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Destabilization refers to a memory that becomes unstable when reactivated and is susceptible to disruption by amnestic

agents. Here we delineated the cellular mechanism underlying the destabilization of drug memory. Mice were conditioned

with methamphetamine (MeAM) for 3 d, and drug memory was assessed with a conditioned place preference (CPP) pro-

tocol. Anisomycin (ANI) was administered 60 min after the CPP retrieval to disrupt reconsolidation. We found that desta-

bilization of MeAM CPP after the application of ANI was blocked by the N-methyl-D-aspartate receptor (NMDAR)

antagonist MK-801 and the NR2B antagonist ifenprodil (IFN) but not by the NR2A antagonist NVP-AAM077 (NVP).

In addition, decrease in the phosphorylation of GluR1 at Serine845 (p-GluR1-Ser845), decrease in spine density, and a

reduction in the AMPAR/NMDAR ratio in the basolateral amygdala (BLA) were reversed after the MK-801 treatment.

The effect of ANI on destabilization was prevented by the protein phosphatase 2B (calcineurin, CaN) inhibitors cyclospor-

ine A (CsA) and FK-506 and the protein phosphatase 1 (PP1) inhibitors calyculin A (CA) and okadaic acid (OA). These

results suggest that memory destabilization involves the activation of NR2B-containing NMDARs, which in turn allows

the influx of Ca2+. Increased intracellular Ca2+ stimulates CaN, leading to the dephosphorylation and inactivation of

inhibitor 1 and the activation of PP1. PP1 then dephosphorylates p-GluR1-Ser845 to elicit AMPA receptor (AMPAR)

endocytosis and destabilization of the drug memory.

Drug addiction is associated with functional changes in the cen-
tral nervous system particularly at the postsynaptic glutamate
receptors (Zhong et al. 2006; Kauer and Malenka 2007; Huang
et al. 2008) and the brain circuits of learning and memory
(Everitt et al. 2001). The changes in synapses as well as network
circuitry result in impaired cognitive control of motivated behav-
ior leading to compulsive drug-seeking behavior. Accumulative
evidence indicates that drug addiction is a process of strengthened
learning (Hyman 2005). In clinics, addict patients often relapse in
the treatment process. One of the critical factors is the rein-
statement of drug motivation when they come into contact with
a drug-related environmental cue (Tang and Dani 2009; Thanos
et al. 2009).

The amygdala is the brain area in which synaptic plasti-
city occurs after classical fear conditioning and is in charge of
other negative emotions (LeDoux 2000). In addition, the amygda-
la plays a regulating role for positive emotional memory. Many
studies have suggested that the amygdala plays an important
role in the formation of stimulus–reward associations and is re-
quired for representation of the sensory-specific properties of con-
ditioned reinforcers in drug reinforcers (Schoenbaum et al. 1998;
Blundell et al. 2001; Setlow et al. 2002). It has been shown that
lesions (Brown and Fibiger 1993; Meil and See 1997) or inacti-
vation (Fuchs and See 2002; Kantak et al. 2002) of basolateral
amygdala blocked cue-induced reinstatement of cocaine- and
heroin-seeking behavior. The amygdala was activated in the pres-
ence of cocaine-related stimuli in imaging studies (Childress
et al. 1999). Inhibition of the immediate early gene Zif268 in
the BLA prior to exposure to cocaine-associated cues decreased

the expression of incubation of cocaine craving (Lee et al. 2006).
Cue–reward learning increased synaptic strength and enhanced
the spike activity of BLA neurons in response to a conditioned
stimulus (Tye et al. 2008). Furthermore, rats that acquired am-
phetamine CPP exhibited increased frequency of mEPSC and
the number of excitatory synapses in the BLA (Rademacher et al.
2010).

Memory consolidation is thought to be a dynamic process.
Memory is labile after acquisition but becomes stabilized over
time, a process termed consolidation that requires new protein
synthesis. However, consolidated memory becomes destabilized
such that it can be disrupted if a protein synthesis inhibitor is pres-
ent at the time of reactivation (Nader et al. 2000; Nader 2003).
The mechanism of memory destabilization remains elusive. We
used a CPP protocol to measure the preference for a context cue
as an index of drug reward (Mucha et al. 1982; Mueller and
Stewart 2000). In this study, we aim to delineate the mechanism
of memory destabilization. The NR2B subtype of the NMDAR an-
tagonist was first shown to prevent the destabilization of cue-
dependent fear memories (Ben Mamou et al. 2006). This obser-
vation was later supported by a study showing the requirement
of NR2B-containing NMDARs for memory destabilization and
NR2A-containing NMDARs for memory restabilization within
the basolateral amygdala (Milton et al. 2013). In contextual fear
memory, Rao-Ruiz et al. (2011) suggested that retrieval-induced
endocytosis of GluR2 AMPARs in the dorsal hippocampus
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underlied memory destabilization of contextual fear memory
(Rao-Ruiz et al. 2011). Our hypothesis is that memory retrieval
induces the activation of NR2B-containing NMDARs resulting in
an influx of Ca2+ and the activation of CaN and PP1, leading to
the dephosphorylation of p-GluR1-Ser845 and subsequently the
endocytosis of synaptic AMPARs and the destabilization of drug
memory.

