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Calpain-GRIP Signaling in Nucleus Accumbens Core
Mediates the Reconsolidation of Drug Reward Memory
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Exposure to drug-paired cues causes drug memories to be in a destabilized state and interfering with memory reconsolidation can inhibit
relapse. Calpain, a calcium-dependent neutral cysteine protease, is involved in synaptic plasticity and the formation of long-term fear
memory. However, the role of calpain in the reconsolidation of drug reward memory is still unknown. In the present study, using a
conditioned place preference (CPP) model, we found that exposure to drug-paired contextual stimuli induced the activation of calpain
and decreased the expression of glutamate receptor interacting protein 1 (GRIP1) in the nucleus accumbens (NAc) core, but not shell, of
male rats. Infusions of calpain inhibitors in the NAc core immediately after retrieval disrupted the reconsolidation of cocaine/morphine
cue memory and blocked retrieval-induced calpain activation and GRIP1 degradation. The suppressive effect of calpain inhibitors on the
expression of drug-induced CPP lasted for at least 14 d. The inhibition of calpain without retrieval 6 h after retrieval or after exposure to
an unpaired context had no effects on the expression of reward memory. Calpain inhibition after retrieval also decreased cocaine seeking
in a self-administration model and this effect did not recover spontaneously after 28 d. Moreover, the knock-down of GRIP1 expression
in the NAc core by lentivirus-mediated short-hairpin RNA blocked disruption of the reconsolidation of drug cue memories that was
induced by calpain inhibitor treatment. These results suggest that calpain activity in the NAc core is crucial for the reconsolidation of drug
reward memory via the regulation of GRIP1 expression.
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Calpain plays an important role in synaptic plasticity and long-term memory consolidation, however, its role in the reconsolida-
tion of drug cue memory remains unknown. Using conditioned place preference and self-administration procedures, we found
that exposure to drug-paired cues induced the activation of calpain and decreased glutamate receptor interacting protein 1
(GRIP1) expression in the nucleus accumbens (NAc) core. The inhibition of calpain activity in the NAc core immediately after
retrieval disrupted the reconsolidation of cocaine/morphine cue memory that was blocked by prior GRIP1 knock-down. Our
findings indicate that calpain-GRIP signaling is essential for the restabilization process that is associated with drug cue memory
and the inhibition of calpain activity may be a novel strategy for the prevention of drug relapse. j
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reactivation, memory returns to a labile state, termed reconsoli-

Introduction
Drug addiction is a chronic brain disorder that is characterized by
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dation, during which the memories can be modified or erased by
pharmacological interventions (Nader et al., 2000a; Alberini,
2005; Nader and Einarsson, 2010). The disruption of drug mem-
ory reconsolidation is considered an important and effective strategy
to treat addiction and to prevent relapse (Milton and Everitt, 2010).
Although accumulating evidence from both animal and human
studies indicates that disruption of the reconsolidation of drug
cue memories dampens drug cue-induced craving and relapse to
drug-seeking behavior (Lee et al., 2006; Valjent et al., 2006; Zhao
et al., 2009; Xue et al., 2012; Ren et al., 2013; Jian et al., 2014; Otis
et al., 2015; Sorg et al.,, 2015; Zhang et al., 2016b), the specific
mechanisms that underlie the reconsolidation of drug-paired cue
memories are still unclear.

Calpain is a calcium-dependent, neutral cysteine protease with
15 isoforms in the human genome (Wu and Lynch, 2006).
w-Calpain and m-calpain are widely expressed, especially in den-
dritic spines and postsynaptic density (PSD) (Baudryetal., 2013).
The double deletion of both pu-calpain and m-calpain impaired
synaptic plasticity in hippocampal slices (Amini et al., 2013).
Calpain has a great diversity of substrates, including cytoskeleton
proteins, membrane receptors/channels, protein kinases, phos-
phatases, and scaffolding/anchoring proteins (Wu and Lynch,
2006; Baudry et al., 2013). Calpain overactivation led to the lim-
ited cleavage or degradation of key neuronal proteins, such as
poly (A)-binding protein-interacting protein 2A (PAIP2A;
Khoutorsky et al., 2013) and suprachiasmatic nucleus circadian
oscillatory protein (SCOP) during the process of protein synthe-
sis and synaptic plasticity (Shimizu et al., 2007). As a substrate of
calpain, glutamate receptor-interacting protein (GRIP) anchors
the Glu2/3A subunit of AMPA receptors to the membrane, which
is essential for their trafficking and stabilization (Dong et al.,
1997). GRIP1 is ubiquitously distributed in synaptosomal mem-
branes and the PSD in neurons (Li et al., 2005) and is involved in
dendrite morphogenesis and synaptic plasticity (Hoogenraad et
al., 2005). The conditioned deletion of GRIP in the nucleus ac-
cumbens (NAc) potentiates the cue-induced reinstatement of
cocaine-seeking behavior (Briand et al., 2014). However, the role
of calpain—-GRIP signaling in the reconsolidation of drug cue
memories remains unclear.

The NAc plays a critical role in drug cue memories and the
reinstatement of drug seeking (Self, 2004; Day and Carelli, 2007;
Pickens et al., 2011; Bossert et al., 2013). In the present study, we
hypothesized that calpain activity in the NAc core is crucial for
the reconsolidation of drug reward memory via the regulation of
GRIP1 expression.

