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A Memory Retrieval-Extinction
Procedure to Prevent Drug
Craving and Relapse
Yan-Xue Xue,1* Yi-Xiao Luo,1* Ping Wu,1* Hai-Shui Shi,1,2 Li-Fen Xue,1 Chen Chen,1 Wei-Li Zhu,1

Zeng-Bo Ding,1 Yan-ping Bao,1 Jie Shi,1 David H. Epstein,3 Yavin Shaham,3 Lin Lu1†

Drug use and relapse involve learned associations between drug-associated environmental cues
and drug effects. Extinction procedures in the clinic can suppress conditioned responses to
drug cues, but the extinguished responses typically reemerge after exposure to the drug itself
(reinstatement), the drug-associated environment (renewal), or the passage of time (spontaneous
recovery). We describe a memory retrieval-extinction procedure that decreases conditioned drug
effects and drug seeking in rat models of relapse, and drug craving in abstinent heroin addicts.
In rats, daily retrieval of drug-associated memories 10 minutes or 1 hour but not 6 hours before
extinction sessions attenuated drug-induced reinstatement, spontaneous recovery, and renewal
of conditioned drug effects and drug seeking. In heroin addicts, retrieval of drug-associated
memories 10 minutes before extinction sessions attenuated cue-induced heroin craving 1, 30,
and 180 days later. The memory retrieval-extinction procedure is a promising nonpharmacological
method for decreasing drug craving and relapse during abstinence.

Conditioning plays a major role in drug ad-
diction, and responses to drug-associated
cues persist during prolonged abstinence

(1, 2). These findings led to the development of
cue-exposure therapies to extinguish the craving-

and relapse-provoking effects of drug cues (1, 3).
However, cue-exposure therapy in clinical set-
tings does not usually prevent relapse when for-
mer drug addicts return to their previous drug
environments (4). Animal learning studies pre-
dict that extinction responding is susceptible to
renewal, reinstatement, and spontaneous recov-
ery. Respectively, these terms refer to resumption
of original learned responses after change of en-
vironmental context, acute exposure to the un-
conditioned stimulus (such as food or drug), or
passage of time (5).

More recently, preclinical investigators have
been able to decrease behavioral effects of drug-

associated cues by pharmacologically interfering
with reconsolidation of drug-cue memories (6–9).
Reconsolidation refers to a time-dependent pro-
cess in which consolidated memory items are
rendered transiently unstable shortly after their
reactivation (10–12). However, with the exception
of the beta-adrenoceptor antagonist propranolol
(13, 14), which is approved for human use, the
other pharmacological compounds used in these
studies are not suitable for human use (15–18).
Consequently, the results from rat reconsolida-
tion studies have not yet “translated” to clinical
use in addiction treatment.

A nonpharmacological alternative may be
possible: the “memory retrieval-extinction” behav-
ioral procedure to interfere with reconsolidation
of fear cues in rats and humans (19, 20). Re-
instatement, renewal, and spontaneous recov-
ery of fear responding are prevented by acute
exposure to cues previously paired with foot-
shock (a retrieval manipulation) if that exposure
is followed 10min or 1 hour later (but not 6 hours
later) by repeated exposure to the same cues in
extinction sessions. Thus, extinction experience
within the timeframe of the “reconsolidation win-
dow” after cued retrieval of the fear memories
mimicked the behavioral effect of a pharmaco-
logical manipulation on suppression of fear con-
ditioning (19, 20).

We used an extinction-reinstatement proce-
dure in rats [an animal model of drug relapse
(21)] and a cue-induced–craving procedure in
humans (1) to assesswhether thememory retrieval-
extinction procedure can decrease drug- and cue-
induced drug preference and relapse in rats and
cue-induced drug craving in humans.

