core. A retest was
conducted 24 h later. (b) Mean±SEM CPP scores during preconditioning
test, postconditioning test, and 24 h posttreatment test in rats that received
microinfusions into the NAc core immediately after the retrieval test.
n¼ 7–9 per group. *po0.05, compared with the CPP score of
preconditioning test; #po0.05, compared with the other three groups.
Pre-C, preconditioning test; Post-C, postconditioning test; Post-T, post-
treatment test.

Figure 3 Inhibition of protein degradation by lactacystin in the NAc core
but not in the shell blocks anisomycin-induced impairment of cocaine
memory reconsolidation and decreases of NSF and GluR2 levels in NAc
core. (a) Timeline of the experiment. After the establishment of cocaine-
induced CPP, the rats were divided into eight groups that received different
treatments in the NAc core and shell. A retest was conducted 24 h later.
Fifteen minutes after the CPP test, all of the rats were decapitated, and only
the NAc core, regardless of the infusion site, was removed for the subsequent
determination of NSF and GluR2 protein levels in the synaptosomal
membrane fraction (LP1 fraction). (b, c) Inhibition of protein degradation
by lactacystin in the NAc core but not in the shell blocks anisomycin-induced
impairment of cocaine memory reconsolidation. Mean±SEM CPP scores
during baseline preference, posttraining, and posttreatment in rats that
received microinfusions into the NAc core and shell. *po0.05, compared
with the CPP score of preconditioning test; #po0.05, compared with the
other three groups. n¼ 8–12 per group. (d, e) Inhibition of protein
degradation by lactacystin in the NAc core but not in the shell blocks
anisomycin-induced deceases in NSF (d) and GluR2 (e) in the NAc core after
memory retrieval. The data are expressed as a percentage (mean±SEM) of
the values of the rats that received vehicle injection. n¼ 8–12 per group.
#po0.05, compared with the other three groups. Pre-C, preconditioning test;
Post-C, postconditioning test; Post-T, posttreatment test.

Protein degradation and drug memory
Z-Y Ren et al

783

Neuropsychopharmacology



and anisomycin (vehicle, anisomycin). This analysis re-
vealed no significant lactacystin� anisomycin interaction
(p40.05) in the NAc core. These results indicate that the
effect of anisomycin and lactacystin on cocaine reward
memory was retrieval dependent. Next, we used four groups
(n¼ 6–7 per group) to determine whether lactacystin
infusion affects postretrieval short-term memory. Protein
synthesis inhibition has been previously shown to disrupt
postretrieval long-term memory (24 h memory after retrie-
val) but not postretrieval short-term memory (4 h memory
after retrieval; Nader et al, 2000). We examined whether
anisomycin or lactacystin administration immediately after
retrieval impairs the postretrieval short-term memory of
cocaine. The protocol was the same as in Experiment 2, with
the exception that the rats were retested 4 h after retrieval
(Figure 5b, left column). After 8 days of CPP training, all of
the groups developed cocaine-induced CPP (F1,22¼ 63.05,
po0.01; Figure 5b, right column). No differences were
found between these groups (p40.05). The CPP score data
from the posttreatment test for the NAc core injections were

analyzed with a two-way ANOVA that included the
between-subjects factors lactacystin (vehicle, lactacystin)
and anisomycin (vehicle, anisomycin). This analysis re-
vealed no significant lactacystin� anisomycin interaction
(p40.05) in the NAc core. These results indicate that
lactacystin and anisomycin had no effects on postretrieval
short-term memory. Finally, we used four groups (n¼ 6–8
per group) to determine whether protein degradation
inhibition affects memory retrieval. Four groups of rats
received 8 days of training and underwent the CPP test on
day 9. The CPP test was conducted immediately after the
infusions (Figure 5c, left column). After 8 days of CPP
training, all of the groups developed cocaine-induced CPP
(F1,25¼ 50.56, po0.01; Figure 5c, right column). No
differences were found between these groups (p40.05).
The CPP score data from the posttreatment test were
analyzed with a two-way ANOVA that included the
between-subjects factors lactacystin (vehicle, lactacystin)
and anisomycin (vehicle, anisomycin). This analysis
revealed no lactacystin� anisomycin interaction (p40.05;