Materials and Methods

Subjects. Male Sprague Dawley rats (260280 g) were purchased from the
Laboratory Animal Center of Peking University Health Science Center
and housed 5 per cage with ad libitum access to food and water on a
reverse 12 h/12 h light/dark cycle with controlled temperature (23°C *
2°C) and humidity (50 = 5%). All animal procedures were performed in
accordance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals and were approved by the Biomedical Ethics
Committee for animal use and protection of Peking University.
Surgery. After a period of adaptation, surgery was performed as described
previously (Wang et al., 2010; Wu et al., 2011). The rats (300—320 g) were
anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and implanted
bilaterally with permanent guide cannulae (23 gauge; Plastics One) 1 mm
above the NAc core or shell. The cannula was placed at a 16° angle toward
the midline to avoid penetration of the lateral ventricle. The coordinates
for the NAc core were the following: anterior/posterior, 1.5 mm; medial/
lateral, 3.8 mm; dorsal/ventral, 6.0 mm. The coordinates for the NAc
shell were the following: anterior/posterior, 1.8 mm; medial/lateral, 3.2
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mm; dorsal/ventral, 6.6 mm. These coordinates were based on previous
work (Wangetal., 2010; Lietal., 2011; Ding et al., 2013; Ren et al., 2013).
A stainless-steel stylet blocker was inserted into each cannula to prevent
blockage and infection. All of the rats were allowed to recover for 5-7 d
after surgery.

Drugs and injection procedures. Cocaine HCl and morphine sulfate
(10 mg/kg; Qinghai Pharmaceuticals) were dissolved in 0.9% saline and
injected 5 min before the conditioned place preference (CPP) training
sessions. A calpain inhibitor mixture was prepared as described previ-
ously (Shimizu et al., 2007; Khoutorsky et al., 2013). Briefly, calpain
inhibitor I, calpain inhibitor IIT and calpeptin (all from Calbiochem)
were dissolved in pure dimethylsulfoxide (DMSO) and further diluted in
10% Cremophor EL (Sigma-Aldrich) in saline so that the drug and ve-
hicle solutions had a final concentration of 2 mm per inhibitor, 18%
DMSO, and 8.2% Cremophor EL. Injections were performed with Ham-
ilton syringes that were connected to 30-gauge injectors (Plastics One)
that were lowered 1 mm below the guide cannula. Calpain inhibitors
(1 pl) or vehicle were infused bilaterally in the NAc core or shell over 2.5
min. The injectors were kept in the cannula for 1 additional minute to
allow for drug diffusion into the tissue. The injectors were then removed
and the stylets were replaced (Khoutorsky et al., 2013; Han et al., 2016).

Design, construction, and validation of lentiviral vectors for GRIPI
knock-down. We used a lentiviral vector-based short-hairpin RNA
(shRNA) system to knock down the expression of GRIP1 in the NAc
core based on the manufacturer’s instructions (catalog #RSH051451-
LVRH1GP; GeneCopoeia). The hairpin loop sequence was TCAAGAG.
The targeted sequence was 5'-GCCACTACTAGTTGAAGTTGC-3'. The
primer sequences were 5'-TAATACGACTCACTATAGGG-3' (forward)
and 5’ -CTGGAATAGCTCAGAGGC-3' (reverse). For lentiviral-mediated
gene transfer, these sequences were cloned into the hairpin structures under
control of the H1 promoter in the psi-LVRH1GP vector.

CPP. The CPP procedure was performed using an unbiased, counter-
balanced protocol as described previously (Li et al., 2010; Jian et al.,
2014). The apparatus for CPP conditioning consisted of 10 identical
three-chamber polyvinyl chloride (PVC) boxes. The boxes had two larger
chambers (27.9 cm length X 21.0 cm width X 20.9 cm height) that
differed in their floor texture (bar or grid, respectively) and the house-
lights on the walls. The two larger chambers were separated by a smaller
chamber (12.1 cm length X 21.0 cm width X 20.9 cm height, with a
smooth PVC floor). Baseline preference was assessed by placing the rats
in the center chamber of the CPP apparatus and allowing them to explore
all three chambers freely for 15 min. Rats that showed a strong uncondi-
tioned preference for either side chamber (i.e., >540 s) were excluded
from the experiments. On the following days, the rats were trained for 8
consecutive days with alternating injections of cocaine (10 mg/kg, i.p.) or
saline (1 ml/kg, i.p.) and were confined to the conditioning chambers for
45 min after each injection before being returned to their home cages.
Tests for the expression of cocaine-induced CPP were identical to the
initial baseline preference assessment and were performed on different
days after training. The training and testing procedures for morphine-
induced CPP were identical with the exception that morphine (10 mg/kg,
s.c.) was injected instead of cocaine. For the retrieval of drug cue mem-
ories, the rats were reexposed to the drug-paired context for 10 min. To
test the specificity of the effects of the calpain inhibitor on drug cue
memories, the rats were exposed to an unpaired context (black-and-
white checkered walls and ceramic tile floor) for 10 min. Exposure to the
unpaired context was expected to provide a similar behavioral experience
to drug-paired context without drug cue memory reactivation. 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 during the
CPP tests.

Intravenous cocaine self-administration. After 1 week of acclimation,
jugular catheters were implanted and the rats were singly housed. After
recovery, the rats were trained to self-administer cocaine (0.75 mg/kg/
infusion) for 10 consecutive days (3 h/d, 3 1 h sessions daily separated by
5 min) in operant chambers (AniLab Software and Instruments). A
fixed-ratio 1 (FR1) schedule of reinforcement was used, with a 40 s time-
out period after each infusion. Each session began with illumination of
the house light, which remained on for the entire session. The number of
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A Nucleus accumbens core

Figure 1.

cocaine infusions was limited to 20/h. At the end of the training phase,
the groups in the different experimental conditions were matched for
cocaine intake during training.

The retrieval session was conducted 24 h after the last cocaine self-
administration training session for 15 min. Nose-poke responses led to a
5 s tone-light cue under an FR1 schedule without cocaine delivery. The
cue-induced cocaine seeking test and spontaneous recovery test condi-
tions were the same as during training, with the exception that cocaine
was no longer available. The duration of the test was 1 h.