Results

Destabilization of MeAM CPP is blocked by the NMDA

receptor antagonist
We determined whether the activation of NMDARs was required
for the destabilization of MeAM CPP by the application of its
antagonist MK-801. On Day 1, mice were placed in the training
chamber for habituations. On Day 2, mice were conditioned
with MeAM (2 mg/kg, i.p.) or saline for 3 d (Days 2–4) and tested
24 h later (CPP test, Day 5). Mice were injected with MK-801 (1.0
mg/side, n ¼ 10) or a vehicle (n ¼ 10) bilaterally into the amygdala
30 min before the CPP test. ANI (62.5 mg/side) was administered
60 min after the CPP test to block reconsolidation of MeAM
CPP. CPP was assessed 24 h after the CPP test (Day 6, retest) (Fig.
1A). A mixed two-way ANOVA revealed main effects of group
(MK-801 vs. vehicle, F(1,18) ¼ 7.896, P ¼ 0.0116), days (F(2,36) ¼

27.62, P , 0.001) and a significant interaction (F(2,36) ¼ 5.522,
P ¼ 0.0081). Post hoc Bonferroni’s tests showed that both
MK-801- and vehicle-treated mice spent significantly more time

in the previously MeAM-paired chamber on Day 3 (CPP test) com-
pared with Day 1 baseline level (P , 0.001), suggesting that
the mice acquired CPP memory. In the vehicle-treated mice,
CPP score on Day 6 (retest) was significantly different from that
on Day 5 (CPP test) (P , 0.01) and is equivalent to the baseline
level (P . 0.9), suggesting that ANI disrupted reconsolidation of
MeAM CPP. In contrast, in the MK-801-treated mice, CPP score
on Day 5 was similar to that on Day 6 (P . 0.9). These results sug-
gest that destabilization of CPP memory was blocked by MK-801.
The infusion cannula tip locations are shown in Figure 1C. Only
mice with cannula tips at or within the boundaries of LA and
BLA were included in the data analysis.

Phosphorylation of GluR1 at Serine-845 (p-GluR1-Ser845) is
important for the trafficking of AMPARs in an activity-dependent
manner. Phosphorylated GluR1-Ser845 by cAMP-dependent pro-
tein kinase (PKA) increases channel open probability and increas-
es surface expression of AMPARs through recycling the GluR1
pool after their endocytosis (Banke et al. 2000; Man et al. 2007).
One-way ANOVA showed that there were significant differences
among the four groups in the level of p-GluR1-Ser845 (F(3,11) ¼

8.851, P ¼ 0.0029, Fig. 1D). MeAM-paired mice (n ¼ 4) exhibited
higher levels of p-GluR1-Ser845 compared with saline-paired
mice (n ¼ 4) (Bonferroni post hoc analysis, P ¼ 0.0441). The level
of p-GluR1-Ser845 was reduced by ANI (n ¼ 4, P ¼ 0.0042, MeAM
vs. ANI). Furthermore, the ANI-mediated decrease in p-GluR1-
Ser845 was reversed after MK-801 treatment (n ¼ 3, P ¼ 0.0306,
MK-801-ANI vs. ANI). Thus, the activation of NMDARs is required
for the dephosphorylation of p-GluR1-Ser845.

We further determined which sub-
types of NMDARs were responsible for
MeAM CPP destabilization. The selective
NR2A receptor antagonist NVP-AAM077
(NVP, 2.5 mg/side, n ¼ 11), the NR2B re-
ceptor antagonist ifenprodil (IFN, 1 mg/
side, n ¼ 10) or the vehicle (n ¼ 10) was
infused to the amygdala 30 min before
the CPP test. ANI (62.5 mg/side) was ad-
ministered 60 min after the CPP test.
CPP was assessed 24 h after the CPP test
(retest). A mixed two-way ANOVA re-
vealed main effects of group (IFN vs. ve-
hicle, F(1,18) ¼ 7.778, P ¼ 0.0121), days
(F(2,36) ¼ 15.06, P , 0.001), and a signi-
ficant interaction (F(2,36) ¼ 6.846, P ¼
0.003) in the IFN treatment (Fig. 2A)
but not in the NVP treatment (Fig. 2B)
(NVP vs. vehicle, F(1,19) ¼ 0.02643, P ¼
0.8726; days, F(2,38) ¼ 37.77, P , 0.001;
interaction, F(2,38)¼ 0.7959, P ¼ 0.4586).
In the IFN-treated mice, CPP score in
Day 5 was similar to that on Day 6 (P .

0.9). In contrast, in the vehicle-treated
mice, CPP score on Day 6 (retest) was
significantly different from that on Day
5 (CPP test) (P , 0.001) and is equivalent
to the baseline level (P . 0.9). These re-
sults suggest that destabilization of CPP
memory was blocked by IFN but not by
NVP. The infusion cannula tip locations
of IFN and NVP are shown in Figure 2C
and D, respectively.

