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Maladaptive memories elicited by exposure to environmental stimuli associated with drugs of abuse are often responsible for relapse
among addicts. Interference with the reconsolidation of drug memory can inhibit drug seeking. Previous studies have indicated that the
dephosphorylation of the eukaryotic initiation factor 2 �-subunit (eIF2�) plays an important role in synaptic plasticity and long-term
memory consolidation, but its role in the reconsolidation of drug memory remains unknown. The amygdala is required for the recon-
solidation of a destabilized drug memory after retrieval of drug-paired stimuli. Here, we used conditioned place preference (CPP) and
self-administration procedures to determine whether amygdala eIF2� dephosphorylation is required for the reconsolidation of mor-
phine and cocaine memories in rats. We found that the levels of eIF2� phosphorylation (Ser51) and activating transcription factor 4
(ATF4) were decreased after reexposure to a previously morphine- or cocaine-paired context (i.e., a memory retrieval procedure) in the
basolateral amygdala (BLA) but not in the central amygdala. Intra-BLA infusions of Sal003, a selective inhibitor of eIF2� dephosphory-
lation, immediately after memory retrieval disrupted the reconsolidation of morphine- or cocaine-induced CPP, leading to a long-lasting
suppression of drug-paired stimulus-induced craving. Advanced knockdown of ATF4 expression in the BLA by lentivirus-mediated
short-hairpin RNA blocked the disruption of the reconsolidation of morphine-induced CPP induced by Sal003 treatment. Furthermore,
inhibition of eIF2� dephosphorylation in the BLA immediately after light/tone stimulus retrieval decreased subsequent cue-induced
heroin-seeking behavior in the self-administration procedure. These results demonstrate that eIF2� dephosphorylation in the BLA
mediates the memory reconsolidation of drug-paired stimuli.

Introduction
Addiction is characterized by compulsive drug use despite ad-
verse consequences. Relapse is a major challenge to the treatment
of drug addiction, even after prolonged drug-free periods (Grant
et al., 1996; Childress et al., 1999). Environmental conditioned
cues that are repeatedly associated with drugs are primary con-
tributors to relapse (Stewart et al., 1984; O’Brien et al., 1992). The
memory of these cues that maintain powerful conditioned rein-
forcing properties through predictive association with the drug’s
rewarding and aversive effects (Gawin, 1991; Di Ciano and

Everitt, 2004) is highly resistant to disruption in abstinent addicts
(Gawin, 1991; Ehrman et al., 1992) and in experimental animals
(de Wit and Stewart, 1981; Fuchs et al., 1998). The disruption of
drug memory has become a potential strategy for relapse preven-
tion (Milton and Everitt, 2010).

Reconsolidation is characterized as a de novo protein-
synthesis-dependent and time-dependent process in which con-
solidated memory returns to a labile state shortly after retrieval
(Nader et al., 2000; Dudai, 2006; Tronson et al., 2006). Disrup-
tion of reconsolidation by pharmacological interventions pro-
duces amnesia for drug-associated memories in animals (Wang
et al., 2008; Sanchez et al., 2010; Barak et al., 2013; Wells et al.,
2013), indicating that targeting the reconsolidation process of
drug memory has therapeutic potential for the treatment of ad-
diction. Although the regulation of mRNA translation in the ini-
tiation process has been reported to interfere with memory
reconsolidation (Blundell et al., 2008; Hoeffer et al., 2011; Stoica
et al., 2011), little is currently known about the specific mecha-
nisms that underlie the reconsolidation of drug-paired stimuli.

Eukaryotic initiation factor 2 �-subunit (eIF2�) plays a criti-
cal role in the regulation of protein synthesis (Klann and Dever,
2004; Costa-Mattioli et al., 2009a; Costa-Mattioli et al., 2009b;
Gkogkas et al., 2010; Trinh and Klann, 2013). eIF2� phosphory-
lation at residue Ser51 prevents the formation of the eIF2-GTP-
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Met-tRNAi
Met ternary complex, resulting in the repression of

general translation, but selectively triggering the translation of
activating transcription factor 4 (ATF4), a repressor of CRE-
mediated gene transcription (Ameri and Harris, 2008; Jackson
et al., 2010). eIF2� dephosphorylation is involved in synaptic
plasticity and the formation of long-term memory (LTM; (Costa-
Mattioli and Sonenberg, 2008; Costa-Mattioli et al., 2009a).
eIF2� dephosphorylation in eIF2��/S51A knock-in mice has
been shown to decrease the threshold of late-phase long-term
potentiation (L-LTP) and enhance the consolidation of LTM.

In contrast, preventing eIF2� dephos-
phorylation by Sal003, an eIF2� phos-
phatase inhibitor, impaired the
formation of both L-LTP and LTM
(Costa-Mattioli et al., 2007). However,
the role of eIF2� dephosphorylation in
the reconsolidation of drug memories
remains unclear.

The amygdala is a critical brain region
for the convergence of conditioned and
unconditioned stimuli in associative
learning (Johansen et al., 2011) and is nec-
essary for regulating the reconsolidation
of drug memory (Li et al., 2010; Sanchez et
al., 2010; Luo et al., 2013). In the present
study, we used Pavlovian conditioned place
preference (CPP) and self-administration
procedures in animals to determine whether
eIF2� dephosphorylation in the amygdala
is required for the reconsolidation of drug
memory.

Materials and Methods
Subjects. Male Sprague Dawley rats (weighing
220 –240 g upon arrival) were obtained from
the Laboratory Animal Center, Peking Univer-
sity, Health Science Center. They were housed
five per cage in a temperature (23 � 2°C)- and
humidity (50 � 5%)-controlled animal facility
with ad libitum access to food and water. They
were maintained on a reverse 12 h/12 h light/
dark cycle (lights off at 8:00 A.M.). All of the
experimental procedures were performed in
accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory
Animals and the procedures were approved by
the Biomedical Ethics Committee for animal use
and protection of Peking University.

Intracranial and intravenous surgery. So-
dium pentobarbital (60 mg/kg, i.p.) was used
to anesthetize the rats (weighing 280 –320 g at
the time of surgery) before they were bilaterally
implanted with permanent guide cannulae (23
gauge; Plastics One) 1 mm above the basolat-
eral amygdala (BLA) or central amygdala
(CeA). The coordinates for the BLA were the
following: anterior/posterior, �2.9 mm; medi-
al/ lateral, �5.0 mm from bregma; dorsal/ven-
tral, �8.5 mm from the skull surface; the
coordinates for the CeA were the following: an-
terior/posterior, �2.9 mm; medial/lateral,
�4.2 mm from bregma; dorsal/ventral, �7.8
mm from the skull surface. These coordinates
were based on previous work (Lu et al., 2005;
Paxinos et al., 2005; Lu et al., 2007; Wang et al.,
2008; Li et al., 2010). The cannula was an-
chored to the skull with stainless-steel screws

and dental cement was applied to secure the cannula in position. A
stainless-steel stylet blocker was inserted into each cannula to prevent
blockage and infection.