Tissue sample preparation. The procedure was similar to previous re-
ports (Ren et al., 2013; Chai et al., 2014). Briefly, the rats were decapi-
tated. NAc core and shell tissue was homogenized (10-15s X 3, 5 s
interval) with an electrical disperser (Wiggenhauser) after being lysed in
RIPA lysis buffer with protease and phosphatase inhibitors (Beyotime
Biotechnology; 50 mm Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 1% sodium orthovanadate, 2.5 mm
sodium pyrophosphate, 1 mm ethylenediaminetetraacetic acid, 0.5 pg/ml
leupeptin, and 1 mm phenylmethanesulfonyl fluoride) for 30 min. Sub-
sequently, the homogenate was centrifuged at 10,000 X g for 20 min and
the supernatant was collected. All of the above procedures were per-
formed at low temperature (0—4°C). The protein concentration was de-
termined using the BCA assay kit (Applygen Technologies) and then
normalized by diluting the samples with RIPA lysis buffer.

Western blot assays. The Western blot procedures were based on our
previous studies (Lietal., 2011; Zhangetal., 2016a). Loading buffer (5X)
(Applygen Technologies) was added to each sample before boiling for 5
min. The proteins were loaded onto 8% SDS-PAGE and electrophoreti-
cally transferred to Immobilon-P transfer membranes (Millipore). The
blots were blocked for 2 h with blocking buffer (5% bovine serum albu-
min in TBST) at room temperature. The membranes were then incu-
bated overnight at 4°C with the following primary antibodies: spectrin
breakdown protein (SBDP, 1:500; Santa Cruz Biotechnology), GRIP1
(1:500; Santa Cruz Biotechnology), calpain (1:500; Abcam), and B-actin
(1:1000; Santa Cruz Biotechnology). After washing, the membranes were
incubated with horseradish peroxidase-conjugated secondary antibody
(goat anti-mouse IgG for B-actin and goat anti-rabbit IgG for the others;
1:5000; Santa Cruz Biotechnology) for 50 min at room temperature.
After washing 4 times in TBST, the blots were detected by super signal
enhanced chemiluminescence substrate (detection reagents 1 and 2, 1:1
ratio; Applygen Technologies) and visualized using the Sygene Bio Image
system. Band intensities were quantified using Quantity One 4.4.0 soft-
ware (Bio-Rad). The optical density of specific proteins was normalized
to B-actin. The Western blot data are presented as a percentage of the
naive group and each individual experiment had its own naive group.

Histology. The animals were deeply anesthetized with sodium pento-
barbital (100 mg/kg, i.p.) and transcardially perfused with 0.01 m PBS,
followed by 4% paraformaldehyde in 0.2 M phosphate buffer. The brain
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Schematic representation of the injection sites and photomicrographs of representative cannula placements in the NAc core (A) and shell (B).

was extracted, postfixed overnight at 4°C, and cryoprotected in 30%
sucrose in 0.2 M phosphate buffer. The cannula placements were con-
firmed in 40- um-thick sections using Nissl staining under light micros-
copy. Rats with misplaced cannulae were excluded from the statistical
analysis. The locations of the cannula tips are shown in Figure 1. For
eGFP expression in lentiviral vector-injected animals, consecutive 10 um
coronal brain sections were examined using an Olympus BX53 fluores-
cence microscope (Jian et al., 2014; Xue et al., 2014).

Experimental design. In the present study, rats were trained with drug-
induced CPP for 8 d and recieved CPP formation test on day 9 (see “CPP”
section). At first, we evaluated the effect of the retrieval of drug cue
memories (cocaine and morphine) on calpain activity and GRIP1 ex-
pression in the NAc core and shell. Second, we tested the role of calpain
activity in the NAc core on the reconsolidation of drug cue memories.
Here, we used four conditions to confirm whether the effect of calpain
inhibitors on reconsolidation was temporally specific and retrieval de-
pendent, rats received an infusion of calpain inhibitors or vehicle in the
NAc core in the following conditions: (1) without retrieval, (2) 6 h after
retrieval, (3) before Test2 on day 10, and (4) after reexposed in an un-
paired context for 10 min. Third, we investigated the long-term effect of
calpain inhibition in the NAc core on the expression of drug-induced
CPP. We used GRIP1 knock-down rats to determine whether prior
knock-down of GRIP1 could block the disruption of the reconsolidation
of drug cue memories by calpain inhibition. Finally, we explored the
effect of the inhibition of calpain activity in the NAc core on cue-induced
cocaine-seeking behavior in a self-administration model (see details in
Results).

Statistical analysis. The data are expressed as mean = SEM. The statis-
tical analyses were performed using one-way or two-way ANOVA with
appropriate within-subjects and between-subjects factors for each experi-
ment (see details in Results), followed by Tukey’s post hoc test (see Results
for details). Values of p < 0.05 were considered statistically significant.

Results

Effect of drug memory retrieval on calpain activity and GRIP1
expression in the NAc core and shell

We first determined the effect of the retrieval of cocaine cue
memories on calpain activity and GRIP1 expression in the NAc
core and shell. As shown in Figure 2A, 6 groups of rats (n = 8-9
per group) were trained for cocaine-induced CPP for 8 d and
then underwent the CPP test on day 9 (Test 1). On day 10, 5
groups were confined to the cocaine-paired context for 10 min to
reactivate the cocaine cue memories and then were decapitated
10 min, 30 min, 1 h, 2 h, or 6 h later. Another group of rats that
were confined to their home cages without undergoing the re-
trieval trial was decapitated on day 10. The rats in the naive group
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baseline and test phases. All six groups of rats acquired equivalent cocaine-induced CPP. *p << 0.05 compared with baseline test. €, SBDP and GRIP1 levels and representative Western blots in the
NAc core after the retrieval of cocaine cue memories. SBDP increased significantly 30 min after the retrieval trial and then returned to baseline 1 h after the retrieval trial. The expression of GRIP1
decreased significantly 30 min after the retrieval trial and then returned to baseline 1 h after the retrieval trial. D, SBDP and GRIP1 levels and representative Western blots in the NAc shell after the retrieval of
cocaine cue memories. Nosignificant changes in SBDP or GRIP1 levels were observed after the retrieval trial. The data are expressed as a percentage (mean == SEM) of SBDP and GRIP1 levels relative to naive rats
(n = 89 per group). *p << 0.05 compared with the no retrieval (NoR) group. E, Experimental timeline. F, Expression of calpain protein in the NAc core. No significant changes in calpain protein levels were
observed after the retrieval of cocaine cue memories. The data are expressed as a percentage (mean == SEM) of calpain levels relative to naive rats (n = 67 per group).

