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Extinction therapy has been suggested to suppress the conditioned motivational effect of drug cues to prevent relapse. However, extinction forms a new inhibiting memory rather than erasing the original memory trace and drug memories invariably return. Perineuronal
nets (PNNs) are a specialized extracellular matrix around interneurons in the brain that have been suggested to be a permissive factor that
allows synaptic plasticity in the adolescent brain. The degradation of PNNs caused by chondroitinase ABC (ChABC) may generate
induced juvenile-like plasticity (iPlasticity) and promote experience-dependent plasticity in the adult brain. In the present study, we
investigated the effect of removing PNNs in the amygdala of rat on the extinction of drug memories. We found that extinction combined
with intra-amygdala injections of ChABC (0.01 U/side) prevented the subsequent priming-induced reinstatement of morphine-induced
and cocaine-induced, but not food -induced, conditioned place preference (CPP). Intra-amygdala injections of ChABC alone had no effect
on the retention, retrieval, or relearning of morphine-induced CPP and storage of acquired food-induced CPP. Moreover, we found that
the procedure facilitated the extinction of heroin- and cocaine-seeking behavior and prevented the spontaneous recovery and druginduced reinstatement of heroin- and cocaine-seeking behavior. We also found that the effect of PNNs degradation combined with
extinction may be mediated by the potentiation of several plasticity-related proteins in the amygdala. Altogether, our findings demonstrate that a combination of extinction training with PNNs degradation in the amygdala erases drug memories and suggest that ChABC
may be an attractive candidate for the prevention of relapse.
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Introduction
Persistent drug memories that are formed between drug-paired
cues and drug-induced effects play a critical role in drug use and
relapse (Hyman, 2005; Milton and Everitt, 2012). Extinction
therapy has been developed to inhibit the motivational effect of
drug cues to prevent relapse, in which addicts are repeatedly exposed to drug-associated cues without given drugs of abuse
(Marlatt, 1990; O’Brien et al., 1993). However, substantial evidence from rodent and human studies has demonstrated that the
effectiveness of extinction training is limited and drug craving
and drug-seeking behavior often return with the passage of time
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(spontaneous recovery) or after acute exposure to drugs of abuse
(de Wit and Stewart, 1983; Tobeña et al., 1993; Shaham et al.,
2003; reinstatement).
Extinction is an active process that forms a new inhibitory
memory to temporally suppress previously conditioned responding rather than erasing acquired memory traces (Bouton, 1993).
Numerous studies have focused on the circuitry and cellular
mechanisms that underlie the extinction of fear and appetitive
memories, demonstrating the involvement of glutamatergic, dopaminergic, and noradrenergic plasticity in the infralimbic cortex, amygdala, hippocampus, and nucleus accumbens (Quirk
and Mueller, 2008; Peters et al., 2009; Herry et al., 2010; Millan et
al., 2011). Manipulating extinction-induced plasticity by upregulating brain-derived neurotropic factor (BDNF) and AMPA
receptors has been shown to enhance extinction to prevent drugseeking behavior (Sutton et al., 2003; Briand et al., 2012; Wang et
al., 2012).
Perineuronal nets (PNNs) are specialized extracellular matrix
structures around interneurons in the brain and spinal cord (Celio and Blümcke, 1994; Celio et al., 1998). Chondroitin sulfate
proteoglycans (CSPGs) are crucial components of PNNs (Kwok
et al., 2008). PNNs have been suggested to be a permissive factor
that allows synaptic plasticity in the adolescent CNS (Bavelier et
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al., 2010; Gundelfinger et al., 2010). Studies by Castrén and other
researchers found that the degradation of PNNs induced by
chondroitinase ABC (ChABC) converts the plasticity of the adult
CNS to an adolescent phenotype; the promotion of experiencedependent plasticity in the adult CNS has been termed iPlasticity
(Castrén et al., 2012; Castrén, 2013). For example, the degradation of chondroitin sulfate chains from CSPGs with ChABC promoted axon regeneration and the functional recovery of spinal
cord injury (Bradbury et al., 2002; Barritt et al., 2006; GarcíaAlías et al., 2009) and reactivated ocular dominance plasticity
(Pizzorusso et al., 2002) through actions on plasticity-related
proteins, including BDNF (Jain et al., 2011). Recently, Gogolla et
al. (2009) found that the degradation of PNNs in adult rats reenabled the erasure of fear memories by extinction that occurred in
juveniles. Therefore, we hypothesized that the elevation of
extinction-related proteins together with PNNs degradation may
be useful for erasing drug memories.
In the present study, we investigated whether iPlasticity with
PNNs degradation enhances extinction to erase drug memories.
We studied drug memories using conditioned place preference
(CPP) and self-administration models in which the erasure of
drug memories was assessed in a spontaneous recovery test with
the passage of time and in a reinstatement test after a priming
injection of drug (Li et al., 2011b; Xue et al., 2012). We examined the
effect of PNNs degradation in the amygdala, a brain center that
modulates the of emotional memories. The amygdala encompasses
several structures with distinct connectional and functional characteristics. The basolateral amygdala (BLA) and central amygdala
(CeA) are two important subregions that are involved in the drug
reward memories (Milton et al., 2008; Li et al., 2010; He et al., 2011).
We also explored extinction-related plasticity-related proteins that
may underlie the effect of PNNs depletion.

Materials and Methods
Subjects. Male Sprague Dawley rats, weighing 220 –240 g upon arrival,
were obtained from the Laboratory Animal Center of Peking University
Health Science Center. They were housed in groups of 5 in a
temperature- (23 ⫾ 2°C) and humidity (50 ⫾ 5%)-controlled animal
facility with food and water freely available. The animals were maintained on a reverse 12 h/12 h light/dark cycle (lights on at 8:00 A.M.). All
of the treatments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the
experiments were approved by the University Animal Use Committee. A
total of 414 were used in the study, from which 27 were excluded because
of loss of the head cup or cannula misplacement and 28 were excluded
because they exhibited strong unconditioned side preference (⬎ 540 s)
during the drug preconditioning phase (see Drug-induced CPP and
Food-induced CPP, below).
Drugs. Morphine sulfate and cocaine HCl (both from Qinghai Pharmaceutical) were dissolved in 0.9% physiological saline and injected in a
volume of 10 ml/kg. Morphine was injected subcutaneously and cocaine
was injected intraperitoneally. ChABC (#C3667; Sigma-Aldrich) and
penicillinase (#P0389; Sigma-Aldrich) were dissolved in 0.1 M PBS (vehicle) and prepared in stock solutions of 0.02 U/l. The control group
received corresponding vehicle injections.