For intravenous surgery, catheters were inserted into the right jugular
vein with the tip terminating at the opening of the right atrium, as de-
scribed previously (Wang et al., 2010; Xue et al., 2012). After surgery, the
rats were housed individually with ad libitum access to food and water
and allowed to recover for 5–7 d before training began.

CPP. CPP was assessed using an unbiased procedure, as described in
our previous work (Li et al., 2008; Li et al., 2010). In the baseline prefer-

Figure 1. Schematic representation and photomicrographs of injection sites and potential damage in the basolateral amygdala
(A) and central amygdala (B). The schematic representation (left column) begins with the most anterior injection site associated
with the amygdala, showing that most of the needle tracks terminated within the amygdala and tissue damage was generally
confined to 0.1 mm around the needle tracks. The photomicrographs (right column) show no significant tissue damage (charac-
terized by gliosis and cell-poor areas) around the needle tracks.
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ence test, the rats were individually placed in
the middle chamber with the doors removed
for 15 min. Rats that showed strong uncondi-
tioned preference for any chamber (i.e., �540 s
spent in each chamber) were excluded from the
experiments. The conditioning sessions were
then conducted once per day for 8 consecutive
days. On alternating days, the rats were given
injections of morphine (10 mg/kg, s.c.) or sa-
line (1 ml/kg, s.c.) immediately before being
confined to the morphine-paired or saline-
paired chamber for 45 min, and were then
returned to their home cages. The postcondi-
tioning session, which was conducted 24 h after
the last training session, was identical to the
initial baseline preference assessment. The CPP
score was defined as the time spent (in sec-
onds) in the morphine-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.
Twenty-four hours after the CPP test, the rats
were reexposed to the drug-paired chamber for
10 min without drug injections, serving as a
memory retrieval trial, and then received the
different experimental treatments.

Intravenous heroin self-administration. The
procedures for heroin self-administration
training were based on our previous studies
(Lu et al., 2005; Xue et al., 2012). The rats were
trained to self-administer heroin hydrochlo-
ride (0.05 mg/kg/infusion) during three 1 h
sessions daily separated by 5 min over 10 d. A
fixed-ratio 1 schedule of reinforcement 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 heroin
infusions was limited to 20 per hour. At the end of the training phase, the
groups in the different experimental conditions were matched for their
heroin intake during training. The session that assessed the retrieval of
heroin cue memories was conducted 24 h after the last heroin self-
administration training session. The rats underwent the retrieval session
for 15 min, during which time nose poke responses led to a 5 s tone-light
cue without heroin delivery. The drug-seeking test conditions were the
same as those during training, with the exception that active nose pokes
were not reinforced by heroin. The duration of the test was 1 h.

Drugs and injection procedures. Morphine hydrochloride, cocaine hy-
drochloride, and heroin hydrochloride were purchased from Qinghai
Pharmaceutical and dissolved in 0.9% physiological saline. Sal003 (Toc-
ris Bioscience) was dissolved in dimethylsulfoxide (DMSO) and further
diluted in 0.9% NaCl (saline) to a final DMSO concentration of 0.1%.
For intracerebral microinfusions, the rats were gently held and the stylets
were removed from the guide cannulae. Sal003 (0.5 �l) or vehicle (0.1%
DMSO in saline) was infused bilaterally in the BLA or CeA using Hamilton
syringes connected to 30 gauge injectors (Plastics One) that were lowered 1
mm below the guide cannula. The drug was injected bilaterally over 1 min.
The injection needle was kept in place for an additional minute to allow
diffusion of the drug into the tissue. The injectors were then removed and the
stylets were replaced (Lu et al., 2005).

Lentiviral vector and virus injection. ATF4 knockdown in the BLA was
established using a lentiviral-vector-based shRNA system according to the
manufacturer’s instructions (catalog #LPP-RSH050838-3-LVRH1GP-0100;
GeneCopoeia). For the detection of ATF4, the hairpin loop sequence was
TCAAGAG. The targeted sequence was 5�-ACCATGCCAGATGAGCTT
T-3�. The sequences for the primers were the following: 5�-TAATACGA
CTCACTATAGGG-3� (forward); 5�-CTGGAATAGCTCAGAGGC-3�
(reverse). For lentiviral-mediated gene transfer, these sequences were cloned

into the hairpin structures under the control of the H1 promoter in the
psiHIV-H1 vector (Siouda et al., 2012).

The rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.).
Using Hamilton syringes connected to 30 gauge injectors (Plastics One)
that reached 1 mm below the guide cannula, 0.5 �l of virus (7.84 � 10 9

TU/ml) was injected at a constant rate over a 5 min period and then
allowed to diffuse for 5 min. The needle was then raised slowly and the
stylets were replaced.

Histology. The animals were deeply anesthetized with sodium pen-
tobarbital (100 mg/kg, i.p.) and transcardially perfused with 0.01 M

PBS, followed by 4% paraformaldehyde in 0.2 M PB. The brain was
extracted, postfixed overnight at 4°C, and cryoprotected in 30% su-
crose in 0.2 M PB.

The cannula placements were confirmed in 40-�m-thick sections us-
ing Nissl staining under light microscopy. Rats with misplaced cannulae
were excluded from the statistical analysis. The locations of the cannula
tips are shown in Figure 1. For enhanced green fluorescent protein ex-
pression in lentiviral-vector-injected animals, consecutive 10 �m coro-
nal brain sections were examined using an Olympus BX53 fluorescence
microscope (Xue et al., 2014).