that was subjected only to daily handling in their home cages were
decapitated at the same time as the no-retrieval group. The tissues
of the NAc core and shell were removed for the further detection
of SBDP and GRIP1 expression. We used SBDP (molecular
size = 140—145kDa), a substrate of calpain, as an index of calpain
activity, in which higher SBDP expression reflects calpain activa-
tion (Andres et al., 2013). Repeated-measures ANOVA of CPP
scores with test (baseline and Test 1) as the within-subjects factor

and group (no retrieval, 10 min, 30 min, 1 h, 2 h, and 6 h) as the
between-subjects factor revealed a significant effect of test (F(, 44, =
242,063, p < 0.001; Fig. 2B), but no effect of group (Fs 44 =
0.033, p = 0.999; Fig. 2B). One-way ANOVA of the Western blot
data revealed that SBDP expression increased in the NAc core 30
min after retrieval and returned to baseline 1 h after retrieval
(F(5,44) = 18.267, p < 0.001; Fig. 2C). No significant difference in
SBDP expression was found in the NAc shell (Fig. 2D). The ex-
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compared with the no retrieval (NoR) group.

pression of GRIP1 decreased in the NAc core 30 min after re-
trieval and returned to baseline 1 h after retrieval (F 5 44y = 4.255,
p = 0.003; Fig. 2C). No significant difference in GRIP1 expres-
sion was found in the NAc shell (Fig. 2D). Another two groups of
rats were used to determine the expression of calpain protein
levels in the NAc core after the retrieval of cocaine cue memories.
One-way ANOVA was used to analyze the Western blot data,
which revealed no significant difference in calpain protein ex-
pression between groups (F(, ;,, = 0.119, p = 0.737; Fig. 2F) and
indicated that cocaine memory retrieval increased calpain activ-
ity, but not calpain protein levels, in the NAc core.

We then used an identical procedure to study the effect of
retrieval of morphine cue memories on calpain activity and
GRIP1 expression in the NAc core and shell (Fig. 3A). Repeated-
measures ANOVA of CPP scores in Test 1 revealed a significant
effect of test (F; ,4) = 294.908, p < 0.001; Fig. 3B), but no effect
of group (Fs 5,y = 0.038, p = 0.999; Fig. 3B). One-way ANOVA

of the Western blot data revealed that SBDP expression increased
in the NAc core 30 min and 1 h after retrieval and returned to
baseline 2 h after retrieval (F5 ,4) = 6.459, p = 0.001; Fig. 3C). No
significant difference in SBDP expression was found in the NAc
shell (Fig. 3D). GRIP1 expression decreased in the NAc core 30
min after retrieval and returned to baseline 1 h after retrieval
(F(s24) = 11.207, p < 0.001; Fig. 3C). No significant difference in
GRIP1 expression was found in the NAc shell (Fig. 3D). These
results indicate that the retrieval of drug cue memories increased
the activity of calpain and decreased the expression of GRIP1 in
the NAc core, but not shell.

Effect of calpain inhibition in the NAc core and shell on the
reconsolidation of drug cue memories

We found that the retrieval of drug cue memories increased cal-
pain activity. We studied the effect of infusions of calpain inhib-
itors in the NAc core and shell on the reconsolidation of cocaine-
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Intra-NAc core, but not shell, infusion of calpain inhibitors immediately after retrieval impaired the reconsolidation of cocaine cue memories. 4, Experimental timeline. B, Microinjection

of calpain inhibitors in the NAc core immediately after retrieval impaired the reconsolidation of cocaine cue memories (n = 1112 per group). *p < 0.05 compared with CPP scores in Test 2 in the
vehicle group and compared with CPP scores in Test 11in the calpain inhibitor group. C, Protein levels of SBDP and GRIP1 and representative Western blots in the NAc core 30 min after Test 2. The data
are expressed as a percentage of SBDP and GRIP1 levels relative to naive control rats (n = 11-12 per group). Calpain inhibitors decreased SBDP levels and increased GRIP1 levels after CPP Test 2. *p <
0.05 compared with vehicle group. D, Calpain inhibitor infusion in the NAc shell had no effect on the reconsolidation of cocaine cue memories (n = 10—12 per group). E, Experimental timeline. F, CPP
scoresin rats before and after CPP training. All 4 groups acquired equivalent cocaine-induced CPP (n = 6 per group). G, Inhibition of calpain activity in the NAc core immediately after retrieval blocked
the increase in calpain activity and decrease in GRIP1 expression that were induced by retrieval (n = 6 per group). *p << 0.05 compared with the no retrieval (NoR) + vehicle group. The data are

expressed as mean = SEM. Ret, Retrieval.

induced CPP. As shown in Figure 4A, all of the rats underwent 8 d
of CPP training and Test 1 was performed on day 9. Vehicle or a
mixture of three calpain inhibitors (i.e., calpeptin, calpain inhib-
itor I, and calpain inhibitor III) was microinjected in the NAc

core or shell immediately after reexposure to the cocaine-paired
context on day 10. Test 2 of CPP was performed 24 h later (on day
11). All of the rats were decapitated 30 min after Test 2 for the
subsequent determination of SBDP and GRIP1 expression (n =
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11-12 per group). Repeated-measures ANOVA of CPP scores
with treatment (calpain inhibitors and vehicle) as the between-
subjects factor and test (baseline, Test 1, and Test 2) as the within-
subjects factor revealed significant effects of test (F, ,,, = 77.314,
p < 0.001; Fig. 4B) and treatment (F(, ,,, = 9.015, p = 0.007; Fig.
4B) and a significant test X treatment interaction (F,,,) =
14.989, p < 0.001; Fig. 4B). Post hoc analysis revealed that the rats
in both groups (treated with calpain inhibitors or vehicle) ac-
quired CPP after CPP training (p < 0.001; Fig. 4B). No signifi-
cant difference was found between groups in Test 1 (p = 0.950;
Fig. 4B). After the drug infusion, CPP scores in rats that received
calpain inhibitor infusions decreased significantly in Test 2 (p <
0.001; Fig. 4B). One-way ANOVA revealed that SBDP levels de-
creased significantly (F, ,,) = 74.522, p < 0.001; Fig. 4C) and
GRIP1 levelsincreased (F, ,,) = 16.569, p = 0.001; Fig. 4C) in the
calpain-inhibitor-treated group.