Surgery. The rats weighed 280 –300 g when surgery began and were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.). Guide cannulae
(23 gauge; Plastics One) were bilaterally implanted 1 mm above the BLA,
1 mm above the central nucleus of the amygdala (CeA), or 2 mm dorsal
to the amygdala (anatomic control; Debiec et al., 2010). The stereotaxic
coordinates for the BLA, CeA, and dorsal amygdala were as follows: BLA:
anterior/posterior, ⫺2.9 mm from bregma, medial/lateral, ⫾5.0 mm,
dorsal/ventral, ⫺7.8 mm from the skull surface; CeA: anterior/posterior,
⫺2.9 mm, medial/lateral, ⫾4.2 mm, dorsal/lateral, ⫺7.0 mm; and dorsal
amygdala: anterior/posterior, ⫺2.9 mm, medial/lateral, ⫾5.0 mm, dorsal/lateral, ⫺5.8 mm (Paxinos and Watson, 2005; see Fig. 1E). A stainless
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steel stylet blocker was inserted into each cannula to maintain patency
and to prevent infection. The rats were allowed to recover from surgery
for 5–7 d.
Intracranial injections. ChABC (0.01 U/g/side/0.5 l), penicillinase
(0.01 U/6 ng/side/0.5 l), and vehicle were injected bilaterally into the
BLA, CeA, or dorsal amygdala using 30 gauge injectors (Plastics One).
The dose of ChABC was based on a previous study (Barritt et al., 2006). A
total volume of 0.5 l was injected bilaterally over 1 min and the injector
was kept in place for another 1 min to allow diffusion. At the end of the
experiments, the rats were anesthetized with sodium pentobarbital (100
mg/kg, i.p.) and transcardially perfused. Cannula placements were assessed using Nissl staining with a section thickness of 40 m under light
microscopy.
Drug-induced CPP. The CPP procedure was performed using an unbiased, counterbalanced protocol (Li et al., 2010; Li et al., 2011b; Ren et
al., 2013). The CPP apparatus consisted of 10 identical three-chamber
polyvinyl chloride (PVC) boxes. Two large side chambers (27.9 cm
length ⫻ 21.0 cm width ⫻ 20.9 cm height) were separated by a smaller
chamber (12.1 cm length ⫻ 21.0 cm width ⫻ 20.9 cm height, 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, food, and saline injections. The three
distinct chambers were separated by manual guillotine doors.
Baseline preference was assessed by placing the rats in the center compartment of the CPP apparatus, allowing them free access to all of the
compartments for 15 min. On subsequent conditioning days, the rats
were trained for 8 consecutive days with alternating injections of morphine (10 mg/kg, s.c.) or saline (1 ml/kg, s.c.) in the designated compartments. 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-induced CPP in a drug-free state
(15 min duration) were performed on different days after training (see
Results, below). 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 the CPP test. The training and
testing procedures for cocaine-induced CPP were identical, with the exception that cocaine (10 mg/kg, i.p) was injected instead of morphine.
Food-induced CPP. The CPP procedure for food was based on our
previous work (Li et al., 2011b) and included three phases, similar to
those used in the drug-induced CPP procedures. Baseline preference was
assessed by placing the rats in the center compartment of the CPP apparatus, allowing them free access to all of the compartments for 15 min.
The 8 d training phase included four 2 d cycles, in which the rats received
a 5 g aliquot of food in one chamber on 1 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 food on different days after CPP training. During testing, the
rats were allowed to freely explore the chambers. The CPP score is defined as the time (in seconds) spent in the food-paired chamber minus
the time spent in the non-food-paired chamber.
CPP extinction training. CPP extinction training was performed on 8
consecutive days and the procedure was similar to the establishment of
CPP, with the exception that the drugs were replaced by saline (He et al.,
2011). The CPP test was performed on different days after the manipulations (see Results, below).
Drug-priming-induced CPP. The drug-priming-induced reinstatement of drug-induced CPP was based on previous studies (Wang et al.,
2008; Xue et al., 2012). Five minutes before the CPP reinstatement test,
the rats received a drug injection (cocaine, 5 mg/kg, i.p., or morphine, 3
mg/kg, s.c.). The conditions during the reinstatement test were the same
as those for the baseline preference test.
Intravenous drug self-administration. The drug self-administration
training procedures were based on procedures we had established in our
previous studies (Lu et al., 2009; Li et al., 2011a; Xue et al., 2012). Rats,
weighing 300 –320 g when surgery began, were anesthetized with sodium
pentobarbital (60 mg/kg, i.p.). Catheters were inserted into the right
jugular vein with the tip terminating at the opening of the right atrium.
All of the rats were allowed to recover for 5–7 d after surgery. The operant
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chambers (AniLab Software and Instruments) were equipped with two
nose poke operandi (AniLab Software and Instruments) located 9 cm
above the chamber floor. Nose pokes in the active operandum led to
cocaine or heroin infusions that were accompanied by a 5 s tone-light
cue. Nose pokes in the inactive operandum were also recorded but had
no programmed consequences. The modified cannula on the rat’s skull
was connected to a liquid swivel with polyethylene-50 tubing that was
protected by a metal spring and led to a 10 ml syringe infusion pump. The
rats were trained to self-administer heroin (0.05 mg/kg/infusion) or cocaine
(0.75 mg/kg/infusion) during 3 1 h daily sessions separated by 5 min over
10 d. The sessions began at the onset of the dark cycle. A fixed-ratio one
reinforcement schedule was used, with a 40 s timeout period after each
infusion. Each session began with illumination of a house light that remained
on for the entire session. The number of drug infusions was limited to 20/h.
At the end of the training phase, the groups in the different experimental
conditions were matched for drug intake during training.
Extinction of drug-reinforced responding. During extinction, the conditions were the same as those during training, with the exception that drug
was no longer available. The rats underwent extinction training until
responding at the active nose poke operandum decreased to ⬍20% of
mean responding during the last 3 d of heroin or cocaine selfadministration for at least 2 consecutive days (Xue et al., 2012).
Test for drug seeking. The tests for drug-seeking behavior after spontaneous recovery and drug-induced reinstatement were based on previous
studies from our group and others (Leri et al., 2002; Lu et al., 2004; Xue et
al., 2012). The spontaneous recovery test was performed 4 weeks after
extinction training. The reinstatement test was performed 24 h after the
rats met the extinction criterion and all of the rats received a noncontingent heroin injection (0.25 mg/kg, s.c.) or cocaine injection (5 mg/kg,
i.p.) 5 min before the test sessions. The testing conditions were the same
as those during training, with the exception that active nose pokes were
not reinforced by drug. Each session began with illumination of the
house light, which remained on for the entire session. Nose poke responding during the test sessions resulted in contingent presentations of
the tone-light cue that had previously been paired with drug infusions.