In the Western blotting analysis, the
one-way ANOVA showed that there were
significant differences in the level of
p-GluR1-Ser845 among the four groups
(Fig. 2E, F(3,12) ¼ 12.02, P ¼ 0.0006 in

Figure 1. Effect of NMDAR antagonist on anisomycin-mediated the disruption of MeAM CPP.
(A) Time line of the experiment (B). (B) Mice were injected with MK-801 (1.0 mg/side, n ¼ 10) or
vehicle (n ¼ 10) bilaterally into the amygdala 30 min before the CPP test. ANI (62.5 mg/side) was
administered bilaterally into the amygdala 60 min after the CPP test. CPP was assessed 24 h after the
CPP test (retest). The vehicle control is saline, same as the vehicle control in Figure 2B. Therefore, the
data of vehicle control are combined to make number of 10 and reused in Figure 2B. (∗∗∗) P , 0.001
vs. retest of the vehicle-ANI group. (##) P , 0.01, CPP test vs. retest. (C) The distribution of cannula
tips in the amygdala from mice infused with MK-801 (filled triangle) or vehicle (open circle). (D) The
experimental procedure was the same as in B. Cell extracts were prepared 1 h after the retest. The
MeAM-paired mice (n ¼ 4) exhibited higher levels of p-GluR1-Ser845 when compared with the saline-
paired mice (n ¼ 4). ANI-mediated (n ¼ 4) reversal of the increase in p-GluR1-Ser845 in the
MeAM-paired mice was prevented in the MK-801-treated mice (n ¼ 3). (∗) P , 0.05, (∗∗) P , 0.01
vs. ANI. (#) P , 0.05 vs. saline.
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the IFN treatment; Fig. 2F, F(3,12) ¼ 16.84, P , 0.001 in the NVP
treatment), and a Bonferroni post hoc analysis revealed that
the level of p-GluR1-Ser845 in the MeAM-paired group (n ¼ 4)
was higher than that in the saline-paired group (n ¼ 4) (Fig. 2E,
P ¼ 0.0403 and Fig. 2F, P ¼ 0.0385). The level of p-GluR1-Ser845
was reduced by the ANI treatment (n ¼ 4) (Fig. 2E, P ¼ 0.0023
and Fig. 2F, P ¼ 0.0013, MeAM vs. ANI). Furthermore, the decrease
in p-GluR1-Ser845 was reversed by IFN (n ¼ 4) but not by the NVP
treatment (n ¼ 3) (Fig. 2E, P ¼ 0.0021, IFN-ANI vs. ANI; Fig. 2F,
P ¼ 0.5932, NVP-ANI vs. ANI), suggesting that NR2B mediated
the dephosphorylation of p-GluR1-Ser845.

We examined whether the alteration of excitatory synaptic
transmission in the amygdala of MeAM-paired mice could be
blocked by ANI. Amygdala slices were made 1 h after the behav-
ioral tests, and whole-cell recordings were made from the soma
of visually identified pyramidal-like neurons located in the LA.
As shown in Figure 3A, the one-way ANOVA for AMPAR/
NMDAR ratio revealed a significant effect of group (F(3,26) ¼

8.637, P ¼ 0.004), and a Bonferroni post hoc analysis revealed
that the MeAM-paired mice (nine neurons from five mice) exhib-
ited a significantly higher AMPAR/NMDAR ratio compared with
the saline-paired mice (six neurons from four mice) (P ¼ 0.0298,
MeAM vs. saline). ANI treatment (eight neurons from six mice)
significantly reduced the AMPAR/NMDAR ratio, and the effect
of ANI was reversed by Tat-GluR23Y (seven neurons from four
mice, P ¼ 0.0039, GluR23Y-ANI vs. ANI), confirming that
AMPARs endocytosis was involved in the reduction of the excit-
atory synaptic transmission. A separate group of mice after
MeAM conditioning were infused with MK-801 (1.0 mg/side) or
the vehicle to the amygdala 30 min before the CPP test. ANI

Figure 2. Anisomycin-mediated disruption of MeAM CPP is blocked by NR2B-containing but not by NR2A-containing NMDAR antagonist. (A,B) Mice
were injected with the NR2B receptor antagonist ifenprodil (IFN, 1.0 mg/side, n ¼ 10), the selective NR2A receptor antagonist NVP-AAM077 (NVP, 2.5
mg/side, n ¼ 11), or the vehicle (n ¼ 10) to the amygdala 30 min before the CPP test. ANI (62.5 mg/side) was administered 60 min after the CPP test. CPP
was assessed 24 h after the CPP test (retest). (∗∗∗) P , 0.001 vs. retest of the vehicle-ANI group. (C) The distribution of cannula tips in the amygdala from
mice infused with either IFN (filled circle) or vehicle (open triangle). (D) The distribution of cannula tips in the amygdala from mice infused with NVP
(asterisk) or vehicle (open square). (E,F) The experimental procedure was the same as in (A,B). Cell extracts were prepared 1 h after the retest.
MeAM-paired mice (n ¼ 4) exhibited higher level of p-GluR1-Ser845 when compared with the saline-paired mice (n ¼ 4). The level of
p-GluR1-Ser845 was reduced by ANI treatment (n ¼ 4). Furthermore, the ANI-mediated decrease in p-GluR1-Ser845 was reversed by IFN (n ¼ 4) treat-
ment but not by NVP treatment (n ¼ 3). (∗∗) P , 0.01 vs. ANI. (#) P , 0.05 vs. saline.