We first assessed the effect of the memory
retrieval-extinction manipulation on drug-priming–

1National Institute on Drug Dependence, Peking University,
Beijing 100191, China. 2Department of Biochemistry and
Molecular Biology, Basic Medical College, Hebei Medical
University, Shijiazhuang 050017, China. 3Intramural Research
Program, National Institute on Drug Abuse, National Institutes
of Health, Baltimore, MD 21224, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
linlu@bjmu.edu.cn

Fig. 1. In rats, retrieval of drug-cue memories
10 min or 1 hour before extinction sessions pre-
vented drug-priming–induced reinstatement of
morphine CPP. (A) During CPP training, rats learned
to associate one environmental context with the
effect of morphine injections (10 mg/kg, subcu-
taneous) and to associate another context with
saline injections. Next, all rats were tested for
their place preference (CPP test 1). Twenty-four
hours later, rats were divided into four groups and
given different memory retrieval-extinction manip-
ulations: 55-min extinction training (in one group),
or 10-min memory retrieval + 45 min extinction
training (in the other three groups—with either
a 10-min, 1-hour, or 6-hour delay between mem-
ory retrieval and extinction training). All rats were
tested for reinstatement of morphine CPP induced
by a priming injection of morphine (5 mg/kg, sub-
cutaneous). (B) Effect of the experimental manip-
ulations on the CPP score. Data are mean T SEM
of preference score in seconds (time spent in the
morphine-paired chamber minus time spent in
the saline-paired chamber) during the CPP tests.
Asterisk indicates different from the “no memory
retrieval” condition; P < 0.05; n = 9 to 11 rats per
experimental condition.
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induced reinstatement of drug conditioned place
preference (CPP) and spontaneous recovery of
drug CPP (details are available in the supple-
mentary material). In the Pavlovian CPP version
of the reinstatement model, CPP is induced by a
drug, extinguished, and then reinstated by priming
injections of the drug (21); like other conditioned
responses (22), the extinguished CPP response
can reemerge after the passage of time (sponta-
neous recovery).

In experiment 1 (cocaine CPP) (fig. S1A) and
experiment 2 (morphine CPP) (Fig. 1A), we used
four groups of rats: (i) no memory retrieval + ex-
tinction; (ii) memory retrieval + 10-min delay +
extinction; (iii) memory retrieval + 1-hour delay +
extinction; and (iv) memory retrieval + 6-hour
delay + extinction. We analyzed the data with the
between-subjects factor of group and the within-
subjects factor of CPP test (test 2, after extinction;
test 3, drug-induced reinstatement or spontane-
ous recovery test). Brief (10 min) cued retrieval
of the drug memories 10 min or 1 hour but not
6 hours before the longer 45-min daily extinc-
tion sessions impaired drug-priming–induced re-
instatement of drug CPP for cocaine (table S1,
statistical results, and fig. S1) and morphine
(group × test interaction, F3,25 = 9.5, P < 0.01)
(Fig. 1). In experiment 3, we used an identical
experimental procedure to demonstrate that the
memory retrieval-extinction manipulation also
impaired spontaneous recovery of cocaine CPP
(fig. S2).

We next assessed the effect of the memory
retrieval-extinction manipulation on drug-

priming–induced reinstatement of the drug self-
administration behavior, spontaneous recovery,
and context-induced reinstatement of drug seek-
ing [a renewal manipulation (23)]. These ex-
periments used the operant self-administration
version of the reinstatement model, in which
animals are trained to respond for drug infu-
sions, given daily extinction sessions until operant
responding ceases, and then tested for reinstate-
ment of (nonreinforced) pressing on the drug-
associated device (such as a lever or nosepoke
operandum) after acute noncontingent exposure
to drug-priming injections or exposure to drug-
associated cues (24, 25). A selective increase in
nonreinforced responding on the device previ-
ously associated with drug infusions (but not
on the inactive device) is interpreted to indicate
relapse to drug seeking (26). Like drug CPP, the
extinguished drug-reinforced conditioned re-
sponse undergoes spontaneous recovery after
the completion of extinction training (27).