Immunofluorescence. The rats were perfused with 4% paraformaldehyde, and the brains were removed, postfixed for 24 h, and placed in 30%
sucrose in phosphate buffer. The brains were then sectioned coronally
with a microtome into 15-m-thick sections. Every third serial section
was collected on gelatin-coated microscope slides. Free-floating sections
were placed in a freshly prepared methanol-H2O2 solution for 10 min to
block endogenous peroxidase activity. All of the sections were then
treated with a biotin blocking kit and incubated for 30 min in a blocking
solution composed of 3% bovine serum albumin (BSA), 20 mM lysine,
and 0.2% Triton X-100 in PBS, pH 7.4. The sections were incubated
overnight at 4°C with monoclonal antibodies in a solution of biotinconjugated lectin wisteria floribunda (WFA, 10 g/ml, #L1516; SigmaAldrich). All of the sections were then washed 3 times in PBS and stained
with 1 h incubation in FITC-conjugated streptavidin (10 g/ml, #S3762;
Sigma-Aldrich). The method of counting the number of WFA-positive
cells in these brain regions was moderately modified based on previous
reports (Nixon and Crews, 2004; Gogolla et al., 2009; Shi et al., 2012), in
which two or three sections from each brain region for each rat were
selected. The cell numbers on either side of the specific brain region were
averaged and taken as the positive immunoreactive cell number for each
rat. The number of WFA-labeled cells was measured using a fluorescence
microscope (Olympus) with an image-analysis program (MetaMorph,
version 4.65). One in every 15 sections was sampled to avoid multiple
counting of the same cell (each section was spaced 225 m apart). This
profile counting method provided results that are similar to those obtained with stereological cell counting methods in some studies (Crews et
al., 2004; Nixon and Crews, 2004; Lussier et al., 2009).
Tissue sample preparation and Western blot assay. The assay procedures
were based on those used in our previous studies (Li et al., 2010; Li et al.,
2011b). Twenty-four hours after the end of the last extinction session, the
rats were decapitated. Their brains were quickly extracted, frozen in
⫺60°C N-hexane, and transferred to a ⫺80°C freezer. Using a freezing
cryostat (⫺20°C; Reichert-Jung 2800 Frigocut E), bilateral tissue
punches (12 gauge) of the BLA and CeA were taken from 1 mm thick
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Figure 1. Effects of the combination of extinction training with ChABC injections into the
amygdala on the subsequent reinstatement of morphine-induced CPP. A, Timeline of experimental procedure (see Materials and Methods for the experimental conditions of the groups). B,
C, The combination of extinction training with microinfusions of chondroitinase ABC (0.01
U/side) and penicillinase (0.01 U/side) into the BLA (B) or CeA (C) but not 2 mm dorsal to the
amygdala (D) prevented the subsequent drug-induced reinstatement of morphine-induced
CPP. A significant difference was found in the morphine-induced priming test between the
ChABC group and other two groups. E, Approximate placements of the intracranial injectors.
The data are expressed as the mean ⫾ SEM preference scores in seconds (time spent in the
morphine-paired chamber minus time spent in the saline-paired chamber) during the CPP
tests. *p ⬍ 0.05 vs vehicle group (n ⫽ 8 –10 per group). Post-C, Postconditioning test; Post-E,
postextinction test.
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Figure 2. Effects of ChABC injections into the amygdala on the retrieval, reconsolidation,
and retention of morphine-induced CPP. A, C, Timeline of experimental procedure. B, D, ChABC
(0.01 U/side) microinfusions into the BLA or CeA 1 d after the postconditioning test had no effect
on the retention (B), retrieval, or reconsolidation (D) of morphine-induced CPP. No significant
difference was found in the retention, retrieval, or reconsolidation test between the ChABC
group and vehicle group. The data are expressed as the mean ⫾ SEM preference scores in
seconds (time spent in the morphine-paired chamber minus time spent in the saline-paired
chamber) during the CPP tests (n ⫽ 7– 8 per group). Post-C, Postconditioning test; Post-T1,
postextinction test 1; Post-T2, posttreatment test 2.
coronal sections ⬃2.9 mm from bregma. The tissue punches were homogenized (10 –15 s ⫻ 3, 5 s interval) with an electrical disperser
(Wiggenhauser, Sdn Bhd) after 30 min with RIPA lysis buffer (Beyotime
Biotechnology, Jiangsu, China; 20 mM Tris, pH 7.5, 150 mM NaCl, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ethylenediamine
tetraacetic acid, 1% Na3VO4, 0.5 g/ml leupeptin, and 1 mM phenylmethanesulfonyl fluoride). The homogenate was then subjected to
10,000 ⫻ g centrifugation for 10 min at 4°C. All of the above procedures
were performed at 0 – 4°C. Protein concentrations in all of the samples
were determined using the bicinchoninic acid assay (Beyotime Biotechnology). The samples were further diluted in RIPA lysis buffer to equalize
the protein concentrations.
Four times loading buffer (16% glycerol, 20% mercaptoethanol, 2%
SDS, and 0.05% bromophenol blue) was added to each sample (3:1 sample to loading buffer) before boiling for 3 min. The 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. Proteins were transferred electro-

phoretically to Immobilon P transfer membranes (Millipore) at 0.25 A
for 2.5 h. The membranes were washed with Tris-buffered saline plus
0.05% Tween 20 (TBST), pH 7.4, and then dipped in blocking buffer (5%
BSA in TBST) overnight at 4°C. The next day, the membranes were
incubated for 1 h at room temperature on an orbital shaker with antiBDNF antibody (1:200, #sc-546; Santa Cruz Biotechnology), anti-GluR1
antibody (1:200, #sc-13152; Santa Cruz Biotechnology), anti-GluR2 antibody (1:200, #sc-7611; Santa Cruz Biotechnology), anti-GluR3 antibody (1:1000, #sc-34066; Santa Cruz Biotechnology), or ␤-actin (1:1000,
sc-47778; Santa Cruz Biotechnology) in TBST plus 5% BSA and 0.05%
sodium azide. After 3 5 min washes (3⫻) 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, goat
anti-mouse IgG, or rabbit anti-goat IgG; Santa Cruz Biotechnology) diluted 1:5000 in blocking buffer. The blots were then washed 3 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;
Applygen Technologies) for 1 min at room temperature. Excess mixture
was dripped off before the blots were wrapped with a clean piece of plastic
wrap (with no bubbles between blot and wrap) and the blots were then
exposed to x-ray film (Eastman Kodak) for 5– 60 s. Band intensities were
quantified using Quantity One software (version 4.4.0; Bio-Rad). Band
intensities from each test sample were compared with 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 of the Western blots in the present study showed that the
band intensities for each of our test samples were within the linear range
of detection.