Figure 3. Anisomycin-mediated reversal of MeAM CPP-induced in-
crease in the AMPAR/NMDAR ratio at the thalamo-LA synapses is
blocked by MK-801. (A) Plot of AMPAR/NMDAR ratio of the saline-paired
(n ¼ 6, four mice), MeAM-paired (n ¼ 9, five mice), ANI treatment (n ¼ 8,
six mice), and Tat-GluR23Y-treated mice (15 pmol/side, n ¼ 7, four mice).
AMPAR-mediated EPSC was evoked when the neurons were voltage-
clamped at 270 mV, whereas NMDAR-mediated EPSC was determined
at a holding potential of +40 mV in the presence of the AMPAR antagonist
CNQX (10 mM). (∗) P , 0.05 vs. saline. (##) P , 0.01 vs. ANI. (B) Plot of
AMPAR/NMDAR ratio in the vehicle- (n ¼ 7, 3 mice), MK-801- (15 pmol/
side, n ¼ 8, 4 mice), and NVP- (2.5 mg/side, n ¼ 9, 5 mice)-treated mice.
(∗∗∗) P , 0.001 vs. vehicle-ANI group. (###) P , 0.001 vs. NVP-ANI
group.
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(62.5 mg/side) was administered 60 min after the CPP test. As
shown in Figure 3B, the one-way ANOVA for the AMPAR/
NMDAR ratio showed a significant group effect (F(2,21) ¼ 31.43,
P , 0.001), and the Bonferroni post hoc analysis revealed that
the MK-801-treated mice (eight neurons from four mice) exhi-
bited a significantly higher level of AMPAR/NMDAR ratio when
compared with the vehicle-treated mice (seven neurons from
three mice, P , 0.001, MK-801-ANI vs. vehicle-ANI). In contrast,
there was no difference in the AMPAR/

NMDAR ratio between the NVP-treated
(nine neurons from five mice) and the
vehicle-treated mice (P . 0.5, NVP-ANI
vs. vehicle-ANI), suggesting that the re-
duction in the excitatory synaptic trans-
mission was mediated by the NR2B
NMDARs.

Experience-induced changes in
dendritic spine stability serve as the
mechanism for the maintenance of long-
term memories. We determined whether
MeAM CPP affected the number of den-
dritic spines in the amygdala. A one-way
ANOVA revealed a significant difference
in spine density among the five groups
under consideration (F(4,143) ¼ 39.93,
P , 0.001). Figure 4 shows that MeAM-
paired mice exhibited a higher number
of dendritic spines (27.9+1.2, n ¼ 28
spines from three mice) than that of
saline-paired mice (13.7+0.6, n ¼ 30
spines from three mice, Bonferroni post
hoc analysis, P , 0.001, MeAM vs. sa-
line). The increase in dendritic spines
was abolished by ANI (16.3+1.0, n ¼
30 spines from three mice, P , 0.001,
MeAM vs. ANI). Furthermore, the reduc-
tion in the dendritic spines was reversed
after Tat-GluR23Y (26.5+1.2, n ¼ 30
spines from three mice, P , 0.001,
GluR23Y-ANI vs. ANI) or MK-801 treat-
ment (26.5+1.1, n ¼ 30 spines from
three mice, P , 0.001, MK-801-ANI vs.
ANI), suggesting that the reduction in
the number of dendritic spines was medi-
ated by AMPAR endocytosis.

Involvement of protein phosphatases in destabilization of

MeAM memory
Phosphorylated GluR1-Ser845 induces AMPAR insertion into
plasma membrane and thereby strengthens synaptic trans-
mission. In contrast, dephosphorylation of p-GluR1-Ser845
triggers AMPAR internalization and weakens transmission
(Man et al. 2007). Because calcineurin (CaN) is stimulated in re-
sponse to activation of NMDAR, leading to long-term depres-
sion (LTD) (Mulkey et al. 1994; Hodgkiss and Kelly 1995; Lee
et al. 1998; Lu et al. 2000; Zeng et al. 2001), we examined
whether CaN was involved in the destabilization of MeAM
memory. CaN inhibitor cyclosporin A (CsA, 2.5 mg/side, n ¼
14), FK-506 (5 mg/side, n ¼ 13), or vehicle (n ¼ 10) was infused
to the amygdala 30 min before the CPP test. ANI (62.5 mg/side)
was administered 60 min after the CPP test. CPP was assessed
24 h after the CPP test (retest). As shown in Figure 5A, a mixed
two-way ANOVA revealed a significant day × treatment inter-
action (F(4,68) ¼ 3.031, P ¼ 0.0232). ANI disrupted MeAM CPP
in the vehicle-treated mice (Bonferroni post hoc analysis, P ¼
0.001) but not in the CsA- or FK-506-treated mice (P . 0.1
and P . 0.1, respectively). Moreover, CsA- or FK-506-treated
mice exhibited significantly higher levels of MeAM CPP in the
retest compared with the vehicle-treated mice (Bonferroni
post hoc analysis, P ¼ 0.0003, CsA-ANI vs. vehicle-ANI; P ¼
0.0109, FK-506-ANI vs. vehicle-ANI), indicating that CsA and
FK-506 blocked the destabilization of MeAM CPP. The data sug-
gest that the destabilization of MeAM CPP is mediated by CaN.
The infusion cannula tip locations of CsA and FK-506 are
shown in Figure 5B.

Figure 4. Anisomycin-mediated reversal of MeAM CPP-induced in-
crease in spine density in LA is blocked by MK-801. Representative
images and statistical analyses of Golgi staining from the lateral nucleus
of amygdala of the saline-paired (n ¼ 30, three mice), MeAM-paired
(n ¼ 30, three mice), ANI treatment- (n ¼ 30, mice), Tat-GluR23Y- (n ¼
30, 3 mice), and MK-801- (n ¼ 30, 3 mice)-treated mice. (∗∗∗) P ,

0.001 vs. saline. (###) P , 0.001 vs. ANI. Bar, 2 mm.