Tissue sample preparation. The procedure was based on our previous
study (Lu et al., 2005; Li et al., 2010; He et al., 2011; Xue et al., 2012). The
brains were harvested by rapid decapitation without anesthesia after the
tests. After decapitation, the brains were rapidly extracted, frozen in
�60°C N-hexane and transferred to a �80°C freezer. Bilateral tissue
punches (16 gauge) of the CeA and BLA were taken using a freezing
cryostat (�20°C) from 1-mm-thick coronal sections located �2.5–3.0
mm from bregma. The tissue punches were homogenized 3� for 10 –15
s with 5 s intervals using an electrical disperser (Wiggenhauser) after 30
min in RIPA lysis buffer protease and phosphatase inhibitors (Beyotime
Biotechnology; 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 fluo-
ride). The tissue homogenates were then subjected to 12,000 � g centrif-

Figure 2. Retrieval of morphine memory induced dephosphorylation of eIF2� (Ser51) in the BLA but not CeA. A, Timeline of the
experiment. B, CPP scores (mean � SEM) in rats during the baseline preference and CPP test phases. Rats in the morphine groups
acquired significant place preference. The data are shown as preference scores (in seconds) during the CPP preference tests (n 	
8 per group). *p 
 0.05 compared with baseline preference in morphine group. C, D, Phosphorylated eIF2�, ATF4, and total eIF2�
protein levels and representative Western blots in the BLA and CeA after exposure to morphine-paired context. The data are
expressed as a percentage of phosphorylated eIF2�, ATF4, and total eIF2� in naive control rats (n 	 6 per group). In the BLA but
not CeA, exposure to the morphine-paired context decreased phosphorylated eIF2� and ATF4 in the morphine group, which
time-dependently recovered. *p 
 0.05 compared with the no-retrieval (NoR) group.
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ugation for 8 min at 4°C to remove any insoluble materials, including
nuclei and large debris, and the supernatant containing cytosolic pro-
teins and light membrane fraction was collected based on previous stud-
ies (Jiang et al., 2010; Devi and Ohno, 2013). All of the procedures were
performed at 0 – 4°C. The protein concentrations of all of the samples
were determined using the bicinchoninic acid assay (Beyotime Biotech-
nology). The samples were further diluted in RIPA lysis buffer to equalize
the protein concentrations. Aged-matched naive rats were subjected to
daily handling during the behavioral experiments. The brains of these
naive rats were taken to assess basal protein levels, which were used as a
reference for the graphical presentation of the molecular data (see fig-
ures; Li et al., 2008; Li et al., 2010).

Western blot assays. The Western blot procedures were based on our
previous studies (Xue et al., 2012; Ren et al., 2013). Four-times loading
buffer (16% glycerol, 20% mercaptoethanol, 2% SDS, and 0.05% bro-
mophenol blue) was added to each sample (3:1; sample:loading buffer)
before being boiled for 3 min. The samples were cooled and loaded to
SDS-PAGE (10% acrylamide/0.27% N, N�-methylenebisacryalamide re-
solving gel) for �40 min at 80 V in stacking gel and for �1 h at 120 V
in resolving gel. Proteins were electrophoretically transferred to
Immobilon-P transfer membranes (Millipore) at 0.25 A for 2.5 h. The
blots were blocked for 2 h with blocking buffer (5% BSA in TBST) at
room temperature. They were then incubated overnight at 4°C with the
following primary antibodies: total eIF2� (1:1000; Cell Signaling Tech-
nology), p-eIF2� (Ser51; 1:1000; Cell Signaling Technology), �-actin
(1:1000; Cell Signaling Technology), ATF4 (1:200; Santa Cruz Biotech-
nology), Fos (1:1000; Santa Cruz Biotechnology), and Zif268 (1:1000;
Santa Cruz Biotechnology) in TBST plus 5% BSA. After 3 5 min washes in
TBST buffer, the blots were incubated with the corresponding horserad-
ish peroxidase-conjugated secondary antibodies (goat anti-rabbit IgG;
1:5000; Santa Cruz Biotechnology) for 45 min at room temperature on a
shaker. The blots then underwent 5 5 min washes with TBST and the
immunostaining was visualized using the EZ-ECL chemiluminescence
detection kit. The immunoblots were quantified with the Gel Doct EZ

system (Bio-Rad). The values for total eIF2�,
p-eIF2�, ATF4, Fos, and Zif268 protein levels
were normalized to �-actin and analyzed with
Quantity One Version 4.4.0 software
(Bio-Rad).

Statistical analysis. The results are expressed
as mean � SEM. ANOVA was used with ap-
propriate between- and within-subjects factors
for the different experiments (see Results). Sig-
nificant main effects and interactions ( p 

0.05) in the factorial ANOVAs were further an-
alyzed using Tukey’s post hoc test as appropri-
ate. We only report significant effects that are
critical for the interpretation of the data in the
Results.

Results
Effect of retrieval of drug-induced CPP
on eIF2� phosphorylation in the BLA
and CeA
In the first experiment, different groups of
rats (n 	 6 – 8 per group) were used to
assess the effect of retrieval of morphine-
induced CPP on eIF2� phosphorylation
(Ser51) and ATF4 levels in the BLA and
CeA. Rats underwent CPP training for 8 d
and the CPP test on day 9. On day 10, 4
groups of rats underwent a memory re-
trieval trial, during which they were ex-
posed to the morphine-paired chamber
for 10 min without a morphine injection
and then decapitated 10 min, 30 min, 1 h,
and 2 h after the retrieval trial. In the no-
retrieval group, the rats remained in their

home cages without undergoing a memory retrieval trial and
then were decapitated. The rats in the naive group that was sub-
jected only to daily handling in the home cage were decapitated at
the same time as the no retrieval group. Their brains were re-
moved for the subsequent determination of eIF2� phosphoryla-
tion (Ser51) and ATF4 levels (Fig. 2A). The repeated-measures
ANOVA of the behavioral data revealed a significant main effect
of test (F(1,35) 	 269.19, p 
 0.01; Fig. 2B) but no significant effect
of group (F(4,35) 	 0.13, p � 0.1; Fig. 2B). The p-elF2� level was
decreased 10 and 30 min after the retrieval trial and returned to
baseline level 2 h after retrieval in the BLA (one-way ANOVA,
F(4,29) 	 7.15, p 
 0.05; Fig. 2C) but not CeA (Fig. 2D). The
phosphorylation of eIF2� inhibits general mRNA translation but
selectively stimulates the translation of ATF4 mRNA (Costa-
Mattioli et al., 2007). We observed the same alteration in ATF4
expression as in eIF2� dephosphorylation in the BLA (one-way
ANOVA, F(4,29) 	 4.16, p 
 0.05; Fig. 2C) but not CeA (Fig. 2D).

We also used an identical protocol to determine the effect of
retrieval of cocaine-induced CPP on eIF2� phosphorylation (Ser51)
in the amygdala (n 	 6–9 per group; Fig. 3A). Cocaine CPP data
revealed a significant main effect of test (F(1,39) 	 159.12, p 
 0.01;
Fig. 3B) but no significant effect of group (F(4,39) 	 0.08, p � 0.05;
Fig. 3B). The p-eIF2� level (one-way ANOVA, F(4,29) 	 10.97, p 

0.05; Fig. 3C) and ATF4 expression (one-way ANOVA, F(4,29) 	
5.44, p 
 0.05; Fig. 3C) were decreased 10 and 30 min after the
retrieval trial and returned to baseline levels 2 h after the retrieval trial
in the BLA but not CeA (Fig. 3D).

These results show that the retrieval of drug-memory-induced
eIF2� dephosphorylation and decreased ATF4 levels in the BLA
but not CeA.