Two groups of rats (n = 10—12 per group) were infused with
calpain inhibitors or vehicle in the NAc shell immediately after
the retrieval of cocaine cue memories and then underwent the
CPP test 24 h later (Fig. 4D). Repeated-measures ANOVA of CPP
scores revealed a significant effect of test (F(, 49y = 44.117, p <
0.001; Fig. 4D), but not treatment (F, ,,, = 0.175, p = 0.680; Fig.
4D), and no test X treatment interaction (F, 4 = 0.418, p =
0.662; Fig. 4D), indicating that the infusion of calpain inhibitors
in the NAc shell immediately after retrieval had no effect on the
reconsolidation of cocaine cue memories.

We then used 4 groups of rats (n = 6 per group) to determine
whether infusions of calpain inhibitors in the NAc core immedi-
ately after cocaine reward memory retrieval blocked the changes
in calpain activity and GRIP1 expression. After cocaine-induced
CPP training, two groups of rats were microinjected with calpain
inhibitors or vehicle in the NAc core immediately after the re-
trieval of cocaine cue memories and then were decapitated 30
min after retrieval on day 10. Another two groups of rats received
calpain inhibitors or vehicle without undergoing retrieval and
then were decapitated 30 min later on day 10 (Fig. 4E). Tissues of
the NAc core were then collected for Western blot. Repeated-
measures ANOVA with group (no retrieval + vehicle, no re-
trieval + calpain inhibitors, retrieval + vehicle, and retrieval +
calpain inhibitors) as the between-subjects factor and test (base-
line and Test 1) as the within-subjects factor revealed a significant
effect of test (F(, 50, = 190.288, p < 0.001; Fig. 4F), but no effect
of group (F(; 5, = 0.082, p = 0.969; Fig. 4F), indicating that all of
the rats acquired CPP. One-way ANOVA of the Western blot data
revealed significant effects of group on the levels of SBDP (F 3 5o, =
20.873, p < 0.001; Fig. 4G) and GRIP1 (F(,0) = 16.057, p <
0.001; Fig. 4G). Post hoc analysis revealed that SBDP levels in
vehicle-treated rats increased significantly (p < 0.001; Fig. 4G)
and GRIP1 levels decreased significantly (p < 0.001; Fig. 4G) 30
min after retrieval. Treatment with calpain inhibitors blocked these
changes. These results indicate that the inhibition of calpain activa-
tion in the NAc core, but not shell, immediately after retrieval im-
paired the reconsolidation of cocaine cue memories.

Effects of the inhibition of calpain activity in the NAc core
without retrieval 6 h after retrieval or after unpaired context
exposure on the expression of cocaine cue memories

We further evaluated whether the effects of calpain inhibition in
the NAc core on the reconsolidation of cocaine cue memories are
retrieval dependent. Two groups of rats were trained for cocaine-
induced CPP and then received an infusion of calpain inhibitors
or vehicle in the NAc core on day 10 without undergoing the
retrieval trial (Fig. 5A). Repeated-measures ANOVA of CPP
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scores revealed a main effect of test (F, 55y = 42.367, p < 0.001;
Fig. 5B), but no effect of treatment (F(, ,4, = 0.065, p = 0.802; Fig.
5B) and no test X treatment interaction (F, 5, = 0.038, p =
0.963; Fig. 5B). The inhibition of calpain activity in the NAc core
had no effects on the subsequent expression of cocaine-induced
CPP when the rats did not undergo the retrieval trial, indicating
that the disruptive effect of calpain inhibition in the NAc core on
the subsequent expression of cocaine-induced CPP was retrieval
dependent.

We then tested whether the effects of calpain inhibition in the
NAc core on the subsequent expression of cocaine cue memories
is temporally limited. Two groups of rats were trained for cocaine-
induced CPP and then received an infusion of calpain inhibitors
or vehicle in the NAc core 6 h after the retrieval trial on day 10
(Fig. 5C). Repeated-measures ANOVA of CPP scores revealed a
significant effect of test (F(, 34) = 62.123, p < 0.001; Fig. 5D), but
no effect of treatment (F; ;4 = 0.089, p = 0.769; Fig. 5D) and no
test X treatment interaction (F, 55 = 0.443, p = 0.646; Fig. 5D),
indicating that the effects of calpain inhibition in the NAc core on the
reconsolidation of cocaine cue memories was temporally limited.

Next, we determined the effect of calpain inhibition in the NAc
core on the expression of cocaine-induced CPP. Two groups of
rats were trained for cocaine-induced CPP and then received an
infusion of calpain inhibitors or vehicle in the NAc core before CPP
Test 2 on day 10 (Fig. 5E). Repeated-measures ANOVA of CPP
scores revealed a main effect of test (F, 4, = 73.547, p < 0.001; Fig.
5F), but no effect of treatment (F, 5,y < 0.001, p = 0.994; Fig.
5F) and no test X treatment interaction (F, 4, = 0.037, p =
0.964; Fig. 5F), indicating that calpain inhibition in the NAc core
had no effect on the retrieval of cocaine cue memories itself.

Finally, to exclude possible effects on nonspecific arousal, two
groups of rats were trained for cocaine-induced CPP and then
placed in an unpaired context for 10 min before receiving an infusion
of calpain inhibitors or vehicle in the NAc core. Repeated-measures
ANOVA of CPP scores revealed a significant effect of test (F, 5, =
61.648, p < 0.001; Fig. 5H), but no effect of treatment (F, ;o) =
0.035, p = 0.856; Fig. 5H) and no test X treatment interaction
(F2,20) = 0.117, p = 0.891; Fig. 5H ). These results indicate that
the disruptive effect of calpain inhibition in the NAc core on the
reconsolidation of cocaine cue memories was both retrieval de-
pendent and temporally specific.