Figure 5. Anisomycin-mediated disruption of MeAM CPP is blocked by calcineurin inhibitors cyclo-
sporin A and FK-506. (A) Mice were injected with calcineurin inhibitor cyclosporin A (CsA, 2.5 mg/side,
n ¼ 14), FK-506 (5 mg/side, n ¼ 13), or vehicle (n ¼ 10) to the amygdala 30 min before the CPP test.
ANI (62.5 mg/side) was administered 60 min after the CPP test. CPP was assessed 24 h after the CPP test
(retest). (∗) P , 0.05, (∗∗∗) P , 0.001 vs. retest of vehicle-ANI group. (##) P , 0.01, CPP test vs. retest.
(B) The distribution of cannula tips in the amygdala from mice infused with CsA (hash) or FK-506 (filled
diamond). (C) The experimental procedure was same as in A. Cell extracts were prepared 1 h after the
retest. ANI-mediated (n ¼ 3) reduction of p-GluR1-Ser845 in MeAM-paired mice (n ¼ 4) was reversed
in the FK-506-treated mice (n ¼ 3). (∗) P , 0.05 vs. FK-506-ANI. (D) Representative images and statis-
tical analyses of Golgi staining from the lateral nucleus of amygdala of the vehicle- (n ¼ 30, three mice),
FK506- (n ¼ 30, three mice), and okadaic acid- (n ¼ 30, three mice) treated mice. (∗∗∗) P , 0.001 vs.
vehicle-ANI. Bar, 2 mm.
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In the Western blotting analysis, the reduction of p-GluR1-
Ser845 was blocked by FK-506 treatment (one-way ANOVA,
F(2,7) ¼ 15.76, P ¼ 0.0026; Bonferroni post hoc analysis, P ¼
0.0105, ANI vs. FK-506; n ¼ 4, 3 and 3 in MeAM, ANI, and
FK-506-ANI, respectively) (Fig. 5C). The FK-506-treated mice
(27.5+1.1, n ¼ 30 spines from three mice) had a higher number
of dendritic spines compared with
the vehicle-treated mice (19.5+0.7, n ¼
30 spines from three mice) (one-way
ANOVA, F(2,87)¼ 26.29, P , 0.001; Bon-
ferroni post hoc analysis, P , 0.001,
FK-506-ANI vs. vehicle-ANI) (Fig. 5D).
In addition, in electrophysiological re-
cordings, the FK-506-treated mice (six
neurons from four mice) exhibited signi-
ficantly higher AMPAR/NMDAR ratio
than those of the vehicle-treated mice
(seven neurons from three mice, P ¼
0.02, FK-506-ANI vs. vehicle-ANI) (Fig. 6).

CaN, which is activated by the Ca2+

influx through the NMDARs, dephos-
phorylates inhibitor-1 and subsequently
activates protein phosphatase 1 (PP1) ac-
tivity. We examined the involvement
of PP1 in the destabilization of MeAM
memory by infusing PP1 inhibitors caly-
culin A (CA, 5 pmol/side, n ¼ 8), okadaic
acid (OA, 10 ng/side, n ¼ 8), or vehicle
(n ¼ 9) to the amygdala 30 min before
the CPP test. ANI (62.5 mg/side) was ad-
ministered 60 min after the CPP test.
CPP was assessed 24 h after the CPP test
(retest). As shown in Figure 7A, a mixed
two-way ANOVA revealed a significant
day × treatment interaction (F(4,42) ¼

2.649, P ¼ 0.0464). ANI disrupted MeAM
CPP in the vehicle-treated mice (Bonfer-
roni post hoc analysis, P ¼ 0.0004) but
not in the CA- or OA-treated mice (P .

0.1 and P . 0.1, respectively). Moreover,
the CA- or OA-treated mice exhibited
significantly higher levels of MeAM CPP
in the retest compared with the vehicle-

treated mice (Bonferroni post hoc analysis, P ¼ 0.0107, CA-ANI
vs. vehicle-ANI; P ¼ 0.0120, OA-ANI vs. vehicle-ANI), indicating
that CA and OA blocked the destabilization of MeAM CPP. The in-
fusion cannula tip locations of CA and OA are shown in Figure
7B. Moreover, Western blotting analysis showed that CA (n ¼ 5,
Fig. 7C) and OA (n ¼ 4, Fig. 7D) reversed ANI-mediated dephos-
phorylation of p-GluR1-Ser845 (one-way ANOVA, F(2,12) ¼ 6.670,
P ¼ 0.0113 and F(2,11) ¼ 17.29, P ¼ 0.0004, respectively; Bonfer-
roni post hoc analysis, P ¼ 0.0305, ANI vs. CA-ANI and P ¼
0.0314, ANI vs. OA-ANI). Furthermore, there was a significantly
higher AMPAR/NMDAR ratio in the OA-treated mice (five neu-
rons from three mice) when compared with that of the vehicle-
treated mice (P ¼ 0.013, OA-ANI vs. vehicle-ANI) (Fig. 6) and a
significant increase in the number of dendritic spines in the amyg-
dala of the OA-treated mice (27.4+0.9, n ¼ 30 spines from three
mice) when compared with that found in the vehicle-treated
mice (19.5+0.7, n ¼ 30 spines from three mice, P , 0.001,
OA-ANI vs. vehicle-ANI) (Fig. 5D). These data suggest that destabi-
lization of MeAM CPP is mediated by PP1.