Figure 5 Further confirmation of the role of protein degradation in the reconsolidation of cocaine cue memory. (a–c, left column) Timeline of the
experiments. (a, right column) Mean±SEM CPP scores during the preconditioning test, postconditioning test, and 24 h posttreatment test in rats that
received microinfusions into the NAc core without a retrieval test. n¼ 6–9 per group. (b, right column) Mean±SEM CPP scores during the preconditioning
test, postconditioning test, and 4 h posttreatment test in rats that received microinfusions into the NAc core immediately after retrieval. n¼ 6–7 per group.
(c, right column) Mean±SEM CPP scores during the preconditioning test, postconditioning test, and posttreatment test in rats that received microinfusions
into the NAc core immediately before retrieval. n¼ 6–8 per group. *po0.05, compared with the CPP score of preconditioning test. Pre-C, preconditioning
test; Post-C, postconditioning test; Post-T, posttreatment test.
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Figure 5c, right column) in the NAc core. These results
indicate that lactacystin and anisomycin injections into the
NAc core had no effect on retrieval itself.

Experiment 4: Effect of Protein Degradation Inhibition
in the NAc on the Extinction of Cocaine Reward
Memory

We used eight groups of rats to determine the role of
protein degradation in the NAc core (four groups, n¼ 8–10
per group) and shell (four groups, n¼ 9–10 per group) in
the extinction of cocaine CPP (Figure 6a). All of the rats
received 8 days of CPP training, were randomly divided into
four groups, and received different treatments on subse-
quent days: (1) lactacystinþ extinction training, (2)
lactacystinþ no extinction training, (3) vehicleþ extinction
training, and (4) vehicleþ no extinction training. The
extinction training lasted for 8 days, and the infusions were
given immediately after every session of extinction training.
The rats that did not undergo extinction training received
respective infusions and then were left in their home cages.
On day 18, the rats were retested for CPP. Fifteen minutes
after the CPP test, all of the rats were decapitated, and only
the NAc core was removed for the subsequent determina-
tion of NSF and GluR2 protein levels in the synaptosomal
membrane fraction (LP1 fraction) using western blotting.
Additionally, we also used Nissl staining to determine the
localization of the injections, potential tissue damage, and
scar tissue after repeated infusions. We did not observe
obvious tissue damage (Figure 1), indicating that our
findings were not attributable to brain region dysfunction.
After 8 days of CPP training, all of the groups developed

cocaine-induced CPP (F1,34¼ 70.52, po0.01 for core;
F1,36¼ 119.34, po0.01 for shell; Figure 6b), and no
differences were found between these groups (p40.05).
The CPP score data from the postextinction test for the
NAc core and shell injections were analyzed with a two-way
ANOVA that included the between-subjects factors

lactacystin (vehicle, lactacystin) and extinction training
(yes, no). This analysis revealed a significant effect of
extinction training (F1,34¼ 10.61, po0.01) and a
lactacystin� extinction interaction (F1,34¼ 4.67, po0.05;
Figure 6c, left column) in the NAc core. The analyses of
immediate NAc shell injections (Figure 6c) revealed a
significant effect of extinction training (F1,36¼ 15.20,
po0.01) but no lactacystin� extinction interaction
(p40.05; Figure 6c, right column). The analyses of the
western blot data included the between-subject factors
lactacystin (vehicle, lactacystin) and extinction training
(yes, no). The analyses of NSF and GluR2 levels in the