Long-term effect of the inhibition of calpain activity in the
NAc core immediately after retrieval on the reconsolidation
of drug cue memories

Suppression of the expression of drug cue memories by disru-
pting the reconsolidation process is resistant to spontaneous re-
covery and noncontingent drug-priming-induced reinstatement
(Wuetal., 2011; Dinget al., 2013; Jian et al., 2014). Therefore, we
explored the long-lasting effect of calpain inhibition in the NAc
core immediately after retrieval on the expression of drug-induced
CPP. As shown in Figure 64, two groups of rats underwent cocaine/
morphine-induced CPP training and Test 1 was performed on
day 9. The rats received vehicle or calpain inhibitors in the NAc
core immediately after reexposure to the drug-paired context on
day 10 and CPP Test 2 was performed on day 11. After Test 2, the
rats were kept in their home cages for 14 d and then CPP Test 3
was performed on day 25. On day 26, the rats were given a prim-
ing injection of cocaine (10 mg/kg, i.p.) or morphine (5 mg/kg,
s.c.) 5 min before the priming test (Fig. 6A). For cocaine-induced
CPP, repeated-measures ANOVA of CPP scores revealed main
effects of test (F, g9, = 14.002, p < 0.001; Fig. 6B) and treatment
(F(120) = 21.344, p < 0.001; Fig. 6B) and a significant test X
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(alpaininhibition in the NAc core without retrieval or 6 h after retrieval or after unpaired context exposure had no effect on the expression of cocaine cue memories. 4, B, Microinjection

of calpain inhibitors without memory retrieval did not disrupt cocaine reward memories (n = 1011 per group). (, D, Inhibition of calpain activity in the NAc core 6 h after memory retrieval had no
effect on cocaine-induced CPP (n = 10 per group). E, F, Calpain inhibitor infusion in the NAc core had no effect on the retrieval of cocaine cue memories itself (n = 11 per group). G, H, Microinjection
of calpain inhibitors in the NAc core after exposure to the unpaired context had no effect on cocaine cue memories (n = 7-9 per group). The data are expressed as mean == SEM.

treatment interaction (F, gy = 5.989, p = 0.001; Fig. 6B). Post
hoc analysis revealed that CPP scores in the calpain inhibitor
group decreased significantly compared with the vehicle group in
Test 3 and the priming test (p = 0.002 and p = 0.001; Fig. 6B). We

also observed the same inhibitory effect of calpain inhibition on
the reconsolidation of morphine-induced CPP (Fig. 6C). Repe-
ated-measures ANOVA of CPP scores revealed main effects of
test (Fy g5, = 34.672, p < 0.001; Fig. 6C) and treatment (F; ,,, =
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18.565, p < 0.001; Fig. 6C) and a signifi-
cant test X treatment interaction (Fy g =
8.500, p < 0.001; Fig. 6C). Post hoc analy-
sis revealed that CPP scores in the calpain
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were treated with lentivirus vector (LV)-
shGRIP1 or LV-scramble in the NAc core
were decapitated 8 or 15 d later (n = 5 per
group). One-way ANOVA revealed that
GRIP1 expression decreased significantly 8 d
(F1) = 44.174,p < 0.001; Fig. 7B) and 15d (F,, ) = 32.792, p < 0.001;
Fig. 7B) after the LV-shGRIP1 injection compared with the LV-
scramble group.

We next evaluated whether the prior knock-down of GRIP1
blocked the impairment of reconsolidation of cocaine cue mem-
ories that was induced by calpain inhibition in the NAc core. Four
groups of rats were used according to a 2 (LV-scramble and LV-
shGRIP1) X 2 (calpain inhibitors and vehicle) factorial design.
LV-scramble and LV-shGRIP1 were infused in the NAc core 24 h
after the CPP baseline test. All of the rats then underwent
cocaine-induced CPP training. On day 10, all of the rats were
tested for the expression of CPP (Test 1). Calpain inhibitors or
vehicle were microinjected in the NAc core immediately after
exposure to the cocaine-paired context on day 11. All of the rats
then underwent CPP Test 2 on day 12 and were decapitated 30
min later for Western blot analysis (Fig. 7C). The two-way
repeated-measures ANOVA of CPP scores with test as the

the expression of drug-induced CPP. A, Experimental timeline. The inhibitory effect of calpain inhibition on cocaine-induced CPP
(B) and morphine-induced CPP (C) lasted at least 2 weeks after drug administration and was not reinstated by cocaine (10 mg/kg,
i.p.) or morphine (5 mg/kg, s.c.) priming. *p << 0.05 compared with CPP scores in vehicle group in the same test. The data are
expressed as mean == SEM (B: n = 10—12 per group; C: n = 910 per group).

within-subjects factor (baseline, Test 1, and Test 2) and lentivirus
(LV-scramble and LV-shGRIP1) and treatment (calpain inhibi-
tors and vehicle) as the between-subjects factors revealed a sig-
nificant test X lentivirus X treatment interaction (F, ¢, = 3.271,
p = 0.045; Fig. 7D). Post hoc analysis revealed that the calpain
inhibitors reduced CPP scores Test 2 significantly compared with
vehicle in LV-scramble-treated rats (p = 0.002; Fig. 7D). In LV-
shGRIP1-treated rats, calpain inhibition in the NAc core immedi-
ately after retrieval had no effect on the reconsolidation of cocaine
cue memories (p = 0.133; Fig. 7D).