Discussion

We have previously shown that destabilization of MeAM CPP after
the application of ANI could be blocked after bilateral injection of
Tat-GluR23Y into the BLA, suggesting that AMPA receptor endocy-
tosis in the BLA is critical for destabilization (Yu et al. 2013).
However, little is known about signal transduction leading to
AMPA receptor endocytosis in the BLA during destabilization of
drug memory. In the present study, we found that MK-801 and

Figure 6. Anisomycin-mediated reversal of MeAM CPP-induced in-
crease in the AMPAR/NMDAR ratio at the thalamo-LA synapses is
blocked by calcineurin and PP1 inhibitors. Plot of AMPAR/NMDAR ratio
in the vehicle- (n ¼ 7, three mice), FK-506- (5 mg/side, n ¼ 6, four
mice), and OA- (10 ng/side, n ¼ 5, three mice)-treated mice. (∗) P ,

0.05, vs. vehicle-ANI group.

Figure 7. Anisomycin-mediated disruption of MeAM CPP is blocked by PP1 inhibitors calyculin A and
okadaic acid. (A) Mice were injected with either PP1 inhibitors calyculin A (CA, 5 pmol/side, n ¼ 8),
okadaic acid (OA, 10 ng/side, n ¼ 8), or the vehicle (n ¼ 9) to the amygdala 30 min before the CPP
test. ANI (62.5 mg/side) was administered 60 min after the CPP test. CPP was assessed 24 h after the
CPP test (retest). (∗) P , 0.05 vs. Retest of the vehicle-ANI group. (###) P , 0.001, CPP test vs.
retest. (B) The distribution of cannula tips in the amygdala from mice infused with CA (fx1) or OA
(filled heart). (C,D) The experimental procedure was the same as in A. Cell extracts were prepared 1
h after the retest. ANI (n ¼ 5) reduction of p-GluR1-Ser845 in the MeAM-paired mice (n ¼ 5) was re-
versed in both the CA- (n ¼ 5) and OA- (n ¼ 4)-treated mice. (∗) P , 0.05 vs. CA-ANI or OA-ANI.

Destabilization of drug memory in the amygdala

www.learnmem.org 490 Learning & Memory



ifenprodil blocked the destabilization of MeAM CPP, suggesting
the involvement of NR2B-containing NMDARs. Memory retrieval
initiated two consecutive but opposite processes: the previously
established memory became destabilized and then required a de
novo protein synthesis-dependent reconsolidation to persist.
Both memory destabilization and reconsolidation processes
were blocked by nonselective NMDAR antagonists. Recently, us-
ing a fear conditioning procedure, Milton et al. (2013) showed
memory destabilization and reconsolidation to be mediated
by different subtypes of NMDARs; NR2B-containing NMDARs-
mediated memory destabilization, whereas NR2A-containing
NMDARs were required for memory reconsolidation. Consistent
with these results, we found that memory destabilization was
blocked by MK-801 and selective NR2B-containing NMDARs
ifenprodil, whereas selective NR2A-containing NMDARs NVP-
AAM077 was ineffective on destabilization.

NR2A- and NR2B-containing NMDARs are linked to different
intracellular signaling pathways. For example, the carboxy-
terminal domain of NR2B suppresses CREB, while NR2A-con-
taining NMDAR activation promotes CREB phosphorylation
(Hardingham et al. 2002; Martel et al. 2012). Thus, it is likely
that memory retrieval induces destabilization of that memory
by the activation of NR2B-containing NMDARs, leading to the
stimulation of calcineurin and de-phosphorylation of p-GluR1-
Ser845. This is followed by reconsolidation that requires the
activation of NR2A-containing NMDARs and the activation
of protein kinases. It is worth noting that memory retrieval induc-
es a brief destabilization process and a longer process of restabili-
zation to reconsolidate the memory. Thus, nonselective NMDAR
antagonists will predominantly act on NR2A-containing
NMDARs and block reconsolidation (Milton et al. 2013).

How is activation of NR2B-containing NMDARs required for
destabilization of MeAM CPP? CaN, a protein Ser/Thr phospha-
tase, has high affinity for Ca2+ and can be activated by nanomolar
concentrations of Ca2+ (Cohen and Klee 1988). CaN has been
shown to be involved in long-term depression (LTD) (Mulkey
et al. 1994; Hodgkiss and Kelly 1995), a form of synaptic weaken-
ing, and depotentiation of previously potentiated synapses (Zhuo
et al. 1999; Jouvenceau et al. 2003; Kang-Park et al. 2003; Lin et al.
2003). In the present study, we found that destabilization of
MeAM CPP after application of ANI and dephosphorylation of
p-GluR1-Ser845 were blocked by calcineurin inhibitors, cyclo-
sporine A, and FK-506. Ser845 on GluR1 is one of the most
important for regulation of AMPAR trafficking. Phosphorylated
Ser845 increases AMPAR open probability (Banke et al. 2000)
and insertion into the membrane (Man et al. 2007) and thereby
strengthens synaptic transmission. In contrast, Ser845 dephos-
phorylation triggers AMPAR internalization and weakens trans-
mission (Man et al. 2007). It is likely that memory retrieval
initiates glutamate release and the activation of NMDARs leading
to Ca2+ influx. Increased intracellular Ca2+ stimulated calci-
neurin activity could directly and/or indirectly dephosphorylate
p-GluR1-Ser845. We found that destabilization of MeAM CPP
was blocked by PP1 inhibitors, suggesting that calcineurin stimu-
lated PP1 by dephosphorylation of Inhibitor 1. Activation of PP1
catalyzed dephosphorylation of p-GluR-Ser845, resulting in
AMPAR endocytosis that was crucial for memory deconsolidation.
This could explain why memory became labile when retrieved.
Conversely, in the absence of anisomycin, memory underwent
protein synthesis-dependent reconsolidation for long-term
retention.