Figure 6 Inhibition of protein degradation by lactacystin in the NAc core
but not in the shell prevents extinction of cocaine reward memory and
decreases of NSF and GluR2 levels induced by extinction training. (a) Time-
line of the experiment. All of the rats received 8 days of CPP training, were
randomly divided into four groups, and received different treatments on
subsequent days: lactacystinþ extinction training, lactacystinþ no extinc-
tion training, vehicleþ extinction training, and vehicleþ no extinction
training. The extinction training lasted for 8 days, and the infusions were
given immediately after every session of extinction training. On day 18, the
rats were retested for CPP. Fifteen minutes after the CPP test, all of the rats
were decapitated, and only the NAc core was removed for the subsequent
determination of NSF and GluR2 protein levels in the synaptosomal
membrane fraction (LP1 fraction). (b, c) Inhibition of protein degradation
by lactacystin in the NAc core but not in the shell prevents extinction of
cocaine reward memory. Mean±SEM CPP scores during preconditioning,
posttraining, and postextinction in rats that received microinfusions into the
NAc core and shell, respectively. *po0.05, compared with the CPP score
of preconditioning test; #po0.05, compared with the other three groups.
n¼ 8–10 per group. (d, e) Inhibition of protein degradation by lactacystin in
the NAc core but not in the shell blocks the decrease of NSF (d) and
GluR2 (e) levels in NAc core induced by extinction training. The data are
expressed as a percentage (mean±SEM) of the values of rats that
underwent no extinctionþ vehicle. n¼ 8–10 per group. #po0.05,
compared with the other three groups. Pre-C, preconditioning test; Post-
C, postconditioning test; Post-E, postextinction test.
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NAc core in rats that received NAc core injections
revealed a significant lactacystin� extinction interaction
(F1,34¼ 31.69, po0.01 and F1,34¼ 89.47, po0.01, for NSF
and GluR2, respectively; Figure 6d and e, left columns). The
analyses of NSF and GluR2 levels in the NAc core in rats
that received NAc shell injections revealed a significant
effect of extinction training (F1,36¼ 53.74, po0.01 and
F1,36¼ 182.78, po0.05, for NSF and GluR2, respectively;
Figure 6d and e, right columns) but no lactacystin�
extinction interaction (p40.05). Post hoc group differences
are shown in Figure 6. Thus, the proteasome inhibitor
lactacystin injected into the NAc core but not into the shell
reversed the effect of extinction training on cocaine-induced
CPP and NSF and GluR2 protein levels in the synaptosomal
membrane in the NAc core.
Both reconsolidation and extinction are initiated by

memory retrieval, and retrieval-induced plasticity allows
new information to be integrated into the initial memory
representation (Hupbach et al, 2007; Schiller et al, 2010).
Thus, our findings in Experiments 1–3 indicated that
ubiquitin-proteasome system-dependent protein degrada-
tion is involved in the integration of new information in the
existing cocaine reward memory. We then investigated
whether ubiquitin-proteasome system-dependent protein
degradation is also involved in the encoding of new reward
information (ie, formation of cocaine reward memory).
Four groups of rats (n¼ 7–9 per group) were injected with
either vehicle or lactacystin into the NAc core or shell
immediately after the each training session. The test for the
expression of cocaine-induced CPP was performed 1 day
after the last training day (Figure 7a). The CPP score data
from the postconditioning test for the NAc core and shell
injections were analyzed using a two-way ANOVA that
included the between-subjects factor lactacystin (vehicle,
lactacystin) and within-subjects factor test phase (precon-
ditioning CPP test and postconditioning CPP test). This
analysis revealed a significant effect of test phase (NAc core,
F1,15¼ 9.88, po0.01, Figure 7b; NAc shell, F1,16¼ 10.32,
po0.01, Figure 7c) but no lactacystin� test phase interac-
tion (p40.05). These results indicate that posttraining
intra-NAc injection of lactacystin had no effect on the
formation of cocaine reward memory.

DISCUSSION

We investigated the role of ubiquitin-proteasome system-
mediated protein degradation in cocaine reward memory,
as assessed in the CPP procedure. We found that
polyubiquitinated protein expression levels and polyubi-
quitinated NSF markedly increased 15min after retrieval,
whereas NSF protein levels decreased 1 h after retrieval in
the synaptosomal membrane fraction in the NAc core, and
all the alterations returned to baseline levels 24 h later. We
then found that infusion of the proteasome inhibitor
lactacystin into the NAc core prevented protein synthesis
inhibitor anisomycin-induced impairment of memory
reconsolidation and reversed anisomycin’s effect on NSF
and GluR2 protein levels in the synaptosomal membrane
fraction in the NAc core. We also found that lactacystin
infusion into the NAc core but not into the shell
immediately after extinction training sessions inhibited