Statistical analyses. The data are expressed as mean ⫾ SEM. In the CPP
experiment, the statistical analysis was performed using mixed ANOVA,
with treatment (ChABC, penicillinase, and vehicle) as the betweensubjects factor and test phase (baseline, postconditioning test, postextinction test, priming test, and posttreatment test) as the within-subjects
factor. In the self-administration experiment, the statistical analysis was
performed with treatment (ChABC and vehicle) as the between-subjects
factor and test phase (sessions 1–11 for extinction data; last extinction
session and priming test/spontaneous recovery test for reinstatement/
spontaneous recovery experiment) as the within-subjects factor. Because
our multifactorial ANOVAs yielded multiple main effects and interaction effects, we only report significant effects in the Results section that
are critical for data interpretation. Post hoc analyses of significant effects
in the ANOVA were performed using the Tukey test. Values of p ⬍ 0.05
were considered statistically significant.

Results
Experiment 1: Extinction training combined with intraamygdala injections of ChABC prevented the subsequent
reinstatement of morphine-induced CPP
In Experiment 1, we used 8 groups of rats (n ⫽ 8 –10 per group)
to determine the effects of ChABC in different subregions of the
amygdala on the extinction and reinstatement of morphineinduced CPP (Fig. 1A). The rats were trained for morphineinduced CPP for 8 d and tested for the expression of CPP on day
10 without any injections (postconditioning test). On day 11, the
rats were injected with ChABC/penicillinase/vehicle into the
BLA, CeA, and a brain area 2 mm dorsal to amygdala. One day
after a single injection of ChABC, the structure of PNNs is completely disrupted and this effect can last at least 4 weeks (Brückner
et al., 1998). Three days after the injection, the rats underwent
four consecutive blocks of extinction training. On day 22, the rats
underwent the extinction test to confirm that CPP was extinguished (postextinction test). On day 23, the rats were injected
with a low dose of morphine (3 mg/kg, s.c.), and the expression of
CPP was subsequently retested (priming test).
The analysis revealed significant effects of test phase (F(3,66) ⫽
61.35, p ⬍ 0.01 for BLA; F(3,72) ⫽ 49.85, p ⬍ 0.01 for CeA) and a
treatment ⫻ test phase interaction (F(6,66) ⫽ 4.07, p ⬍ 0.01 for
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Figure 3. Effects of combination of intra-amygdala infusions of ChABC and extinction training on the subsequent learning of
new morphine-induced CPP. A, Timeline of experimental procedure. B, C, ChABC (0.01 U/side) microinfusions into the BLA or CeA
1 d after the postconditioning test in conjunction with extinction training had no effect on the subsequent relearning of morphineinduced CPP. No significant difference was found in the new morphine-induced CPP test between the ChABC group and the naive
group. The data are expressed as the mean ⫾ SEM preference scores in seconds (time spent in the morphine-paired chamber
minus time spent in the saline-paired chamber) during the CPP tests (n ⫽ 7– 8 per group). Post-C1, Postconditioning test 1;
Post-E, postextinction test; Post-C2, postconditioning test 2.

BLA; F(6,72) ⫽ 2.50, p ⬍ 0.05 for CeA; Fig. 1 B, C). For injections 2
mm dorsal to the amygdala, the analysis revealed only a significant effect of test phase (F(3,45) ⫽ 20.86, p ⬍ 0.01; Fig. 1D). The
post hoc analysis revealed that the morphine-priming-induced
reinstatement of morphine-induced CPP was significantly decreased in the groups that received ChABC injections into the
BLA and CeA (all p ⬍ 0.01). These results indicate that intraamygdala injections of ChABC combined with extinction training erased morphine-induced CPP memory.
Experiment 2: Intra-amygdala injections of ChABC had no
effect on the retention, retrieval, or reconsolidation of
morphine-induced CPP
To exclude the possibility that ChABC injections into the
amygdala alone impaired the retention of morphine-induced
CPP (Fig. 2A), 4 groups of rats (n ⫽ 7 per group) were first
trained for morphine-induced CPP and then tested for the expression of CPP on day 10 (postconditioning test). The rats were
injected with ChABC or vehicle into the BLA or CeA. Ten days
after the injections, these rats were tested again (posttreatment
test) for morphine-induced CPP. The analysis revealed only a
significant effect of test phase (F(2,24) ⫽ 20.53, p ⬍ 0.01 for BLA;
F(2,24) ⫽ 22.51, p ⬍ 0.01 for CeA; Fig. 2B). These results indicate

that intra-amygdala injections of ChABC
alone had no effect on the retention of
morphine-induced CPP.
Memory retrieval may induce two processes, reconsolidation and extinction
(Eisenberg et al., 2003; Suzuki et al.,
2004). An experiment was designed to exclude the possibility that intra-amygdala
injections of ChABC in conjunction with
extinction produce deficits in retrieval or
reconsolidation (Fig. 2C). The rats were
trained for morphine-induced CPP and
were then randomly assigned to 4 groups
(n ⫽ 7– 8 per group) that were injected
with ChABC or vehicle into the BLA or
CeA. Three days after the injection, these
rats underwent a morphine-induced CPP
retrieval test (posttreatment test 1).
Twenty-four hours later, morphineinduced CPP was retested (posttreatment
test 2). Posttreatment test 1 assessed the
potential influence of ChABC on memory
retrieval and posttreatment test 2 assessed
whether memory reconsolidation induced by posttreatment test 1 was influenced by PNNs degradation. The analysis
revealed only a significant effect of test
phase (F(2,28) ⫽ 48.06, p ⬍ 0.01 for BLA;
F(2,24) ⫽ 15.98, p ⬍ 0.01 for CeA; Fig. 2D).
These results indicate that, after the intraamygdala injection, the preference for the
environment previously paired with morphine was unaffected after the CPP retrieval
test and subsequent reconsolidation phase.
Therefore, the erasure of morphineinduced CPP by ChABC in conjunction
with extinction was not attributable to disruption of the reconsolidation of CPP.

Experiment 3: Intra-amygdala
injections of ChABC had no effect on the relearning of
morphine-induced CPP and maintenance of acquired foodinduced CPP
Extinction training combined with ChABC injections might not
produce the specific memory erasure of morphine-induced CPP,
but rather may lead to amygdala dysfunction such as a deficit in
reward processing. To exclude this possibility, we investigated
whether the combination of an intra-amygdala infusion of
ChABC and extinction training affected the relearning of
morphine-induced CPP (Fig. 3A). The rats (n ⫽ 7– 8 per group)
were trained for morphine-induced CPP for 8 d and tested for the
expression of CPP on day 10 without any injections (postconditioning test 1). On day 11, the rats were injected with ChABC or
vehicle into the BLA or CeA. Twenty-four hours after the injection, the rats underwent 8 consecutive days of extinction training.