In a consolidated fear memory, gradual increase in the num-
ber of conditioned stimuli (CSs) shifts fear reconsolidation to
extinction and results in the suppression of that memory.
Interestingly, the transition from reconsolidation to extinction
is accompanied by a gradual increase in amygdala calcineurin

levels (Merlo et al. 2014). Here, we found that the destabilization
of MeAM CPP after the application of ANI was prevented by the
calcineurin inhibitors cyclosporine A and FK-506. Increased
intracellular Ca2+-activated protein kinases that subsequently
translocated to the nucleus. Activated protein kinases phosphor-
ylated transcriptional factors such as CREB to initiate trans-
cription and translation resulting in the reconsolidation of that
memory. Increased intracellular Ca2+ could also stimulate calci-
neurin activity. When reconsolidation was disrupted by ANI,
calcineurin could directly and/or indirectly dephosphorylate
p-GluR1-Ser845.

In conclusion, we have demonstrated that the activation
of NR2B containing NMDARs is required for destabilization of
MeAM CPP after the application of ANI. MeAM CPP-induced
increases in p-GluR1-Ser845, AMPAR/NMDAR ratio and spine
density were shown to be abolished after the application of ANI.
These effects as well as the destabilization of MeAM CPP were
reversed by calcineurin and PP1 inhibitors. It is suggested
that dephosphorylation of p-GluR1-Ser845 and the resultant
AMPAR endocytosis underlies the mechanism of drug memory
destabilization.

Materials and Methods

Surgery and intracranial microinjections
All procedures were approved by the Institutional Animal Care
and Use Committee of the College of Medicine, National Cheng
Kung University. Male C57BL/6 mice (4 to 6 wk old) were anesthe-
tized with chloral hydrate (400 mg/kg, i.p.) and were subse-
quently mounted on a stereotaxic apparatus, and a cannula
made of 26 gauge stainless steel tubing was implanted bilaterally
into the amygdala (anteroposterior, 21.6 mm; mediolateral,
+3.5 mm; dorsoventral, 24.6 mm). The mice were handled daily
and were given 7 d to recover. The drug was administered bilater-
ally to the amygdala in a volume of 1 mL at a rate of 0.1 mL/min.
The infusion cannulas were left in place for 2 min before being
withdrawn.

Drugs
Anisomycin (62.5 mg/side dissolved in saline-containing 10%
DMSO, the pH value was adjusted to 7.0) was obtained from
Sigma-Aldrich. A Tat-conjugated peptide designed to block the
regulated clathrin-coated endocytosis of AMPARs was used with
a sequence of 869-YKEGYNVYG-877 (GluR23Y, 15 pmol/side).
The scrambled control peptide in which the tyrosine residues
were replaced by alanine had the AKEGANVAG sequence
(GluR23A, 15 pmol/side). These peptides were purchased from
Kelowna International Scientific Inc. (Sanchong Dist.) and were
dissolved in saline. One microgram per side (1)-MK-801 maleate
(Sigma-Aldrich) and 2.5 mg/side NVP-AAM077 (Sigma-Aldrich)
were dissolved in 0.9% saline. One microgram per side ifenprodil
(Abcam), 5 mg/side FK-506 (Cayman), 2.5 mg/side cyclosporine A
(Sigma-Aldrich), 5 pmol/side calyculin A (Alomone Labs), and 10
ng/side okadaic acid (Sigma-Aldrich) were dissolved in 10%
DMSO.

Conditioned place preference paradigm
The CPP paradigm consisted of three phases: preconditioning,
conditioning, and post-conditioning. For the pre- and post-condi-
tioning phases, animals were placed in a neutral gray center com-
partment, and the sliding doors were removed to allow equal
access to the entire apparatus for 15 min. The amount of time
each mouse spent in each compartment was monitored to deter-
mine initial preferences. During the conditioning phase, the
animals received either a saline or methamphetamine (MeAM)
solution for six conditioning sessions. Specifically, each animal
received saline injections in the morning while in their initially
preferred side (saline-paired side) and MeAM injections in the
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afternoon in their initially nonpreferred side (drug-paired side) for
3 d. The animals were confined to the appropriate compart-
ment for the entire conditioning session (30 min), and access
to the neutral compartment was blocked by the sliding door.
The data reported herein shows that the mice initially expressed
a bias for a particular side, with most preferring the dark
black compartment. For the post-conditioning tests, the animals
were allowed to access the entire apparatus in a drug-free-state.
The CPP apparatus had a biased design (i.e., the drug was admin-
istered on the initially nonpreferred side), and thus, the relative
amount of time spent in each compartment before vs. after condi-
tioning was used to assess the CPP. The CPP data reported here are
shown as the “time difference,” which was calculated by sub-
tracting the time spent in the initially nonpreferred side of the
apparatus (drug-paired) and the time spent in the preferred side
during the pre- and post-conditioning test. It is important to
mention that overall, the MeAM-treated mice spent significantly
more time in the initially nonpreferred compartment than in
the initially preferred compartment following drug conditioning,
suggesting a true reward measurement.