extinction training and reversed the extinction training
induced decrease of NSF and GluR2 in the synaptosomal
membrane fraction in NAc core.
The role of ubiquitin-proteasome system-mediated pro-

tein degradation in the destabilization of cocaine reward
memory after reexposure to a cocaine-paired context is
anatomically and behaviorally specific. First, the effects of
lactacystin and anisomycin were specific to the NAc core.
Anisomycin infusion into the NAc core but not into the
shell disrupted the subsequent expression of cocaine-
induced CPP 24 h but not 4 h later, accompanied by reduced
NSF and GluR2 levels in the NAc core. Infusion of the

Figure 7 Inhibition of protein degradation by lactacystin in the NAc core
and shell had no effect on the formation of cocaine reward memory. (a)
Timeline of the experiment. Four groups of rats were injected with either
vehicle or lactacystin into the NAc core or shell immediately after each
training session. The test for the expression of cocaine-induced CPP was
performed 1 day after the last training day. (b, c) Inhibition of protein
degradation by lactacystin in the NAc core and shell had no effect on
formation of cocaine reward memory. The data are expressed as the
mean±SEM CPP scores during preconditioning and posttraining in rats
that received microinfusions into the NAc core and shell, respectively.
*po0.05, compared with the CPP score of the preconditioning test. n¼ 7–
9 per group. Pre-C, preconditioning test; Post-C, postconditioning test.
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proteasome inhibitor MG132 or lactacystin into the NAc
core reversed the effect of anisomycin. Second, the protein
expression data showed time-dependent alterations in
polyubiquitinated protein levels in the NAc core but not
in the shell. The NAc core is a component of the neural
circuitry involved in the storage of reward-related informa-
tion derived from conditioned reinforcers, whereas the NAc
shell is essential for the motor-activating effects of stimulant
drugs (Ito et al, 2004). Our findings are consistent with
previous studies that showed that the NAc core but not the
shell mediates the reconsolidation and storage of drug cue
memories (Miller and Marshall, 2005; Li et al, 2011) and
support the hypothesis that the NAc core and shell have
differential roles in drug-associated behaviors. Interestingly,
basal levels of ubiquitination are much lower in the NAc
shell than in the NAc core. In fact, the protein concentration
of the shell samples was less than that of the core samples.
The second reason may be differences in the structure and
morphology of principal cells in the NAc core and shell. The
major targeted brain regions in our studies were the medial
shell and core. The principal neurons in the medial shell
have fewer dendritic arbors, fewer spines, and as much as
80% less surface available for synaptic contact compared
with neurons in the NAc core (Meredith et al, 1992, 2008).
Therefore, the total turnover of synaptic proteins may
be much lower in the NAc shell than in the NAc core. We
excluded the possibility that protein degradation affects
postretrieval short-term memory and the storage and retrie-
val of cocaine reward memory. Anisomycin failed to disrupt
the memory when it was injected without memory reacti-
vation, and neither anisomycin nor lactacystin influenced
postretrieval short-term memory or memory retrieval.
Anisomycin’s effects on memory reconsolidation and the

protein levels of NSF and GluR2 in our study were specific.
First, the decrease in NSF and GluR2 levels was not
attributable to the CPP test before kill. In Experiment 2,
the rats were killed 15min after the CPP test, with no
significant decrease in NSF levels within 15min (see
Experiment 1). Furthermore, all four groups underwent
the CPP test. If the reduction of NSF levels was induced by a
retrieval session but not by anisomycin, then no significant
difference in NSF levels would be found between these
groups. Second, the decrease in NSF/GluR2 levels was not
attributable to persistent inhibition of baseline protein
levels induced by anisomycin. The inhibitory effect of
anisomycin is transient (Rosenblum et al, 1993), and
infusions of anisomycin had no effect on protein levels
(eg, ERK2, Fos, CaMKIIa, AKT, and Homer 1a) 12 h later
(Bekinschtein et al, 2010). In our study, we infused
anisomycin after CPP retrieval, and we detected protein
levels 24 h later. So, we considered that anisomycin
injections had no effect on baseline levels of NSF/GluR2,
and the decrease in NSF/GluR2 was due to inhibiting
protein synthesis during reconsolidation of drug CPP.
Altogether, these findings suggest that ubiquitin-protea-
some-dependent protein degradation underlies the destabi-
lization processes induced by memory retrieval and is
critical both for the reconsolidation and for the extinction
of cocaine reward memory.
Our study was inspired by the work of Lee et al (2008). By