The two-way ANOVA of the Western blot data with lentivirus
(LV-scramble and LV-shGRIP1) and drug (calpain inhibitors
and vehicle) as the between-subjects factors revealed a significant
main effect of drug (F, o) = 59.253, p < 0.001; Fig. 7E) on SBDP
levels, but no effect of lentivirus (F, ,5, = 0.586, p = 0.450; Fig. 7E)
and no lentivirus X drug interaction (F, 54, = 0.791, p = 0.381;
Fig. 7E). ANOVA also revealed significant effects of lentivirus
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Knock-down of GRIP1 before retrieval blocked impairment of the reconsolidation of cocaine cue memories that was induced by calpain inhibitors. 4, Representative photographs of

eGFP (green). Left, 4X magpnification, scale bar, 100 wm. Right, 40X magnification, scale bar, 20 m. B, GRIP1 expression and representative Western blots in the NAc core 8 and 15 d after
lentivirus injection (n = 5 per group). *p << 0.05 compared with LV-scramble group. €, Experimental timeline. D, Calpain inhibitor infusion in the NAc core immediately after retrieval impaired the
reconsolidation of cocaine cue memories only in LV-scramble-treated rats (n = 8 =9 per group). *p << 0.05 compared with CPP scores in Test 2 in the LV-scramble + vehicle group. E, Protein levels
of SBDP and GRIP1 and representative Western blots in the NAc core after Test 2. The data are expressed as a percentage of SBDP or GRIP1 relative to naive control rats (n = 8 -9 per group). Calpain
inhibitors blocked the increase of SBDP in both the LV-scramble and LV-shGRIP1 groups, but had no effect on the expression of GRIP1 in LV-shGRIP1 rats. *p << 0.05 compared with LV-scramble +

vehicle group. The data are expressed as mean == SEM. AC, Anterior commissure.

(F1.20) = 28.934, p < 0.001; Fig. 7E) and drug (F, 55, = 14.553,
p = 0.001; Fig. 7E) on GRIP1 expression and a significant lenti-
virus X drug interaction (F; 9y = 6.140, p = 0.019; Fig. 7E). Post
hoc analysis revealed that calpain inhibition blocked the retrieval-
induced increase in SBDP expression and the decrease in GRIP1
expression significantly compared with vehicle in LV-scramble-
treated rats. The prior microinjection of LV-shGRIP1 blocked the
increase in GRIP1 expression in the calpain-inhibitor-treated group
(p < 0.001; Fig. 7E). These results indicate that impairment of the
reconsolidation of cocaine cue memories that was induced by

calpain inhibition in the NAc core was mediated by an increase in
GRIP1 expression.

Effect of the inhibition of calpain activity in the NAc core on
cue-induced cocaine-seeking behavior

Finally, we assessed the effect of calpain inhibition in the NAc
core on the reconsolidation of cocaine-associated cue memories
in a self-administration model (Fig. 8A). We trained the rats to
self-administer intravenous cocaine for 10 d (Fig. 8B). We used
the following four groups of rats to test the effects of calpain
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compared with retrieval + vehicle group. The data are expressed as mean = SEM.

inhibition after retrieval on cocaine-seeking behavior: (1) no re-
trieval + vehicle, (2) no retrieval + calpain inhibitors, (3) re-
trieval + vehicle, and (4) retrieval + calpain inhibitors. On day
11, we injected calpain inhibitors or vehicle in the NAc core im-
mediately after the 15 min retrieval session or no retrieval. One
day later, we tested cue-induced cocaine seeking. Two-way
ANOVA revealed a significant condition (retrieval and no re-
trieval) X treatment (calpain inhibitors and vehicle) interaction
in the cue-induced cocaine-seeking test (F(; 5,y = 25.163, p <
0.001; Fig. 8C) and spontaneous recovery test after 28 d (F(; 5o, =
19.563, p < 0.001; Fig. 8D). Post hoc analysis revealed that active
nose-poke responses in the group of rats that received an injec-
tion of calpain inhibitors in the NAc core immediately after
memory retrieval decreased significantly compared with the
other three groups (p < 0.001; Fig. 8C) and this effect did not
recover spontaneously after 28 d (p = 0.005; Fig. 8D), indicating
that calpain inhibition in the NAc core immediately after mem-
ory retrieval disrupted the reconsolidation of cocaine-associated
cue memories and this effect lasted at least 28 d.

Discussion

The present study used rat models of CPP and self-administration to
explore the effects of calpain inhibition in the NAc core and shell
on the reconsolidation of drug cue memories. The retrieval of
either cocaine or morphine cue memories activated calpain and
decreased the subsequent expression of GRIP1 in the NAc core,

but not shell. The inhibition of calpain activity impaired the re-
consolidation of drug cue memories and blocked the changes in
calpain activity and GRIP1 expression that were induced by
memory retrieval. Furthermore, suppression of the expression of
cocaine cue memories that was induced by calpain inhibition
lasted at least 14 d and was not recovered by a cocaine-priming
injection. Calpain inhibition in the NAc core after retrieval also
decreased cue-induced cocaine-seeking behavior in the self-
administration model. Furthermore, the knock-down of GRIP1
expression by infusing lentivirus-mediated shRNA in the NAc
core before retrieval blocked impairment of the reconsolidation
of cocaine cue memories that was induced by calpain inhibition.
Altogether, our results indicate that the proteolysis of GRIP by
calpain may play an important role in the reconsolidation of drug
cue memories.

Role of calpain in synaptic plasticity and learning

and memory

Calpains are calcium-dependent cysteine proteases that are dis-
tributed widely in mammalian tissues (Briz and Baudry, 2016).
Previous studies have shown that calpain plays an important role
in synaptic plasticity, memory, neuronal migration and differen-
tiation, and neurodegeneration (Wu and Lynch, 2006; Wang et
al., 2013; Wang et al., 2014; Baudry and Bi, 2016). In neurons,
calpains are activated by calcium influx after N-methyl-D-aspartate re-
ceptor activation, tetanic stimulation, and KCl-induced depolarization
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(Vanderklish et al., 1995; Vanderklish et al., 2000). Calpains have
been shown to be necessary for the formation of long-term po-
tentiation (LTP) through several processes, such as the regulation
of protein synthesis and reorganization of the actin cytoskeleton.
The calpain-mediated degradation of phosphatase and tensin
homolog (PTEN) contributes to brain-derived neurotrophic
factor-mediated mTOR activation, which is important for synap-
tic plasticity (Briz et al., 2013). Calpain can also regulate protein
synthesis during synaptic plasticity through the degradation of
other substrates such as PAIP2A, cytoplasmic polyadenylation
element-binding protein 3 (CPEB3), and GRIP1 and affect LTP
(Hoogenraad et al., 2005; Wang and Huang, 2012; Khoutorsky et
al., 2013). Calpain also affects reorganization of the actin cyto-
skeleton that occurs during LTP by regulating RhoA, spectrin,
and myristoylated alanine-rich C kinase substrate (Murakoshi et
al., 2011; Trovo et al., 2013; Zhu et al., 2015). The double deletion
of w-calpain and m-calpain impaired dendritic morphology and
LTP (Amini et al., 2013).