Figure 3. Retrieval of cocaine memory induced dephosphorylation of eIF2� (Ser51) in the BLA but not CeA. A, Timeline of the
experiment. B, CPP scores (mean � SEM) in rats during the baseline preference and CPP test phases. Rats in the cocaine groups
acquired significant place preference. The data are shown as preference scores (in seconds) during the CPP preference tests (n 	
8 –9 per group). *p 
 0.05 compared with baseline preference in cocaine group. C, D, Phosphorylated eIF2�, ATF4, and total
eIF2� protein levels and representative Western blots in the BLA and CeA after exposure to cocaine-paired context. The data are
expressed as a percentage of phosphorylated eIF2�, ATF4, and total eIF2� in naive control rats (n 	 6 per group). In the BLA but
not CeA, exposure to the cocaine-paired context decreased phosphorylated eIF2� and ATF4 in the cocaine group, which time-
dependently recovered. *p 
 0.05 compared with no-retrieval (NoR) group.
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Effect of preventing eIF2�
dephosphorylation by Sal003 in the
BLA or CeA on the reconsolidation of
morphine reward memory
After the observation that the retrieval of
morphine reward memory induced eIF2�
dephosphorylation in the BLA, we then
determined the effect of local infusion of
Sal003, a selective inhibitor of eIF2� de-
phosphorylation, in the BLA and CeA
immediately after retrieval on the recon-
solidation of morphine reward memory.
Rats were trained for morphine-induced
CPP. On day 10, 4 groups of rats (n 	
6 –10 per group) were given different
doses of Sal003 (0, 2, 6, and 20 �M/side)
bilaterally in the BLA immediately after
the memory retrieval trial. Twenty-four
hours later, the rats underwent CPP Test 2
and were decapitated 10 min later to de-
termine eIF2� phosphorylation and ATF4
levels in the BLA (Fig. 4A). The repeated-
measures ANOVA of CPP scores revealed
significant effects of Sal003 dose (F(3,30) 	
3.68, p 
 0.05; Fig. 4B) and test phase
(F(2,60) 	 59.52, p 
 0.01; Fig. 4B) and a
significant Sal003 dose � test phase inter-
action (F(6,60) 	 5.24, p 
 0.01; Fig. 4B).
The post hoc analysis showed that all of the
groups acquired CPP after morphine-
induced CPP training (p 
 0.01), with no
significant differences in CPP scores
among groups during CPP Test 1 (p �
0.05). Compared with the group of rats
that received Sal003 (0 �M/side), CPP
scores significantly decreased in the group
of rats that received Sal003 (20 �M/side)
in CPP Test 2 (p 
 0.01). We also found
that p-eIF2� level (one-way ANOVA,
F(3,23) 	 9.99, p 
 0.01; Fig. 4C) and ATF4
expression (one-way ANOVA, F(3,23) 	
31.83, p 
 0.01; Fig. 4C) significantly in-
creased in the group of rats treated with
Sal003 (20 �M/side). Furthermore, we
used 2 additional groups of rats (n 	 7– 8
per group) to determine the effect of
intra-CeA infusion of Sal003 on the re-
consolidation of morphine reward mem-
ory (Fig. 4A). We found that local
microinjection of Sal003 (20 �M/side) in
the CeA after morphine memory retrieval
had no effect on the reconsolidation of
morphine reward memory (Fig. 4D). The repeated-measures
ANOVA revealed a significant main effect of test phase (F(2,26) 	
54.60, p 
 0.01) but no main effect of Sal003 dose (F(1,13) 	 0.21,
p � 0.1) and no test phase � Sal003 dose interaction (F(2,26) 	
0.58, p � 0.1). These results revealed that microinjection of
Sal003 in the BLA but not CeA immediately after the retrieval trial
impaired the reconsolidation of morphine reward memory.

Another 4 groups of rats (n 	 5 per group) were used to
determine the effect of Sal003 infusion in the BLA on retrieval-
induced changes in eIF2� phosphorylation. The between-
subjects factors were CPP memory retrieval session (present or

absent) and Sal003 dose (0 or 20 �M/side). The rats that did not
undergo the memory retrieval trial received Sal003 or vehicle in
the BLA without context exposure at the same time as the rats that
were infused with Sal003 or vehicle after a 10 min memory re-
trieval trial on day 10. All of the rats were decapitated 10 min after
Sal003 or vehicle infusions and their brains were extracted to
determine eIF2� phosphorylation in the BLA (Fig. 4E). The
repeated-measures ANOVA revealed a significant main effect of
test (F(1,16) 	 83.68, p 
 0.01; Fig. 4F) but no significant effect of
group (F(3,16) 	 0.09, p � 0.1; Fig. 4F), indicating that all of the
groups acquired equivalent morphine-induced CPP. The one-

Figure 4. Intra-BLA infusion of Sal003 prevented retrieval-related eIF2� dephosphorylation in the BLA and impaired the
reconsolidation of morphine-induced CPP. The data are expressed as mean � SEM. A, Timeline of the experiment. B, CPP scores
during baseline preference and tests for the expression of morphine-induced CPP in rats injected with Sal003 (0, 2, 6, and 20
�M/side) in the BLA immediately after exposure to the morphine-paired context on day 10 (n 	 8 –10 per group). *p 
 0.05
compared with CPP Test 1 in the Sal003 group (20 �M/side) and compared with Sal003 (0 �M/side) in CPP Test 2. C, Phosphory-
lated eIF2�, ATF4, and total eIF2� protein levels and representative Western blots in the BLA after CPP Test 2. The data are
expressed as a percentage of phosphorylated eIF2�, ATF4, and total eIF2� in naive control rats (n 	 6 per group). In the BLA,
Sal003 (20 �M/side) increased phosphorylated eIF2� and ATF4 after CPP Test 2. *p 
 0.05 compared with Sal003 (0 �M/side)
group. D, CPP scores during baseline preference and tests for the expression of morphine-induced CPP in rats injected with vehicle
(0.5 �l/side) or Sal003 (20 �M/side) in the CeA immediately after exposure to the morphine-paired context on day 10 (n 	 7– 8
per group). E, Timeline of the experiment. F, CPP scores during baseline preference and a test for the expression of morphine-
induced CPP in rats decapitated 10 min after exposure to the morphine-paired context on day 10 (n	5 per group). G, Western blot
analysis of phosphorylated and total eIF2� in the BLA in the no-retrieval (NoR)-Vehicle, NoR-Sal003, retrieval (Ret)-Vehicle, and
Ret-Sal003 groups. The phosphorylation level of eIF2� decreased in the Ret-Vehicle group (n	5 per group). *p
0.05 compared
with NoR-Vehicle group.
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way ANOVA of eIF2� phosphorylation revealed a main effect of
group (F(3,19) 	 11.15, p 
 0.01; Fig. 4G). The post hoc analysis
showed that eIF2� phosphorylation level in the group of rats that
received an intra-BLA infusion of Sal003 (20 �M/side) immedi-
ately after retrieval was significantly higher than the group of rats
that received an intra-BLA infusion of vehicle immediately after
retrieval (p 
 0.05) but did not differ from the group that re-
ceived a vehicle injection without retrieval (p � 0.1). No differ-
ence was observed in the total protein levels of eIF2� (one-way
ANOVA, F(3,19) 	 0.59, p � 0.1; Fig. 4G).