On day 20, the rats underwent the CPP test to confirm that CPP
was extinguished (postextinction test). Then the rats were trained
for morphine-induced CPP again and tested for the expression of
CPP on day 32 (postconditioning test 2). We compared the preference baseline and postconditioning CPP score between rats
that experienced the manipulation and naive rats. The analysis
revealed only a significant effect of test phase (F(1,13) ⫽ 30.33, p ⬍
0.01 for BLA, Fig. 3B, right column; F(1,13) ⫽ 28.57, p ⬍ 0.01 for
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CeA, Fig. 4C, right column). These results
indicate that the rats were capable of relearning morphine-induced CPP after the
injection of ChABC in conjunction with extinction. Therefore, this manipulation did
not induce a deficit in responsiveness to the
rewarding stimulus.
We then investigated whether the degradation of PNNs in the amygdala combined with the extinction of morphine
memory affects the retention of acquired
natural reward memory (Fig. 4A). Four
groups of rats (n ⫽ 7– 8 per group) were
trained for morphine-induced CPP for
8 d in context A and tested for the expression of CPP on day 10 without any injections (morphine postconditioning test).
All of the rats were then trained for foodinduced CPP for 8 d in a new context
(context B) and tested for the expression
of CPP (food postconditioning test).
Twenty-four hours later, all of the rats
were injected with ChABC/vehicle into
the BLA/CeA. Three days after the injection, the rats underwent four consecutive
blocks of morphine-induced CPP extinction training and an extinction test to confirm that morphine-induced CPP was
extinguished (morphine postextinction
test). One day later, the rats were injected
with a lower dose of morphine (3 mg/kg,
s.c.) and the expression of CPP was subsequently retested (priming test). Twentyfour hours later, the rats were tested for Figure 4. Effects of combination of intra-amygdala infusions of ChABC and extinction training on the maintenance of acquired
food-induced CPP in context B (food re- food-induced CPP. A, Timeline of experimental procedure. B, C, ChABC (0.01 U/side) microinfusions into the BLA or CeA 1 d after the
tention test). The statistical analyses were postconditioning test in conjunction with extinction training had no effect on the maintenance of acquired food-induced CPP. No
performed separately for morphine- and significant difference was found in the food-induced CPP test between the ChABC group and vehicle group. The data are expressed
food-induced CPP. For the morphine- as the mean ⫾ SEM preference scores in seconds (time spent in the food-paired chamber minus time spent in the non-food-paired
chamber)duringtheCPPtests(n⫽7– 8pergroup).Post-C,Postconditioningtest;Post-E,postextinctiontest;Post-T,posttreatmenttest.
induced CPP data, the analysis revealed
significant main effects of test phase
similar effect on the memories of stimulant drugs (Fig. 5A). Four
(F(3,39) ⫽ 14.31, p ⬍ 0.01 for BLA, Fig. 4B, left column; F(3,39) ⫽
groups of rats (n ⫽ 8 –10 per group) were trained for cocaine12.76, p ⬍ 0.01 for CeA, Fig. 4C, left column) and a treatment ⫻
induced CPP for 8 d and tested for the expression of CPP on day
test phase interaction (F(3,39) ⫽ 6.81, p ⬍ 0.01 for BLA; F(3,39) ⫽
10 without any injections (postconditioning test). On day 11, the
5.28, p ⬍ 0.01 for CeA). The post hoc analysis revealed that the
rats were injected with ChABC/vehicle into the BLA/CeA. Three
morphine-priming-induced reinstatement of morphinedays after the injection, the rats underwent four consecutive
induced CPP was significantly decreased in the groups that reblocks of extinction training. On day 22, the rats underwent the
ceived ChABC injections into the BLA and CeA (all p ⬍ 0.01). For
extinction test to confirm that CPP was extinguished (postextincthe food-induced CPP data, only a significant main effect of test
tion test). On day 23, the rats were injected with a lower dose of
phase was revealed (F(2,26) ⫽ 28.35, p ⬍ 0.01 for BLA, Fig. 4B, right
cocaine (5 mg/kg, i.p.) and the expression of CPP was subsecolumn; F(2,26) ⫽ 24.74, p ⬍ 0.01 for CeA, Fig. 4C, right column).
quently retested (priming test). The analysis revealed a significant
These results indicate that the rats were still capable of maintaining
effect of test phase (F(3,45) ⫽ 28.89, p ⬍ 0.01 for BLA; F(3,51) ⫽
acquired food-induced CPP after ChABC injections in conjunction
20.09, p ⬍ 0.01 for CeA) and a treatment ⫻ test phase interaction
with extinction. Therefore, the manipulation did not affect the ac(F(3,45) ⫽ 3.83, p ⬍ 0.05 for BLA, Fig. 5B; F(3,51) ⫽ 3.01, p ⬍ 0.05
quired natural reward memory.
for CeA, Fig. 5C). The post hoc analysis revealed that the cocainepriming-induced reinstatement of cocaine-induced CPP was sigExperiment 4: Extinction training combined with intranificantly decreased in the groups that received ChABC injections
amygdala injections of ChABC prevented the subsequent
into the BLA and CeA (all p ⬍ 0.01). These results indicate that
reinstatement of cocaine-induced CPP, but not food-induced
intra-amygdala
injections of ChABC combined with extinction
CPP
training also erased cocaine-induced CPP memory.
Previous studies demonstrated behavioral and neurobiological
We used 4 groups of rats (n ⫽ 7– 8 per group) to determine
differences between opioid and stimulant addiction (Badiani et
whether the combination of extinction training and intraal., 2011). We sought to determine whether the combination of
amygdala injections of ChABC affect the memories of foodextinction training and intra-amygdala injection of ChABC has a
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Figure 5. Effects of combination of extinction training with ChABC injection into the
amygdala on the subsequent reinstatement of cocaine-induced CPP. A, D, Timeline of experimental procedure. B, C, Combination of extinction training with microinfusions of chondroitinase ABC (0.01 U/side) into the BLA (B) or CeA (C) 1 d after the postconditioning test prevented
the subsequent cocaine-priming-induced reinstatement of cocaine-induced CPP. A significant
difference was found in cocaine-priming test between the ChABC group and the vehicle group.
E, F, Combination of extinction training with microinfusions of chondroitinase ABC (0.01 U/side)
into the BLA (E) or CeA (F ) 1 d after the postconditioning test had no effect on subsequentpriming-induced reinstatement of food-induced CPP. The data are expressed as the mean ⫾
SEM preference scores in seconds (time spent in the cocaine- or food-paired chamber minus
time spent in the saline-paired chamber) during the CPP tests. *p ⬍ 0.05 vs vehicle group (n ⫽
7–10 per group). Post-C, Postconditioning test; Post-E, postextinction test.