Synaptic plasticity is the basis of memory. Increasing evidence
indicates that calpain plays an important role in learning and
memory (Shimizu et al., 2007; Khoutorsky et al., 2013; Baudry
and Bi, 2016). Calpain inhibitors impaired long-term memory,
but not short-term memory, and calpain-1 knock-out mice ex-
hibited impaired fear memory (Zhu et al., 2015). Furthermore,
recent studies showed that fear memory was affected by calpain
by regulating the level of extracellular signal-regulated kinase
phosphorylation (Liu et al., 2016). Addictive substances such as
cocaine and morphine induce LTP in excitatory synapses, which
contributes to reinforced drug-seeking behavior and maladaptive
memories (Ungless et al., 2001; Saal et al., 2003; Fole et al., 2015).
In the present study, calpain inhibition immediately after retrieval
impaired the expression of cocaine- and morphine-induced CPP
and decreased cue-induced cocaine-seeking behavior, indicating
that calpain activity in the NAc core is critical for the reconsolidation
of drug cue memories.

Specificity of actions of calpain activity in the NAc core on
drug cue memories

The NAc is involved in the formation and reconsolidation of
drug-associated memories (Ren et al., 2013; White et al., 2016).
We found that the retrieval of cocaine or morphine cue memories
increased calpain activity and decreased GRIP1 expression in the
NAc core, but not shell (Figs. 2, 3), which is consistent with our
previous studies of the role of the NAc core in drug cue memories
or drug-seeking behavior (Wang et al., 2010; Ding et al., 2013;
Ren et al., 2013). The NAc core and shell are neuroanatomically
heterogeneous structures with distinct afferent and efferent con-
nections (Voorn et al., 1989; Zahm and Brog, 1992), which may
underlie the dissociable role in the conditioned reinforcing ef-
fects of drug-associated cues. Furthermore, consistent with pre-
vious studies (Nader et al., 2000b; Zhang et al., 2016b), we found
that the intra-NAc core infusion of calpain inhibitors 6 h after
retrieval or without retrieval had no effects on the expression of
cocaine-induced CPP. We also performed control experiments to
confirm the specificity of the effects of calpain inhibitors on co-
caine cue memory. We found that cocaine cue memories were
intact when calpain inhibitors were injected after the rats were
exposed to the unpaired context, which may exclude general
nonspecific effects of calpain inhibitors such as arousal. Alto-
gether, our results indicate a critical role for calpain activity in the
NAc core in the reconsolidation of drug cue memories and the
suppressive effect of calpain inhibitors on reconsolidation is an-
atomically and temporally specific and retrieval dependent.
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Calpain activity is required for the degradation of GRIP (Lu et al.,
2001). The anchoring of the Glu2/3A subunit of AMPA receptors
to the membrane is mediated by GRIP, which is essential for the
trafficking and stabilization of AMPA receptors and is involved in
dendrite morphogenesis, synaptic plasticity, and homeostatic
plasticity (Dong et al., 1997; Hoogenraad et al., 2005; Tan et al.,
2015). The selective deletion of GRIP in the NAc potentiates the
cue-induced reinstatement of cocaine seeking (Briand et al.,
2014). A recent study found that the Gripl gene was associated
with alcohol preference in a bidirectionally selected rat model (Lo
etal., 2016). Notably, we found that GRIP1 expression decreased
after the retrieval of drug cue memories, which was blocked by
calpain inhibitors. The knock-down of GRIP1 in the NAc core
before CPP training had no effect on the acquisition of cocaine-
induced CPP, which is consistent with a previous study finding
that GRIP deletion did not affect the acquisition of operant food
responding or self-administration (Briand et al., 2014). In addi-
tion, we found that GRIP1 knock-down by lentivirus-mediated
shRNA in the NAc core blocked suppression of the expression of
cocaine-induced CPP by an infusion of calpain inhibitors imme-
diately after retrieval. These findings suggest that GRIP is in-
volved in the process of drug cue memory reconsolidation that is
regulated by calpain activity in the NAc core. However, some com-
pensatory changes may occur after long-term GRIP knock-down
that contribute to suppression of the effects of calpain inhibitors
on drug cue memories.

Memory retrieval results in the exchange of GluA2-containing
calcium-impermeable AMPA receptors to GluA2-lacking calcium-
permeable AMPARSs, indicating that GluA2 endocytosis may be
critical to fear memory retrieval (Hong et al., 2013). An in vitro
study found that calpain activation resulted in the disruption of
GRIP binding to the GluA2 subunit of AMPA receptors and may
play an important role in synaptic plasticity (Lu et al., 2001). The
involvement of the GRIP1-GluA?2 interaction in the reconsolida-
tion of drug reward memory that is modulated by calpain activity
requires further investigation.

Concluding remarks

In summary, calpain—-GRIP1 signaling in the NAc core is required
for the reconsolidation of drug cue memories in a reactivation-
and time-dependent manner. The maladaptive memories of drug-
associated stimuli have been suggested to be responsible for
relapse in both animal models and humans. The present study
provides new evidence of the role of calpain—-GRIP signaling in
the NAc in the reconsolidation of drug cue memories and may
also open new opportunities for novel therapies for the treatment
of drug addiction and the prevention of relapse.
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