Western blotting analysis
The minislices containing basolateral amygdala were dissected
from the slices and sonicated briefly in a homogenizing buffer
(1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl, pH 7.5, 0.3 M
sucrose, 5 mM EDTA, 2 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride
and 20 mg/mL leupeptin, and 4 mg/mL aprotinin). After sonica-
tion, the samples were centrifuged at 14,000 r.p.m. for 30 min at
4˚C, and the supernatant was obtained. The protein concen-
tration in the soluble fraction was then measured using a
Bradford assay, with bovine serum albumin as the standard.
Bound protein was resuspended in 4 mL of an SDS sample loading
buffer at 95˚C. The total slice lysates was resolved in 8.5%
SDS–PAGE gels, blotted electrophoretically to the PVDF mem-
brane, and blocked overnight in a TBS buffer containing 5% non-
fatty milk. In the Western blot analysis, glutamate receptor 1
phosphoSer845 (1:2500; Millipore) or actin antibody (1:100,000;
Chemicon) was used followed by an HRP-conjugated secondary
antibody for 1 h. An enhanced chemiluminescence kit was used
for detection. The Western blots were developed in the linear
range used for densitometry.

Golgi staining
The experimental mice were obtained from the Animal Center of
National Cheng-Kung University. After the behavioral tests, the
entire brains were removed after perfusion with phosphate-
buffered saline (PBS) and then processed for Golgi staining
(Rapid GolgiStain Kit, FD NeuroTechnologies) to examine the his-
tology of the dendritic spines. Coronal sections with a thickness of
150-mm were cut on a vibratome and plated on gelatin-coated
microscopy slides. Images were collected using a Leica DM 2500
microscope, and MetaMorph image software was used to count
the number of spines.

Slice preparation
The mice were decapitated, and their brains were rapidly removed
and placed in a cold oxygenated artificial cerebrospinal fluid
(ACSF) solution. Subsequently, the brain was hemisected and
cut transversely posterior to the first branch and anterior to the
last branch of the superior cerebral vein. The resulting section
was glued to the chuck of a Vibroslice tissue slicer. Three hundred
micrometer-thick transverse slices were cut, and the appropriate
slices were placed in a beaker of oxygenated ACSF at room
temperature for at least 1 h before recording. The ACSF solution
had the following composition (in mM): NaCl 117, KCl 4.7,
CaCl2 2.5, MgCl2 1.2, NaHCO3 25, NaH2PO4 1.2, and glucose
11. The ACSF was bubbled continuously with 95% O2–5% CO2

and had a pH of 7.4.

Whole-cell patch-clamp recordings
Whole-cell patch-clamp recordings from LA projection neurons
were performed at approximately room temperature (22˚C–
24˚C) in a superfusing chamber. Neurons were visualized with
an infrared video microscope with a 40× water immersion objec-
tive on an upright microscope.

Whole-cell patch-clamp recordings were made from the LA
neurons. The excitatory postsynaptic currents (EPSCs) were
evoked at 0.05 Hz by extracellular stimulation of fibers emerging
from the internal capsule, which originated in the medial geni-
culate nucleus of the thalamus, and were projected monosynapti-
cally to the LA using a bipolar electrode. Patch electrodes were
pulled from a thick-walled glass capillary (0.75 mm internal diam-
eter and 1.5 mm outer diameter) to a tip resistance of 3–5 MV.
The composition of the internal solution was 115 mM cesium glu-
conate, 5 mM NaCl, 1 mM EGTA, 0.3 mM CaCl2, 2 mM MgCl2, 5
mM Na-ATP, 0.4 mM Na-GTP, and 10 mM HEPES. The final pH
of the internal solution was adjusted to 7.3 by adding either 1 M
KOH or CsOH; the final osmolarity was adjusted to 290–300
mOsm by adding sucrose. Recordings were low-pass-filtered at
2.5–20 kHz and digitized at 5–50 kHz. Membrane potentials
and currents were monitored and recorded using an Axopatch
700B amplifier (Molecular Devices), acquired via a Digidata
1440 series analog-to-digital interface on a Pentium computer
with Clampex 10.3 software (Molecular Devices). AMPAR-mediat-
ed EPSC was evoked when the neurons were voltage-clamped
at 270 mV, whereas NMDAR-mediated synaptic responses were
isolated in the presence of the AMPA receptor antagonist CNQX
(10 mM) and the GABA A receptor antagonist bicuculline (10 mM).

Data analysis
All values represent mean+ standard error of the mean (SEM).
One-way ANOVA and Bonferroni post hoc comparisons were
used to analyze the differences in the number of dendritic spines,
protein levels, and electrophysiologic data. Student’s t-tests
were used to analyze the differences in the behavioral tests
among the vehicle and drug samples. The level of significance
was P , 0.05.
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