induced CPP (Fig. 5D). The procedure was similar to the cocaineinduced CPP experiment. The analysis revealed only a significant
effect of test phase (F(3,39) ⫽ 16.50, p ⬍ 0.01 for BLA, Fig. 5E;
F(3,39) ⫽ 13.33, p ⬍ 0.01 for CeA, Fig. 5F ). These results indicate
that intra-amygdala injections of ChABC combined with extinction training did not erase food-induced CPP memory.
Experiment 5: Extinction training combined with intraamygdala injections of ChABC prevented the subsequent
spontaneous recovery and reinstatement of heroin- and
cocaine-seeking behavior
To further confirm the effect of extinction training in conjunction with ChABC injections in the amygdala on opioid memories,
we explored whether this procedure also prevented the reinstatement and spontaneous recovery of heroin-seeking behaviors. For

J. Neurosci., May 7, 2014 • 34(19):6647– 6658 • 6653

the reinstatement experiment, 2 groups of rats (n ⫽ 7– 8 per
group) were trained to self-administer heroin for 10 d. On day 11,
the rats were injected with ChABC or vehicle into the BLA or
CeA. Three days after the injection, the rats underwent 10 or 12 d
of extinction training until they met the extinction criterion.
Twenty-four hours later, all of the rats underwent a priming test
that was initiated by a noncontingent injection of heroin (0.25
mg/kg, s.c.) 5 min before the test sessions (priming). The statistical analyses were performed separately for self-administration
training, extinction training, drug-priming-induced reinstatement. All of the rats acquired similar heroin self-administration
(Fig. 6B). For extinction responding, the analysis revealed a significant effect of extinction session (F(9,126) ⫽ 29.78, p ⬍ 0.01 for
BLA; F(9,153) ⫽ 32.73, p ⬍ 0.01 for CeA) and a treatment ⫻
extinction session interaction (F(9,126) ⫽ 2.35, p ⬍ 0.05 for BLA,
Fig. 6C, left column; F(9,153) ⫽ 2.81, p ⬍ 0.01 for CeA, Fig. 6D, left
column). For drug-induced reinstatement, the statistical analysis
revealed a main effect of reinstatement condition (F(1,14) ⫽ 35.58,
p ⬍ 0.01 for BLA; F(1,17) ⫽ 17.80, p ⬍ 0.01 for CeA) and a treatment ⫻ reinstatement condition interaction (F(1,14) ⫽ 7.83, p ⬍
0.05 for BLA, Fig. 6C, right column; F(1,17) ⫽ 9.81, p ⬍ 0.01 for
CeA, Fig. 6D, right column). In the spontaneous recovery experiment, another 2 groups of rats (n ⫽ 8 –11 per group) were used
and the protocol for the spontaneous recovery experiment was
similar to the reinstatement experiment, with the exception that
the reinstatement test was replaced by the spontaneous recovery
test 4 weeks after extinction training (Fig. 6E). The data for the
spontaneous recovery of heroin-seeking behavior revealed a
main effect of test phase (F(1,17) ⫽ 52.43, p ⬍ 0.01 for BLA; F(1,14)
⫽ 17.87, p ⬍ 0.01 for CeA) and a treatment ⫻ test phase interaction (F(1,17) ⫽ 7.73, p ⬍ 0.05 for BLA, Fig. 6F, left column; F(1,14)
⫽ 5.7, p ⬍ 0.05 for CeA, Fig. 6G, right column). The post hoc
analysis revealed that the spontaneous recovery of drug seeking
were significantly decreased in the groups that received ChABC
injections into the BLA and CeA (all p ⬍ 0.05). These results
indicate that intra-amygdala injections of ChABC facilitated
extinction and prevented the subsequent spontaneous recovery and heroin-priming-induced reinstatement of drugseeking behavior.
We also investigated whether this procedure exerts a memory
erasure effect in the cocaine self-administration model (Fig. 7A).
The procedure was similar to the heroin self-administration experiment. All of the rats had similar cocaine self-administration
behavior (Fig. 7B). For extinction responding, the analysis revealed a main effect of extinction session (F(11,143) ⫽ 20.64, p ⬍
0.01 for BLA; F(11,143) ⫽ 26.47, p ⬍ 0.01 for CeA) and a treatment ⫻ extinction session interaction (F(11,143) ⫽ 2.01, p ⬍ 0.05
for BLA, Fig. 7C, left column; F(11,143) ⫽ 2.43, p ⬍ 0.01 for CeA,
Fig. 7D, left column). For drug-induced reinstatement, the statistical analysis revealed a main effect of reinstatement condition
(F(1,13) ⫽ 40.96, p ⬍ 0.01 for BLA; F(1,13) ⫽ 20.94, p ⬍ 0.01 for
CeA) and a treatment ⫻ reinstatement condition interaction
(F(1,13) ⫽ 13.00, p ⬍ 0.05 for BLA, Fig. 7C, right column; F(1,13) ⫽
11.87, p ⬍ 0.01 for CeA, Fig. 7D, right column). The post hoc
analysis revealed that the cocaine-priming-induced reinstatement of drug seeking was significantly decreased in the groups
that received ChABC injections into the BLA and CeA (all p ⬍
0.05). Altogether, these results indicate that intra-amygdala injections of ChABC facilitated extinction and prevented the subsequent cocaine-priming-induced reinstatement of drug-seeking
behavior.
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Experiment 6: PNNs depletion
potentiated the extinction-induced
alterations of plasticity-related proteins
in the amygdala
Extinction training has been suggested to
produce neuroplastic alterations, such as
the upregulation of AMPA receptors and
neurotropic factors in the mesolimbic system that control drug-seeking behavior
(Sutton et al., 2003; Briand et al., 2012;
Wang et al., 2012). Therefore, Experiment
6 was designed to explore the plasticityrelated proteins that participate in the effect of PNNs degradation (Fig. 8A). PNNs
levels were detected by WFA staining as
described previously (Härtig et al., 1992;
Gogolla et al., 2009). The rats were trained
for morphine-induced CPP for 8 d and
tested for the expression of CPP on day 10
without any injections (postconditioning
test). On day 11, the rats were injected
with ChABC/vehicle into the BLA. Three
days after the injection, the rats underwent four consecutive blocks of extinction
training. On day 22, the rats were perfused
with 4% paraformaldehyde, and the
brains were removed for the immunofluorescent detection of WFA-positive cells.