In experiments 4 and 5, we used rats that had
been trained to self-administer cocaine or heroin
to demonstrate the inhibitory effect of the mem-
ory retrieval-extinction manipulation on drug-
priming–induced reinstatement (Fig. 2 and fig. S3).
The statistical analysis included the between-
subjects factor of group (no memory retrieval +
extinction, memory retrieval + 10-min delay + ex-
tinction, and memory retrieval + 6-hour delay +
extinction for cocaine; or no memory retrieval +
extinction and memory retrieval + 10-min de-
lay + extinction for heroin) and the within-subjects
factor of reinstatement condition (last extinc-

tion session, reinstatement test session). Brief
(15 min) cued retrieval of the drug memories
10 min but not 6 hours before the long 180-min
daily extinction sessions impaired drug-priming–
induced reinstatement of cocaine (fig. S3) or
heroin (Fig. 2) seeking. There were significant
group × reinstatement condition interactions for
both cocaine (table S2) and heroin (F1,10 = 6.9,
P < 0.05). No group differences were seen in
responding on the inactive nosepoke operandum
(P > 0.1). Additionally, the memory retrieval-
extinction manipulation accelerated extinction
responding in the cocaine-trained rats (table S2
and fig. S3) but not the heroin-trained rats (P >
0.05) (Fig. 2).

In experiments 6 and 7, we used rats that had
been trained to self-administer cocaine to dem-
onstrate the inhibitory effect of the memory
retrieval-extinction manipulation on spontane-
ous recovery (experiment 6) and renewal (context-
induced reinstatement; experiment 7) of cocaine
seeking (figs. S4 and S5). In the renewal exper-
iment, the rats were trained to self-administer
cocaine in a distinct context (context A). Then,
the operant responding was extinguished in a
different, nondrug context (context B). During
the subsequent tests, reinstatement of cocaine
seeking was assessed after exposure to context
A (28). Brief (15 min) cued retrieval of the co-
caine memories 10 min before the long 180-min
daily extinction sessions impaired spontaneous
recovery (fig. S4) and renewal (fig. S5) of co-
caine seeking. The statistical analyses, which
included the between-subjects factor of group

Fig. 2. In rats, retrieval of drug-cue memories
10minbefore extinction sessions attenuated heroin-
priming–induced reinstatement of drug seeking.
(A) Timeline of the experimental procedure.
Rats were trained to self-administer intravenous
heroin during three 1-hour daily sessions over
10 days. Twenty-four hours later, the rats were
divided into two groups and given differ-
ent memory retrieval-extinction manipulations:
195-min extinction training or 15-min memory
retrieval + 180-min extinction training, with
10 min between memory retrieval and extinction

training. The rats were then tested for reinstatement of nosepoke responding after noncontingent priming injections of heroin (0.25 mg/kg, subcutaneous).
(B and C) Number of responses (mean T SEM) on the active and inactive nosepoke devices during the extinction sessions and the heroin-priming test.
Asterisk indicates different from the “no memory retrieval” condition; P < 0.05; n = 6 to 7 rats per experimental condition.
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(no memory retrieval + extinction and memory
retrieval + 10-min delay + extinction) and the
within-subjects factor of test condition (last ex-
tinction session, spontaneous recovery, or renewal
test session), showed significant interactions be-
tween group × test condition (table S2). No group
differences were seen in responding on the inac-
tive nosepoke operandum (P > 0.1). Additionally,
thememory retrieval-extinctionmanipulationmod-
estly accelerated extinction responding in exper-
iment 6 (fig. S4) but not experiment 7 (fig. S5).

In experiment 8, we assessed the effect of the
memory retrieval-extinction manipulation on the
protein expression of protein kinase Mz (PKMz)
in medial prefrontal cortex (mPFC; infralimbic
and prelimbic subregions) and amygdala (baso-
lateral and central subregions). PKMz is a con-
stitutively active atypical isoenzyme of protein
kinase C that mediates long-term maintenance
of aversive and appetitive memories (29, 30),
including drug-associated memories (31, 32).
We found that extinction training alone increased
PKMz expression in infralimbic (but not pre-
limbic) cortex and decreased PKMz expression
in basolateral (but not central) amygdala (fig. S6).
Furthermore, the memory retrieval-extinction
manipulation with a 10-min but not 6-hour delay
potentiated extinction-induced increases in PKMz
expression in infralimbic cortex and extinction-
induced decreases in PKMz expression in baso-
lateral amygdala (table S2 and fig. S6). There was
no group effect on the levels of b-actin (a control
protein).