Therefore, preventing retrieval-induced eIF2� dephosphoryla-
tion in the BLA but not CeA immediately after the retrieval trial
impaired the reconsolidation of morphine reward memory.

Effect of preventing eIF2� dephosphorylation by Sal003 in
the BLA without exposure or 6 h after exposure to a
morphine-paired context on the expression of morphine
reward memory
We further determined whether the effect of Sal003 on the recon-
solidation of morphine reward memory is retrieval dependent

and temporally specific and whether
Sal003 has an effect on retrieval itself. Two
groups of rats (n 	 7 per group) were
trained for morphine-induced CPP and
then received a microinjection of vehicle
(0.5 �l/side) or Sal003 (20 �M/side) in the
BLA without undergoing a morphine
memory retrieval trial (Fig. 5A). The
repeated-measures ANOVA of CPP scores
revealed a significant main effect of test
phase (F(2,24) 	 28.58, p 
 0.01; Fig. 5B)
but no main effect of Sal003 dose (F(1,12) 	
0.00, p � 0.1; Fig. 5B) and no significant
test phase � Sal003 dose interaction
(F(2,24) 	 0.02, p � 0.1; Fig. 5B). We found
that preventing eIF2� dephosphoryla-
tion by Sal003 in the BLA had no effect
on the subsequent expression of
morphine-induced CPP in the absence
of morphine-paired context reexposure.

We then determined the effect of intra-
BLA injection of Sal003 (20 �M/side) 6 h
after the morphine memory retrieval trial
on the expression of morphine reward
memory (n 	 7 per group; Fig. 5C). The
repeated-measures ANOVA of CPP scores
revealed a significant main effect of test
phase (F(2,24) 	 52.73, p 
 0.01; Fig. 5D)
but no main effect of Sal003 dose (F(1,12) 	
0.00, p � 0.1; Fig. 5D) and no test phase �
Sal003 dose interaction (F(2,24) 	 0.51, p �
0.1; Fig. 5D). These results indicate that
the effect of preventing eIF2� dephos-
phorylation by Sal003 in the BLA on the
reconsolidation of morphine reward
memory was temporally specific.

Finally, we used 2 groups of rats (n 	
7– 8 per group) that received a microinjec-
tion of vehicle (0.5 �l/side) or Sal003 (20
�M/side) in the BLA 5 min before CPP
Test 2 to determine whether preventing
eIF2� dephosphorylation by Sal003 af-
fects memory retrieval (Fig. 5E). The

repeated-measures ANOVA of CPP scores with test phase (base-
line preference, CPP Test 1, and CPP Test 2) as the within-
subjects factor and Sal003 dose (0 and 20 �M/side) as the
between-subjects factor revealed a significant main effect of test
phase (F(2,26) 	 29.85, p 
 0.01; Fig. 5F) but no main effect of
Sal003 dose (F(1,13) 	 0.99, p � 0.1; Fig. 5F) and no test phase �
Sal003 dose interaction (F(2,26) 	 0.48, p � 0.1; Fig. 5F), indicat-
ing that the prevention of eIF2� dephosphorylation by Sal003
had no effect on the retrieval of morphine reward memory.

Long-lasting effect of eIF2� preventing dephosphorylation by
Sal003 in the BLA on the reconsolidation of drug reward
memory
Previous studies have shown that the disruption of drug reward
memory by interfering with the reconsolidation process pro-
duces enduring inhibition of the responses to conditioned cues
that are not sensitive to spontaneous recovery and reinstatement
induced by a drug-priming injection (Li et al., 2010; Wu et al.,
2011). In the present study, we tested the long-lasting effect of
preventing eIF2� dephosphorylation by microinjecting Sal003 in

Figure 5. Preventing eIF2� dephosphorylation by Sal003 in the BLA without exposure or 6 h after exposure to a morphine-
paired context had no effect on the expression of morphine reward memory. A, Timeline of the experiment. B, CPP scores (mean �
SEM) during baseline preference and tests for the expression of morphine-induced CPP in rats injected with vehicle (0.5 �l/side) or
Sal003 (20 �M/side) in the BLA on day 10 without exposure to the morphine-paired context (n 	 7 per group). C, Timeline of the
experiment. D, CPP scores (mean � SEM) during baseline preference and tests for the expression of morphine-induced CPP in rats
injected with vehicle (0.5 �l/side) or Sal003 (20 �M/side) in the BLA 6 h after exposure to the morphine-paired context on day 10
(n 	 7 per group). E, Timeline of the experiment. F, CPP scores (mean � SEM) during baseline preference and tests for the
expression of morphine-induced CPP in rats injected with vehicle (0.5 �l/side) or Sal003 (20 �M/side) in the BLA immediately
before CPP Test 2 (n 	 7– 8 per group).
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the BLA after morphine memory retrieval
on the reconsolidation of morphine re-
ward memory (n 	 7– 8 per group). The
rats underwent the CPP Test 24 h (CPP
Test 2) and 14 d (CPP Test 3) after Sal003
treatment and then the morphine-
priming-induced reinstatement test was
conducted (priming test; Fig. 6A). The
repeated-measures ANOVA of CPP
scores revealed main effects of Sal003 dose
(F(1,13) 	 22.87, p 
 0.01; Fig. 6B) and test
phase (F(4,52) 	 11.18, p 
 0.01; Fig. 6B)
and a significant Sal003 dose � test phase
interaction (F(4,52) 	 5.52, p 
 0.01; Fig.
6B). The post hoc tests showed that CPP
scores in the group of rats that received
Sal003 (20 �M/side) were significantly dif-
ferent from the vehicle group in the CPP
Test 3 (p 
 0.05) and the priming test
(p 
 0.05).

We also found the same long-lasting
inhibitory effect of Sal003 on the recon-
solidation of learned cocaine-induced
CPP (n 	 8 –9 per group). The repeated-
measures ANOVA of CPP scores revealed
main effects of Sal003 dose (F(1,15) 	
20.06, p 
 0.01; Fig. 6C) and test phase
(F(4,60) 	 12.98, p 
 0.01; Fig. 6C) and a
significant Sal003 dose � test phase inter-
action (F(4,60) 	 3.64, p 
 0.05; Fig. 6C).
The post hoc tests showed that CPP scores
in the group of rats that received Sal003
(20 �M/side) were significantly different
from the vehicle group in the CPP Test 3
(p 
 0.05) and the priming test (p 

0.05). Altogether, these results indicate
that the inhibitory effect of preventing
eIF2� dephosphorylation by Sal003 in the
BLA after the retrieval trial on the recon-
solidation of drug reward memory lasted
at least 2 weeks.