Another four groups of rats were killed
24 h after extinction training and the
amygdala was removed to assess BDNF
and glutamate receptor 1 (GluR1), GluR2,
and GluR3 protein levels. A two-way
ANOVA of WFA-positive cells was performed, with treatment (ChABC and
vehicle) and extinction as the betweensubjects factors. The analysis revealed a
significant main effect of treatment
(F(1,15) ⫽ 145.53, p ⬍ 0.01; Fig. 5C), but
no significant effect of extinction and no
treatment ⫻ extinction interaction ( p ⬎
0.05). The post hoc analysis revealed that Figure 6. Effects of combination of extinction training with ChABC injections into the amygdala on the subsequent spontaneous
WFA-positive cells were significantly de- recovery and reinstatement of heroin-seeking behavior. A, E, Timeline of experimental procedure. B–D, All rats acquired similar
creased in the ChABC ⫹ no extinction heroin self-administration behavior (B), and a combination of extinction training with microinfusions of chondroitinase ABC (0.01
and ChABC ⫹ extinction groups com- U/side) into the BLA (C) or CeA (D) 1 d after heroin self-administration training facilitated subsequent extinction training and
pared with the other two groups in the prevented the reinstatement of heroin-seeking behavior. F, G, Combination of extinction training with microinfusions of chonBLA ( p ⬍ 0.01), but not in the CeA ( p ⬎ droitinase ABC (0.01 U/side) into the BLA (F ) or CeA (G) 1 d after heroin self-administration training prevented the spontaneous
0.05). These results confirmed that PNNs recovery of heroin-seeking behavior. Significant differences were found in the rates of extinction training and spontaneous
recovery and in the heroin-priming test between the ChABC group and vehicle group. The data are expressed as the mean ⫾ SEM
in the amygdala were significantly de- number of responses on the active and inactive nose poke devices during the extinction sessions and heroin-priming test. *p ⬍
creased after ChABC injections and that 0.05 vs vehicle group (n ⫽ 8 –11 per group).
extinction training alone had no effect on
PNNs levels.
Discussion
For the Western bolt analysis, a two-way ANOVA was conIn the present study, we investigated whether extinction training
ducted, with treatment (ChABC and vehicle) and extinction as
combined with ChABC-induced PNNs degradation erases drug
the between-subjects factor. ChABC injections into the BLA pomemories. We found that extinction training combined with
tentiated the effects of extinction training alone on BDNF (treatintra-BLA and intra-CeA injections of ChABC (but not injections
ment: F(1,24) ⫽ 14.01, p ⬍ 0.01; extinction: F(1,24) ⫽ 9.63, p ⬍
2 mm dorsal to the amygdala) prevented the subsequent rein0.01; Fig. 8C), GluR1 (treatment: F(1,24) ⫽ 11.91, p ⬍ 0.01; exstatement of morphine-induced CPP. Intra-amygdala injections
tinction: F(1,24) ⫽ 9.34, p ⬍ 0.01; Fig. 8C), and GluR2 (treatment:
of ChABC alone had no effect on the retention, retrieval, reconF(1,24) ⫽ 22.63, p ⬍ 0.01; extinction: F(1,24) ⫽ 17.10, p ⬍ 0.01; Fig.
solidation, or relearning of morphine-induced CPP or storage of
8C) levels in the BLA. These results indicate that PNNs may not
acquired food memory. In addition, the action of ChABC on
be involved in the extinction of morphine-induced CPP, but may
drug memory occurred across drug types. Intra-amygdala injecprovide metaplastic conditions that facilitate extinction training.
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Third, the effect of intra-amygdala injections of ChABC on morphine memory
was not attributable to functional deficits
in memory maintenance or reconsolidation. Two weeks of abstinence or a retrieval trial after intra-amygdala ChABC
injections, rather than extinction training
after intra-amygdala ChABC injections,
had no effect on morphine-induced CPP,
which is consistent with a previous study
(Gogolla et al., 2009). In addition, the effect of intra-amygdala injections of
ChABC on morphine memory was not attributable to amygdala dysfunction. We
found that the rats were able to learn new
morphine-induced CPP after the combined ChABC amygdala injections and
extinction training and maintained intact
acquired food-induced CPP memory.
Last, although some studies indicated
some behavioral and neurobiological differences between psychostimulant and
opioid addiction (Badiani et al., 2011), we
found that the present protocol affected
both opioid memories (i.e., morphineinduced CPP memory and operant heroin
self-administration memory) and cocaineinduced CPP memory and operant cocaine
self-administration memory. Moreover, we
found that the procedure did not erase food
CPP memory. These results indicate a genFigure 7. Effects of combination of extinction training with ChABC injection into the amygdala on the subsequent reinstateeral effect of the procedure on preventing
ment of cocaine-seeking behavior. A, Timeline of experimental procedure. B–D, All rats acquired similar heroin self-administration
behavior (B), and a combination of extinction training with microinfusions of chondroitinase ABC (0.01 U/side) into the BLA (C) or the return of drug memories.
Although numerous studies have eluCeA (D) 1 d after cocaine self-administration training facilitated subsequent extinction training and prevented the reinstatement
of cocaine-seeking behavior. A significant difference was found in the rate of extinction training and in the cocaine-induced- cidated the mechanisms that underlie the
priming test between the ChABC group and the vehicle group. The data are expressed as the mean ⫾ SEM number of responses on extinction of drug memories (Quirk and
the active and inactive nose poke devices during the extinction sessions and cocaine-priming test. *p ⬍ 0.05 vs vehicle group (n ⫽ Mueller, 2008; Peters et al., 2009; Parsons
7– 8 per group).
and Ressler, 2013), only a few manipulations, such as GluR2 overexpression (Suttions of ChABC combined with extinction also prevented the
ton et al., 2003), N-methyl-D-aspartate receptor partial agonist
subsequent reinstatement of cocaine-induced, but not foodD-Cycloserine administration (Torregrossa et al., 2010), Homer1
induced, CPP. Furthermore, we confirmed the effects of the prooverexpression (Knackstedt et al., 2010), and chromatin modulation (Malvaez et al., 2010; Malvaez et al., 2013), effectively procedure in the operant self-administration model and found that a
mote extinction training to prevent relapse. Furthermore, all of
combination of extinction training and ChABC injections into
these manipulations target neuronal signal transduction, but it is
the amygdala prevented the spontaneous recovery and reinstateunknown whether modulation of the extracellular matrix affects
ment of heroin- and cocaine-seeking behavior. Last, we explored
extinction and original drug memories. Our study extends these
the potential mechanisms that underlie the effect of PNNs deplefindings, in which the degradation of PNNs in the amygdala, a
tion on drug memories and found that it may potentiate the
specialized extracellular matrix, enhanced extinction efficacy and
extinction-related levels of plasticity-related proteins in the
erased drug memories. Furthermore, we discovered that extincamygdala, including BDNF, GluR1, and GluR2. Altogether, our
tion training had no effect on PNNs levels, indicating that PNNs
findings indicate that intra-amygdala injections of ChABC commay not be involved in extinction training. However, PNNs degbined with extinction training erase drug memories and prevent
radation is sufficient to increase BDNF, GluR1, and GluR2 and to
the return of drug-seeking behavior.