Next, we assessed the clinical relevance of
the memory retrieval-extinction procedure in in-
patient detoxified heroin addicts. Heroin craving
was assessed by using a visual analog scale (VAS)
on which the participants had to rate their cur-
rent craving for heroin, before and immediately
after exposure to a neutral cue and a heroin cue.
Neutral and heroin cues were both 5-min video-
tapes. Heart rate (HR) and blood pressure were
monitored before and after cue exposure as ad-
ditional measures of cue reactivity. The heroin ad-
dicts were assigned to three groups: (i) no memory
retrieval + extinction, (ii) memory retrieval + 10-
min delay + extinction, or (iii) memory retrieval +
6-hour delay + extinction. The memory retrieval-
extinction manipulation with a 10-min but not
6-hour delay inhibited both cue-induced craving
(Fig. 3) and cue-induced increases in blood pres-
sure, but not heart rate (Fig. 4). Craving reactiv-
ity to cues was assessed by using change scores
from preexposure baseline (33).

For cue-induced craving, the statistical analysis
[SAS PROC MIXED, Satterthwaite method for
denominator degrees of freedom that takes into
account missing cells in repeated-measures anal-
ysis of variance (ANOVA)], which included base-
line (day 1) as the covariate, the between-subjects
factor of group, and the within-subjects factors of
test day (posttreatment tests on days 4, 34, and 184)
and cue type (neutral cue and heroin cue), showed
a significant interaction between group × cue type
(F2,23.75 = 9.0, P < 0.01). For systolic and diastol-
ic blood pressure, the analyses showed a trend

toward an interaction between group × cue type
(F2,343.25 = 2.38, P = 0.094 and F2,374.46 =
2.42, P = 0.09, respectively). No group differ-
ences were observed for heart rate.

In 2009, Monfils and colleagues introduced a
memory retrieval-extinction procedure whose ap-
plication to both rats (19) and humans (20) led
to long-lasting blockade of shock-conditioned
fear responses. Here, we introduce an appetitive-
conditioning version of the memory retrieval-
extinction procedure whose application caused
long-lasting attenuation of conditioned drug ef-
fects and drug seeking (in rats) and drug craving
(in detoxified heroin users). The behavioral effects
of our procedure were also associated with changes
in the expression of the memory-maintenance–
related molecule PKMz in infralimbic cortex and
basolateral amygdala. As in the fear-conditioning
studies, a key determinant of effectiveness was
the interval between the shorter memory-retrieval
sessions and the longer extinction sessions or the
interval between short reexposure to the drug-
associated cues (memory retrieval) and subsequent
longer nonreinforced reexposure to the same cues
(extinction).

The development of the memory retrieval-
extinction fear-conditioning procedure was in-
spired by theoretical accounts of memory retrieval
and reconsolidation (34) and studies of pharma-
cological manipulations of reconsolidation of
fear memories (11, 35). The latter body of work
has since been extended to appetitive memories
(6), including memories of drug-associated cues