Effect of preventing eIF2�
dephosphorylation by Sal003 in the
BLA on the reconsolidation of
morphine reward memory in ATF4
knockdown rats
Given that Sal003 failed to suppress
L-LTP in slices from ATF4 knock-out
mice compared with wild-type mice
(Costa-Mattioli et al., 2007), we hypothe-
sized that Sal003 disrupts the reconsolida-
tion of drug memory based on the
increased expression of ATF4. To test this hypothesis, we tested
the effect of knockdown of ATF4 expression before Sal003 treat-
ment on the reconsolidation of morphine reward memory. First,
we examined the efficiency of ATF4 knockdown by lentivirus-
mediated short-hairpin RNA (shRNA) in the BLA (Fig. 7A). The
rats were decapitated for the Western blot assays 7 or 14 d after
being treated with LV-shATF4 or LV-Scramble (n 	 6 per group;
Fig. 7B). Compared with the LV-Scramble groups, the ATF4 pro-
tein level significantly decreased 7 d (1-way ANOVA, F(1,11) 	

56.02, p 
 0.01) and 14 d (1-way ANOVA, F(1,11) 	 80.64, p 

0.01) after LV-shRNA microinjection.

We then investigated whether the impairment of morphine
reward memory by Sal003 can be blocked by prior knockdown of
ATF4 in the BLA (Fig. 7C). We used a 2 (LV-shATF4 or LV-
Scramble) � 2 (Sal003 or vehicle) factorial design. LV-shATF4 or
LV-Scramble was injected in the BLA 24 h after the baseline pref-
erence test (n 	 6 – 8 per group). The rats were trained for
morphine-induced CPP for 8 d and tested for the expression of
CPP on day 10 (CPP Test 1). On day 11, the rats received either

Figure 6. Preventing eIF2� dephosphorylation by Sal003 in the BLA immediately after morphine or cocaine memory retrieval
caused long-lasting impairment of the expression of drug reward memory, which was not restored by acute priming injections. A,
Timeline of the experiment. B, CPP scores (mean � SEM) during baseline preference and tests for the expression of morphine-
induced CPP in rats injected with vehicle (0.5 �l/side) or Sal003 (20 �M/side) in the BLA immediately after exposure to the
morphine-paired context on day 10. Five minutes before the last CPP test (termed the priming test in A), the rats were injected with
morphine (5 mg/kg, s.c.; n 	 7– 8 per group). *p 
 0.05 compared with Vehicle group. C, CPP scores (mean � SEM) during
baseline preference and tests for the expression of cocaine-induced CPP in rats injected with vehicle (0.5 �l/side) or Sal003 (20
�M/side) in the BLA immediately after exposure to the cocaine-paired context on day 10. Five minutes before the last CPP test, the
rats were injected with cocaine (10 mg/kg, i.p.; n 	 8 –9 per group). *p 
 0.05 compared with Vehicle group.
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vehicle (0.5 �l/side) or Sal003 (20 �M/side) in the BLA immedi-
ately after morphine-paired context exposure. Twenty-four
hours later, the rats underwent CPP Test 2 (Fig. 7C). The two-
way repeated-measures ANOVA of CPP scores with the within-
subjects factor test phase (CPP Test 1 and CPP Test 2) and
between-subjects factors lentivirus (scramble and ATF4 shRNA)
and Sal003 dose (0 and 20 �M/side) revealed a significant test
phase � lentivirus � Sal003 dose interaction (F(2,50) 	 3.52, p 

0.05; Fig. 7D). The post hoc tests showed that CPP scores were
significantly different between the groups in which Sal003 was
injected into BLA in LV-scramble-injected or LV-shATF4-

injected rats (p 
 0.05). Finally, all of the
rats were decapitated 10 min after CPP
Test 2 for the subsequent determination
of eIF2� phosphorylation, total eIF2�,
ATF4, Zif268, and Fos in the BLA (Fig.
7E). We found that Sal003 prevented the
retrieval-induceddephosphorylationofeIF2�
intheBLAcomparedwiththevehicle-treated
groups (one-way ANOVA, F(3,23) 	 13.77,
p 
 0.01), and prior LV-shATF4 microin-
jection blocked the increased expression of
ATF4 in the Sal003-treated group compared
with Sal003 injection in LV-scramble-
injected group (one-way ANOVA, F(3,23) 	
21.32, p 
 0.01). Furthermore, given that
increased ATF4 translation decreases cyclic
adenosine monophosphate response ele-
ment binding protein (CREB)-dependent
transcription (Jiang et al., 2010), we deter-
mined the expression of the ATF4-regulated
immediate early genes zif268 and c-fos,
which have been implicated in the process of
memory reconsolidation (Strekalova et al.,
2003; Lee et al., 2004; Lee et al., 2006), while
ATF4 was reduced by LV-shATF4 in the
BLA. Sal003 increased ATF4 translation and
prevented the increase in Zif268 (one-way
ANOVA, F(3,23) 	 11.39, p 
 0.01) and Fos
(one-way ANOVA, F(3,23) 	 33.85, p 

0.01) expression in LV-Scramble-treated
rats. Altogether, these findings suggest that
ATF4 knockdown in the BLA blocked mor-
phine cue memory impairments induced by
the inhibition of eIF2� dephosphorylation.

Effect of preventing eIF2�
dephosphorylation by Sal003 in the
BLA on cue-maintained heroin-
seeking behavior
Finally, we assessed the effect of prevent-
ing eIF2� dephosphorylation by Sal003 in
the BLA on the reconsolidation of heroin-
associated cue memories in a self-
administration model (Fig. 8A). We
trained the rats to self-administer intrave-
nous heroin over 10 d (Fig. 8B). The
between-subjects factors were retrieval
condition (retrieval and no retrieval) and
Sal003 dose (0 and 20 �M/side). On day
11, we injected Sal003 or vehicle in the

BLA immediately after the 15 min retrieval session or no retrieval.
We tested cue-induced heroin-seeking behavior 24 h and 28 d
after a microinjection of Sal003 or vehicle in the BLA (n 	 7 per
group). The two-way ANOVA revealed a significant retrieval
condition � Sal003 dose interaction in the cue-induced heroin-
seeking test (F(1,24) 	 7.70, p 
 0.05; Fig. 8C) and spontaneous
recovery test (F(1,24) 	 31.38, p 
 0.01; Fig. 8D). The post hoc tests
showed that active nose poke responses in the group of rats that
received an injection of Sal003 in the BLA immediately after the
retrieval of heroin-associated memories were significantly differ-