potentiate the extinction training on their protein levels. ConsidSome issues should be considered with regard to our results.
ering the important roles of BDNF and AMPA receptors in the
First, the effect of PNNs degradation in the amygdala on extincextinction of drug memories (Sutton et al., 2003; Briand et al.,
tion training was region specific in that we found that microin2012; Wang et al., 2012), we speculate that PNN depletion may
fusions of ChABC into a brain area 2 mm dorsal to the basolateral
provide metaplastic conditions that enhance extinction training
amygdala did not have a synergistic effect with extinction on
to prevent the relapse of drug-seeking behavior. Our results also
morphine-induced CPP. Second, the effects of ChABC injections
support the notion that extinction training can ameliorate or
into the amygdala on extinction training cannot be explained by
reverse the neuroplasticity produced by previous acquired memimmunologic reactivity induced by foreign proteins. We used
ory (Sutton et al., 2003; Lai et al., 2012; Ren et al., 2013). Enhancpenicillinase as a control (Pizzorusso et al., 2002) and found that
intra-amygdala injections of penicillinase had no such effect.
ing extinction-related neuroadaptations within extinction
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circuits may erase the original memory
trace (Xu et al., 2009). Notably, we used an
extinction procedure to extinguish responses to both contextual cues and discrete cues (light and sound) and we did
not consider the effect of extinguishing
the memory of one cue (such as a contextual cue or discrete cue) combined with
PNNs removal on the memories of other
cues. Further studies are needed to explore the effect of PNNs removal on the
generalization of extinction training.
Previous studies demonstrated that the
degradation of PNNs may induce juvenilelike plasticity and remove the inhibitory factor that constrains experience-dependent
plasticity. CSPGs are components of the
extracellular matrix in the CNS that inhibit axonal sprouting and growth (Fitch
and Silver, 1997; Fawcett and Asher,
1999). During late development, CSPGs
condense around the soma and dendrites
of GABA neurons in the form of PNNs
(Celio, 1993; Celio and Blümcke, 1994).
The degradation of PNNs and CSPGs by
ChABC results in the functional recovery
of cortical plasticity (Pizzorusso et al.,
2002) and promotes the functional recovery of nervous system injury (Bradbury et
al., 2002). The degradation of PNNs and
CSPGs with ChABC reenabled neuronal
plasticity and traumatic memories that
are susceptible to erasure by extinction
(Gogolla et al., 2009). Our findings are
consistent with these studies showing that
the pharmacological induction of plasticity with ChABC may act synergistically
with extinction training and erase the
original drug memory trace. In addition,
previous studies showed that some other
components of the extracellular matrix
play roles in drug-seeking behavior (Na- Figure 8. Effects of intra-BLA ChABC injections and extinction training on PNNs and plasticity-related protein levels. A, Timeline
gai et al., 2004; Brown et al., 2007; Van den of experimental procedure. B, C, Representative WFA-positive PNN immunostaining in the BLA and CeA under different experiOever et al., 2010; Wiggins et al., 2011). mental conditions (left column). Scale bar, 100 m. ChABC infusions into the BLA significantly decreased WFA-positive PNNs in the
Intracerebroventricular or intra-mPFC BLA but not CeA (right column). D, Effect of the different manipulations on plasticity-related protein levels in the BLA. The data are
injections of a metalloproteinase inhibitor expressed as mean ⫾ SEM percentage differences from the vehicle ⫹ no extinction group. *p ⬍ 0.05 vs vehicle group; #p ⬍ 0.05
vs vehicle ⫹ extinction and ChABC ⫹ no extinction groups (n ⫽ 4 –7 per group).
disrupted the acquisition and reconsolidation of cocaine-induced CPP (Brown et
memory (Wang et al., 2010; Young et al., 2014). Consistent with
al., 2007) and cue-induced heroin-seeking behavior (Van den
this,
we found that PNNs removal combined with extinction
Oever et al., 2010; Wiggins et al., 2011). Our results appear to be
training
did not erase food-induced CPP memory. The differinconsistent with these findings. We found that PNNs did not
ences
in
other conditions, such as the training sessions and exparticipate in the learning, retrieval, or reconsolidation of
tinction
sessions
(i.e., one session vs multiple sessions) may have
drug memories, suggesting that different components of the
also
contributed
to
this discrepancy. In addition, in this study, we
extracellular matrix may play differential roles in drugfound
that
the
degradation
of PNNs in two subregions of the
associated behaviors.
amygdala, the BLA and CeA, had the same effect on drug memInterestingly, Gogolla et al. (2009) found that pretraining, but
ories. This seems to be incompatible with some studies reporting
not posttraining, destruction of amygdala PNNs prevented the
that the BLA, but not the CeA, is critical for the consolidation,
recovery of fear memories after extinction, whereas we observed
retrieval, reconsolidation, and storage of drug memories (Milton
the effect of PNNs removal after memory training in the present
et al., 2008; Li et al., 2010; He et al., 2011). This discrepancy may
study. We speculate that this may be attributable to specific neube attributable to a specific memory process (i.e., memory extincroplastic changes in the extracellular matrix during the formation
tion) that we focused on in this study. Our findings are consistent
of drug-associated memories. Indeed, different neural mechanisms may be involved in natural reward memory and drug
with other studies finding that the CeA is involved in extinction
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processes of aversive and appetitive memories (Paré et al., 2004;
Amano et al., 2010; Duvarci et al., 2011; Cai et al., 2013). Although the observed effect of PNNs removal was amygdala dependent, we cannot conclusively state that the BLA and CeA play
an exclusive role in drug reward memory. Other factors may also
be relevant, such as minor drug diffusion into the BLA after CeA
injections and possible interactions between the BLA and CeA, in
which PNNs removal in the CeA may affect the function of the
BLA. Although our molecular data in the BLA demonstrated that
several plasticity-related proteins may mediate the effect of PNNs
removal on the erasure of drug reward memories, the precise
mechanism is still unknown. More research is needed to explore
the common and different molecular mechanisms that underlie
the effects of PNNs removal in the BLA and CeA on drug memories and the interaction between these two subregions.
In summary, we found that PNNs degradation in the
amygdala combined with extinction training erased drug reward
memory. The present results corroborate the growing evidence
that ChABC is a powerful pharmacological iPlastic agent that
modulates neuroplasticity in the adult CNS (Castrén et al., 2012).
This increased efficiency of extinction training on the prevention
of relapse to drug use makes ChABC an attractive candidate as a
novel pharmacological adjunct that may improve existing treatments for drug abuse and relapse.
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