Fig. 3. In humans, retrieval of drug-cue memories
10 min before extinction sessions caused long-
lasting attenuation of cue-induced heroin craving.
(A) Timeline of the experimental procedure.
Neutral- and heroin-cue–induced drug craving
(see supplementary materials) in abstinent heroin
addicts was measured with VAS on day 1. Twenty-
four hours later, the participants were divided into
three groups and given different memory retrieval-
extinction manipulations for 2 consecutive days:
neutral cue exposure + 10-min delay + 60-min
extinction training (in one group), or 5-min heroin-
cue exposure (memory retrieval) + 60-min extinction
training (in the other two groups—with 10 min or
6 hours between memory retrieval and extinction
training). During the extinction sessions, the par-
ticipants were given four consecutive sessions of
repeated exposures to three different heroin-related
cues (supplementary material). Measures of subjec-
tive craving and sympathetic activation (heart rate
and blood pressure) were obtained after the ex-
tinction sessions. Cue-induced heroin craving was
assessed again on days 4, 34, and 184 by using a
procedure identical to that used on day 1. (B) Cue-
induced heroin craving (mean T SEM) on day 1
(baseline), days 4, 34, and 184 (1, 30, and 180 days
after the memory retrieval-extinction sessions). As-
terisk indicates different from “nomemory retrieval”
group; P < 0.05; n = 22 human subjects per group
for day 1, 4, and 34; n = 16 to 18 human subjects
per group for day 184.
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(7, 36). In those studies, investigators inferred
that memory reconsolidation was disrupted on
the basis of findings that post-retrieval systemic
or intracranial injections of pharmacological
agents within a specific time interval (up to 2 hours
after retrieval)—often termed a “reconsolidation
window”—disrupted the expression of responses
to aversive or appetitive cues (6, 12, 37). Accord-
ingly, results from studies of memory retrieval-
extinctionmanipulations have been taken to reflect
interference with reconsolidation (19, 20, 38). The
findings that the memory retrieval-extinction ma-
nipulation is ineffective when the extinction ses-
sions are given at delays that are longer than the
reconsolidation window (19, 20, 38) supports this
interpretation. The retrieval-extinction manipu-
lation also blocks shock-induced reinstatement,
spontaneous recovery, and renewal of conditioned-
fear expression [phenomena that are otherwise
reliably observed after extinction training (5)] in
some studies (19, 20, 38), but not others (39, 40).
On the basis of the above findings, a plausible
interpretation of our data is that the memory
retrieval-extinction manipulation interfered with
reconsolidation of memories for drug cues. This
hypothesis is supported by two sets of observa-
tions. First, across the different experiments in both
rats and humans, the memory retrieval-extinction
manipulation was effective only within the time
window of reconsolidation. Second, in the CPP
experiments the memory retrieval-extinction ma-
nipulation completely blocked drug-priming–
induced reinstatement and spontaneous recovery.

However, a reconsolidation account of the data
should be made with some caution in the case of

the drug self-administration experiments. In those
experiments, nosepoke responding was signifi-
cantly lower during the last extinction session than
during the tests for drug-priming–induced rein-
statement, spontaneous recovery, and renewal in
the 10-min or 1-hour memory retrieval-extinction
condition. Additionally, the effect of the mem-
ory retrieval-extinction manipulation on nose-
poke responding during extinction training—a
behavior induced in part by exposure to the drug-
associated cues (26)—wasmodest and inconsistent
across experiments. Together, these observations
suggest that our memory retrieval-extinction ma-
nipulation onlyweakened thememories of the drug
cues (or decreased their motivational effects) rather
than completely preventing the expression of the
conditioned response, as would have been pre-
dicted by a reconsolidation account of the data.

What might account for the attenuation
but not blockade of drug seeking in the self-
administration experiments? One possibility is
that the memory retrieval-extinction manipula-
tion preferentially disrupted reconsolidation of
stimulus-response Pavlovian-based memories
that mediate drug CPP in rats and cue-induced
drug craving in humans, while having less impact
on reconsolidation of response-outcome operant-
based memories that play a role in reinstatement
of drug seeking in the drug self-administration
procedure. Operant drug seeking is controlled
by a complex interplay between operant and
Pavlovian conditioning processes (7, 26), and
there is evidence that reconsolidation of operant
memories is more difficult to disrupt than re-
consolidation of Pavlovian memories (41).

Another issue to consider in interpreting the
present data is that the memory-retrieval ma-
nipulations were performed under extinction
conditions, and therefore, a given manipulation
could have affected reconsolidation of cue mem-
ories, consolidation of extinction memory, or
both (6). Our retrieval manipulation in the self-
administration experiments was 15 min of daily
non-reinforced operant responding in the pres-
ence of the drug-associated cues. Thus, an alter-
native interpretation could be that intermittent
exposure to extinction training within the consol-
idation window of extinction memory may have
strengthened the extinction memory, rendering
the original appetitive memory less susceptible to
reinstatement, spontaneous recovery, or renewal.
Indeed, results from fear-conditioning studies
demonstrate that pharmacological manipulations
that promote consolidation of extinctionmemory,
decrease reinstatement, spontaneous recovery,
and renewal of fear memories (42–44).