Figure 7. Preventing eIF2� dephosphorylation by Sal003 did not impair the reconsolidation of morphine reward memory in
ATF4 knockdown rats. The data are expressed as mean � SEM. A, Lentiviral transfer vector-mediated knockdown of ATF4 in the
BLA. The figure shows representative micrographs of enhanced green fluorescent protein (eGFP; green) after BLA microinjection.
Lentiviral-vector-mediated eGFP expression within a defined boundary of the BLA (a: 4� magnification, scale bar, 200 �m; b:
40� magnification, scale bar, 20 �m) shows injection sites (black dots) within the BLA (c). B, Western blot data for ATF4 in BLA
tissues collected from rats 7 or 14 d after bilateral intra-BLA infusion of 0.5 �l of LV-shATF4 or LV-Scramble (n 	 6 per group).
*p 
 0.05 compared with LV-Scramble group. C, Timeline of the experiment. D, CPP scores in LV-shATF4- and LV-Scramble-
injected rats during tests for the expression of morphine-induced CPP when injected with Sal003 (20 �M/side) or vehicle (0.5
�l/side) in the BLA immediately after exposure to the morphine-paired context on day 11. In the BLA, LV-shATF4 blocked the
decrease in CPP scores induced by Sal003 injection after morphine memory retrieval (n 	 7– 8 per group). *p 
 0.05 compared
with LV-Scramble � Vehicle in CPP Test 2. E, Phosphorylated eIF2�, total eIF2�, ATF4, Zif268, and Fos protein levels and
representative Western blots in the BLA after exposure to the morphine-paired context. The data are expressed as a percentage of
molecular alterations in naive control rats (n 	 6 per group). In the BLA, Sal003 (20 �M/side) prevented the decrease in phos-
phorylated eIF2� and ATF4 and prevented the increase in Zif268 and Fos protein levels after exposure to the morphine-paired
context in rats injected with LV-Scramble. When ATF4 expression was knocked down in the BLA, Sal003 (20 �M/side) did not affect
the increase in Zif268 or Fos after exposure to the morphine-paired context. *p 
 0.05 compared with LV-Scramble � Vehicle
group.
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ent from the other groups in both tests
(p 
 0.05), indicating that an intra-BLA
injection of Sal003 immediately after
memory retrieval disrupted the reconsoli-
dation of heroin-associated cue memories
and this effect lasted at least 28 d.

Discussion
We studied the role of eIF2� dephosphor-
ylation in the amygdala in the reconsoli-
dation of drug-associated cue memory
assessed by the CPP and self-admi-
nistration procedures. We found that the
retrieval of either morphine or cocaine
memory was associated with the dephos-
phorylation of eIF2� and ATF4 expres-
sion in the BLA. Intra-BLA infusion of
Sal003 immediately after exposure to
drug-paired cues impaired the reconsoli-
dation of morphine and cocaine cue
memories, which was associated with in-
creases in eIF2� phosphorylation and
ATF4 expression. This inhibitory effect on
expression of morphine or cocaine CPP
lasted at least 2 weeks and was not re-
versed by a morphine or cocaine priming
injection. Furthermore, the knockdown
of ATF4 expression before the retrieval
blocked the disruption of the reconsolida-
tion of morphine cue memory by Sal003. Finally, we investigated
the role of eIF2� dephosphorylation in the reconsolidation of
heroin cue memory in a self-administration procedure and found
that intra-BLA infusion of Sal003 immediately after memory re-
trieval decreased cue-induced heroin-seeking behavior.

The effect of preventing eIF2� dephosphorylation by Sal003
on reconsolidation was anatomically and temporally specific.
The retrieval of either morphine or cocaine cue memory was not
associated with changes in eIF2� dephosphorylation in the CeA.
Intra-CeA infusion of Sal003 immediately after retrieval had no
effect on the reconsolidation of morphine cue memory. These
results were consistent with previous studies indicating the BLA is
involved in the reconsolidation of drug cue memories and fear
memory. (Nader et al., 2000; Lee et al., 2005; Sanchez et al., 2010;
Wu et al., 2011; Ding et al., 2013; Luo et al., 2013; Wells et al.,
2013). Briefly, the BLA receives information about the motiva-
tional value or sensory-specific properties of drug-associated
conditioned stimuli and reinforcers (Fuchs and See, 2002; Di
Ciano and Everitt, 2004). The CeA is an output nucleus of the
information from the BLA and connects to the brainstem and
hypothalamus, which control conditioned responses (Johansen
et al., 2011), and may be more important for stress-induced re-
instatement (McFarland et al., 2004; Ma et al., 2008). Further-
more, we found intra-BLA infusion of Sal003 without the
retrieval of morphine cue memory had no effect on the expres-
sion of morphine-induced CPP, indicating that the effect of in-
hibiting eIF2� dephosphorylation on the reconsolidation of drug
cue memories depends on retrieval. Intra-BLA infusion of Sal003
6 h after retrieval had no effect on morphine-induced CPP. Re-
consolidation refers to a process in which reactivated memory
returns to a stable state to be persistently stored. The memory
reconsolidation process was shown to be disrupted when postre-
trieval manipulations within a specific time window inhibited the

expression of the learned conditioned response (Nader et al.,
2000; Alberini, 2005; Milton and Everitt, 2010). Altogether, the
present results indicate that eIF2� dephosphorylation in the
BLA is critical for the reconsolidation of drug (morphine and
cocaine) cue memories in both the CPP and self-
administration procedures.

Role of eIF2� dephosphorylation in learning and memory
Our data extend previous work on the role of eIF2� dephosphor-
ylation in learning and memory. Utilizing mouse genetics and
pharmacology, a large body of evidence suggests that eIF2�
dephosphorylation is essential for synaptic plasticity and LTM
consolidation (Kelleher et al., 2004; Klann and Dever, 2004;
Costa-Mattioli et al., 2005; Costa-Mattioli et al., 2007; Jiang et al.,
2010; Stern et al., 2013). Genetic reductions of eIF2� phosphor-
ylation in GCN2�/� and eIF2��/S51A mice decreased the thresh-
old of L-LTP and enhanced learning and memory in behavioral
tasks (Costa-Mattioli et al., 2005; Costa-Mattioli et al., 2007).
However, these data make it difficult to rule out the possibility
that compensatory developmental changes in the mutant mice
led to the enhancement of learning and memory. Jiang et al.
(2010) demonstrated that CA1-restricted genetic manipula-
tion of particular mRNA translations, using a new pharmaco-
genetic mouse model in which eIF2� phosphorylation was
elicited specifically in the CA1 area, is sufficient to impair
memory consolidation without affecting general translation.
Recently, systemic or local microinjection of a protein kinase
activated by double-stranded RNA (PKR) inhibitor that re-
duces eIF2� phosphorylation in the gustatory cortex en-
hanced taste memory in rats and mice (Stern et al., 2013).
Moreover, mice treated with ISRIB, a small molecule that de-
creases eIF2� phosphorylation, exhibited enhanced spatial and fear-
associated learning (Sidrauski et al., 2013).