examining the reconsolidation of conditioned fear memory
in mice, they observed an increase in polyubiquitinated

Shank and GKAP but not PSD-95 in the mouse hippocam-
pus 1 h after the retrieval of fear memory. They also found
that infusion of lactacystin into the CA1 region of the
hippocampus rescued the memory impairment induced by
anisomycin during the reconsolidation of contextual fear
memory in mice, and lactacystin infusions prevented the
extinction of fear memory. In the present study, we found
dynamic changes in polyubiquitinated proteins and NSF
levels in the NAc core after memory retrieval. We then
found that anisomycin infusions into the NAc core but not
into the shell after cocaine memory retrieval impaired
reconsolidation and produced a very robust (50%) reduc-
tion of NSF and GluR2 levels in the NAc core. Thus, after
retrieval, some PSD proteins, such as NSF, may become
labile and degrade, and the cocaine memory trace may
become labile. New protein synthesis then occurs. The
proteins that were degraded may return to their original
levels, thus reconsolidating the cocaine memory trace.
Protein synthesis blockade may reveal their degradation
(ie, lower protein levels), thus impairing cocaine reward
memory. If protein synthesis is blocked while their
degradation is also prevented, then no overall changes
occur in protein levels and CPP performance.
Interestingly, infusion of the proteasome inhibitor alone

immediately after memory retrieval had no significant effect
on subsequent memory strength. One explanation for this
finding is that 10mg/kg cocaine-induced CPP may reach a
ceiling effect in the CPP test. In our previous study, we
observed a ceiling effect with 10mg/kg morphine-induced
CPP (Li et al, 2008), and we presume that 10mg/kg cocaine-
induced CPP may also reach such a ceiling. Additionally,
Bardo et al (1995) found that cocaine tended to produce an
inverted U-shaped function, in which no significant
differences in the strength of CPP produced by doses of
0.1–10mg/kg were observed. This indicates that the strength
of cocaine-induced CPP cannot be further elevated when it
reaches a certain level. Infusion of the proteasome inhibitor
alone immediately after memory retrieval may enhance the
strength of the subsequent memory, but the putative effect
was not behaviorally detected. Therefore, the proteasome
inhibitor could not further increase CPP scores. Another
explanation is that some other mechanisms may also
mediate the destabilization of the memory trace after
retrieval, such as N-methyl-D-aspartate receptors (Ben
Mamou et al, 2006). These mechanisms may to some extent
compensate for the role of ubiquitin-proteasome system-
mediated protein degradation when the ubiquitin-protea-
some system-mediated protein degradation is inhibited by
lactacystin. Altogether and consistent with the notion of the
time-dependent nature of memory reconsolidation (Nader
et al, 2000), our findings suggest that ubiquitin-proteasome
system-mediated protein degradation in the NAc core
underlies a relatively early stage of synaptic remodeling
after the retrieval of cocaine reward memory.
Memory retrieval can initiate two opposing processes:

reconsolidation and extinction (Eisenberg et al, 2003;
Pedreira and Maldonado, 2003; Suzuki et al, 2004). In the
present study, we also investigated the role of protein
degradation in memory destabilization in the extinction of
cocaine reward memory. We found that after eight sessions
of extinction training, NSF and GluR2 levels decreased in
the NAc core, and lactacystin infusions into the NAc core
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prevented the effect of extinction training. Our data suggest
that protein degradation has an important role in extinction
training. Extinction is thought to reflect the formation of
new inhibitory memories (Myers and Davis, 2002; Duvarci
and Nader, 2004; Quirk and Mueller, 2008). However, we
found that lactacystin injections into the NAc core
prevented CPP extinction but had no effect on the
formation of cocaine-induced CPP. Additionally, retrieval-
induced plasticity allows new information to be integrated
into the initial memory representation (Hupbach et al, 2007;
Alberini, 2011). Thus, we speculated that ubiquitin-protea-
some system-dependent protein degradation is involved in
the integration of new information into the existing cocaine
reward memory but not the formation of cocaine reward
memory. However, another possibility is that the effect of
lactacystin on extinction learning may be attributable to the
prevention of subsequent decreases in the original memory
trace. This is consistent with the notion that extinction also
involves an unlearning mechanism, and the memory trace is
partially erased by extinction training (Lee et al, 2008; Lai
et al, 2012).
In the present study, we focused on NSF, a molecular

chaperone that regulates the trafficking of protein com-
plexes, such as the soluble NSF attachment protein receptor
(Whiteheart et al, 2001) and AMPA receptor complexes
(Nishimune et al, 1998; Noel et al, 1999). The experimental
design was inspired by Yao et al (2008), in which PKMz
maintained late long-term potentiation through the persis-
tent NSF/GluR2-dependent trafficking of AMPA receptors
to the synapse. PKMz is responsible for the maintenance of
many types of memory (Pastalkova et al, 2006; Shema et al,
2007; Serrano et al, 2008), including drug-related memories
(He et al, 2011; Li et al, 2011). We speculated that retrieval-
induced memory destabilization may accompany the
changes in NSF levels, and this may be induced by
ubiquitin-proteasome system-mediated protein degrada-
tion. Indeed, we found that polyubiquitinated NSF sig-
nificantly increased 15 and 60min after the retrieval of
cocaine reward memory, and NSF protein levels decreased
60 and 120min after retrieval in the synaptic region but
returned to basal levels 24 h later.
Another PSD protein, PSD-95, did not exhibit time-

dependent changes. Furthermore, in Experiments 2 and 4,
NSF levels correlated with the expression of cocaine-
induced CPP. Therefore, the changes in NSF levels after
cocaine retrieval were specific. Additionally, our findings on
GluR2 levels also supported our hypothesis about the role of
NSF in cocaine reward memory. Notably, we only detected
NSF protein levels in the synaptosomal membrane fraction
in the present study. Further studies need to explore NSF
levels in the total extract to elucidate alterations in NSF
distribution after the retrieval of cocaine memory. NSF is
the regulator of GluR2 (Noel et al, 1999), and the
ubiquitination and degradation of NSF may affect the
stability of the proteins that require NSF to maintain them
in the PSD. We found that similar to NSF, GluR2 levels in
the NAc core decreased when cocaine-induced CPP was
disrupted by anisomycin and when cocaine-induced CPP
was extinguished. These findings extend previous studies on
the effects of extinction training after cocaine exposure on
GluR levels in the NAc (Sutton et al, 2003; Ghasemzadeh
et al, 2009) demonstrating that extinction training upregu-

lated GluR1 and GluR2 levels in the NAc shell in cocaine
self-administration. Considering the critical role of the
endocytosis of GluR2-containing AMPA receptors in memory
reconsolidation (Rao-Ruiz et al, 2011), further studies are
needed to determine the alterations in the distribution of
AMPA receptors in the NAc in the reconsolidation and
extinction of cocaine reward memory. Additionally, all of
these studies were conducted in rats that underwent cocaine-
induced CPP training. Further studies are needed to
determine how protein levels change in animals that are
not exposed to cocaine or CPP training and how protein
synthesis inhibitors and proteasome inhibitors affect protein
levels in animals that are not exposed to cocaine.

Concluding Remarks

Our results revealed that ubiquitin-proteasome system-
mediated protein degradation may be a potential mechan-
ism for the destabilization phase of the reconsolidation and
extinction of cocaine reward memory. The destabilization of
cocaine reward memory was related to a loss of the synaptic
scaffold protein NSF in the synaptosomal membrane in the
NAc core. These findings suggest the possible role of
protein degradation-dependent mechanisms in cocaine
reward.
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