It is also possible that our memory retrieval-
extinction manipulation both facilitated extinc-
tion consolidation and disrupted reconsolidation.
Two lines of evidence from published reports sup-
port this hypothesis. The first is our recent finding
that post-training PKMz activity in basolateral
amygdala is critical for memories of morphine
reward and morphine withdrawal aversion but
not extinction memory, whereas PKMz activity
in infralimbic cortex is critical for extinctionmem-
ory but not reward or withdrawal memories (31).
The second is that plasticity in basolateral amyg-
dala is critical for reconsolidation of memories
for both aversive and appetitive cues (6, 7) and

Fig. 4. In humans, retrieval of drug-cue memories 10 min before the ex-
tinction sessions caused long-lasting attenuation of cue-induced increases
in systolic and diastolic blood pressure but not heart rate. The experimental
procedure was identical to that described in Fig. 3. (A) Heart rate. (B) Systolic
blood pressure. (C) Diastolic blood pressure. Asterisk indicates different from
“nomemory retrieval” group; P < 0.05, n = 22 human subjects per group for
day 1, 4, and 34; n = 16 to 18 human subjects per group for day 184.
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for the effects of the retrieval-extinction manip-
ulation on fear memories (38), whereas infra-
limbic plasticity is critical for maintenance of
aversive and appetitive extinction memories
(44, 45). In the experiments reported here, we
found that repeated cocaine-cue retrieval 10 min
before daily extinction sessions potentiated the
opposite effects of extinction training alone on
PKMz in the infralimbic cortex (increased ex-
pression) versus basolateral amygdala (decreased
expression) (fig. S6). These findings are consist-
ent with a “dual” effect of the memory retrieval-
extinction manipulation on both consolidation
of extinction memory and reconsolidation of cue
memories.

Investigators have identified several ways to
disrupt cue-memory reconsolidation or strengthen
extinction learning (7, 46). However, their poten-
tial as preventive treatments for addiction is lim-
ited because they often rely on pharmacological
agents that are either not approved for human
use or that can cause problematic side effects.
We used established animal models of drug re-
lapse and a standard human laboratory procedure
for drug-induced craving to assess a purely be-
havioral procedure to decrease the motivation-
al effects of drug cues during abstinence. The
memory retrieval-extinction procedure decreased
cue-induced drug craving and (extrapolating from
our rat data) perhaps could reduce the likelihood
of cue-induced relapse during prolonged ab-
stinence periods. If our procedure weakens the
original drug-cue memories rather than solely
facilitating extinction, it may overcome the con-
textual renewal problems that have limited the
clinical effectiveness of traditional extinction pro-
cedures (4), although this possibility needs em-
pirical evaluation in human addicts. Last, although
the cellular mechanisms and brain circuits un-
derlying the long-lasting effects of the retrieval-
extinction procedure on drug relapse and craving

remain to be elucidated, our data point to a role
for PKMz activity in the infralimbic cortex and
basolateral amygdala.
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Orthographic Processing in
Baboons (Papio papio)
Jonathan Grainger,* Stéphane Dufau, Marie Montant, Johannes C. Ziegler, Joël Fagot

Skilled readers use information about which letters are where in a word (orthographic information)
in order to access the sounds and meanings of printed words. We asked whether efficient processing
of orthographic information could be achieved in the absence of prior language knowledge. To do
so, we trained baboons to discriminate English words from nonsense combinations of letters that
resembled real words. The results revealed that the baboons were using orthographic information
in order to efficiently discriminate words from letter strings that were not words. Our results
demonstrate that basic orthographic processing skills can be acquired in the absence of preexisting
linguistic representations.

Reading is a complex process that starts
with the extraction of detailed visual in-
formation, which is used to access the

sounds (phonology) and the meanings (se-
mantics) of words. Before they process the pho-

nological and semantic information, readers of
languages that use an alphabetic script must
first process the elementary visual features of the
word’s constituent letters and assign these dif-
ferent letter identities to specific positions in the

word. The computation of letter identities and
their relative positions is referred to as ortho-
graphic processing, and there is a large consen-
sus today that such processing represents the
first “language-specific” stage of the reading pro-
cess that follows the operations involved in the
control of eye movements (bringing words into
the focus of central vision) and early visual pro-
cessing (enabling visual feature extraction; Fig. 1A)
(1–4). In the present study, we examined whether
the ability to efficiently process orthographic in-
formation can operate in the absence of prior lin-
guistic knowledge.

Orthographic processing lies at the inter-
face between the visual processing and the lin-
guistic processing involved in written language
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