Figure 8. Preventing eIF2� dephosphorylation by Sal003 in the BLA decreased cue-induced heroin craving and spontaneous
recovery. The data are expressed as mean � SEM. A, Timeline of the experiment. B, Total number of infusions across the acquisi-
tion of heroin self-administration. C, Number of responses at the active nose poke operandum in the cue-induced heroin-seeking
test that was conducted 24 h after Sal003 (20 �M/side) or vehicle (0.5 �l/side) injection in the BLA after the retrieval session. D,
Number of responses at the active nose poke operandum during the spontaneous recovery test that was conducted 28 d later. (n 	
7 per group), *p 
 0.05 compared with No retrieval � Vehicle group.
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However, the mechanisms that underlie the effect of eIF2�
dephosphorylation on synaptic plasticity and LTM consolidation
have not been elucidated. Substantial evidence indicates that
ATF4, regulated by eIF2� phosphorylation, is crucial for L-LTP
and LTM storage. ATF4, also known as CREB2, is a bZip tran-
scription factor that interacts with the CCAAT/enhancer binding
protein (C/EBP) family of transcription factors (Ameri and Har-
ris, 2008). In Aplysia, ApCREB-2 that is partially homologous to
murine ATF4 was shown to be a repressor of CREB (Bartsch et al.,
1995). Specifically, reduced ATF4 expression in transgenic mice
facilitates LTP and memory (Chen et al., 2003). In addition, the
reduction of eIF2� phosphorylation in GCN2�/� and eIF2��/S51A

mice also decreased ATF4 expression and L-LTP induction was not
prevented by Sal003 in slices from ATF4�/� mice (Costa-Mattioli et
al., 2005; Costa-Mattioli et al., 2007). Moreover, the increased ex-
pression of ATF4 in the CA1 by PKR activation reduced the ex-
pression of the BDNF, c-fos, zif268, and c/EBP� genes (Jiang et
al., 2010), which were shown to be involved in the reconsolida-
tion process of drug memory (Inda et al., 2005; Lee et al., 2006).
In the present study, we found that eIF2� dephosphorylation in
the BLA after memory retrieval was associated with a decrease in
ATF4 levels. The infusion of Sal003 after memory retrieval, which
inhibited CPP expression, also prevented eIF2� dephosphoryla-
tion and the decrease in ATF4 levels after CPP Test 2. These
results indicate that the alterations of eIF2� dephosphorylation
and ATF4 are correlated with the retrieval of drug reward mem-
ory. Moreover, we knocked down ATF4 expression by LV-
shATF4 in the BLA before memory retrieval, which blocked the
impairment of morphine cue memory induced by Sal003. Nota-
bly, the ATF4 levels did not significantly decline in the vehicle
groups after LV-shATF4 or LV-scramble injection in the CPP
experiment, whereas LV-shATF4 induced a significant reduction
of ATF4 protein levels 7 and 14 d after virus injection, possibly
due to a “floor effect” of ATF4 levels after treatments of CPP
training and the retrieval test. Therefore, our data provide evi-
dence that eIF2� dephosphorylation in the BLA mediates the
reconsolidation of morphine cue memories and is dependent on
ATF4.

Role of eIF2� dephosphorylation in drug memory
Inspired by studies that demonstrated a role for eIF2� dephos-
phorylation in synaptic plasticity and the consolidation of
LTM (Costa-Mattioli and Sonenberg, 2006; Costa-Mattioli et
al., 2007), we studied the role of eIF2� dephosphorylation in
the reconsolidation of drug cue memories. It has been dem-
onstrated that the reconsolidation of drug cue memories
depends on protein synthesis (Lee et al., 2005; Milekic et al.,
2006). Disruption of the reconsolidation of cocaine-
associated cue memories blocked the expression of cocaine-
induced CPP and decreased the activation of Zif268 and Fos
(Miller and Marshall, 2005). In addition, Zif268 knockdown
using an antisense oligonucleotide in the BLA after memory
retrieval disrupted the reconsolidation of cocaine-associated
cue memories and inhibited cue-induced cocaine-seeking be-
havior up to at least 27 d (Lee et al., 2005). Furthermore, under
a second-order schedule of reinforcement, Zif268 antisense
oligodeoxynucleotides in the BLA impaired the cue-induced
maintenance of cocaine seeking (Lee et al., 2006). The phos-
phorylation of eIF2� activates ATF4 to regulate the transcrip-
tion of genes, including c-fos and Zif268, during the initiation
of translation, which controlled the synaptic plasticity re-
quired for the reconsolidation of drug cue memories in the
present study. Notably, we found that the inhibition of eIF2�

dephosphorylation by Sal003 immediately after the retrieval
impaired the expression of morphine- and cocaine-induced
CPP and subsequent expression of Zif268 and Fos in the BLA,
and this effect was blocked by prior knockdown of ATF4 using
LV-shATF4 in the BLA. These findings indicate that eIF2�-
ATF4 signaling controls the reconsolidation of drug cue mem-
ories by regulating the expression of Zif268 and Fos. We
further tested the effect of inhibiting eIF2� dephosphoryla-
tion on cue-induced heroin-seeking behavior in the self-
administration procedure. Intra-BLA infusion of Sal003 after
the retrieval of heroin-associated memory persistently inhib-
ited cue-induced heroin seeking up to at least 28 d.

However, a general conclusion regarding the role of eIF2�
dephosphorylation in the BLA in reward memory should be
made with caution because eIF2� phosphorylation is known to
impair both positive and negative forms of taste memory (Stern
et al., 2013) and eIF2� dephosphorylation is necessary for the
consolidation of normal memory (Costa-Mattioli et al., 2007;
Jiang et al., 2010). Further studies are needed to determine
whether eIF2� dephosphorylation is also involved in natural re-
ward memory.

Concluding remarks
In conclusion, we found that eIF2� dephosphorylation in the
BLA is involved in the retrieval of drug cue memories and is
critical for the reconsolidation of drug cue memories in an ATF4-
dependent manner. These findings extend the knowledge of
eIF2�-ATF4 signaling in the BLA with regard to drug cue mem-
ories and may provide insights into the therapeutic potential of
inhibiting eIF2� dephosphorylation in the treatment of drug
addiction.
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