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Abstract

Finding effective long-lasting treatments for drug addiction has been an elusive goal.
Consequently, researchers are beginning to investigate novel treatment strategies including
manipulations of drug-associated memories. When environmental stimuli (cues) become
associated with drug use they become powerful motivators of continued drug use and relapse after
abstinence. Reducing the strength of these cue-drug memories could decrease the number of
factors that induce craving and relapse to aid in the treatment of addiction. Enhancing the
consolidation of extinction learning and/or disrupting cue-drug memory reconsolidation are two
strategies that have been proposed to reduce the strength of cues in motivating drug seeking and
taking behavior. Here we review the latest basic and clinical research elucidating the mechanisms
underlying consolidation of extinction and reconsolidation of cue-drug memories in the hopes of
developing pharmacological tools that exploit these signaling systems to treat addiction.
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Introduction

Drug addiction is characterized by compulsive use in the face of adverse consequences and
repeated cycles of abstinence and relapse. Environmental stimuli (cues) that are repeatedly
associated with a drug are known to promote compulsive drug taking and craving and are a
primary trigger of relapse (Carter and Tiffany, 1999; Shalev et al., 2002; See, 2002).
Therefore, recent efforts to develop effective treatments for addiction have focused on
manipulations of learning and memory processes involved in encoding cue-drug
associations.

Under natural conditions organisms learn about the availability of rewards such as food,
water, and mates by their association with specific environmental cues. With repeated
associations the cues are sufficient to elicit emotional and physiological responses and
approach behaviors. While it is advantageous for organisms to learn and remember cues that
predict natural rewards, these circuits can become abnormally activated in the presence of
drugs of abuse. Natural rewards and the cues that predict them increase dopamine release in
the nucleus accumbens and prefrontal cortex (Bassareo et al., 2002; Bassareo and Di Chiara,
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1999; Di Chiara, 2002; Torregrossa and Kalivas, 2008); however, drugs of abuse produce a
much greater dopamine increase that does not habituate over time, potentially enhancing
learning and memory consolidation about cues associated with drugs and overshadowing the
cues associated with natural rewards (Torregrossa et al., 2011; Hyman et al., 2006; Robbins
and Everitt, 2002). Indeed, in abstinent smokers, smoking related cues overshadow neutral
cues indicative of monetary reward (Freeman et al., 2012). The resulting enhanced
consolidation of drug-associated cues may increase the propensity of the drug-cue memory
to strengthen rather than extinguish when cues are encountered in the environment.
Therefore, manipulations that inhibit cue memory reconsolidation (a possible mechanism of
memory strengthening) or that promote or enhance consolidation of cue extinction have
potential therapeutic value for the prevention of relapse in addiction (c.f., Taylor et al., 2009;
Sorg, 2012). Importantly, the same neural circuits that are involved in developing addictive
behaviors and that are responsive to dopamine, namely, the nucleus accumbens, amygdala,
and prefrontal cortex, are also responsible for the extinction and reconsolidation of drug-
associated memories (Jentsch and Taylor, 1999; Taylor et al., 2009). Therefore,
understanding the molecular mechanisms of learning and memory within this neural
circuitry will enhance our understanding of addiction itself. In this review, we will discuss
current theories about the interaction of memory extinction and reconsolidation processes,
the evidence for specific circuit and molecular mediators of these processes, and evidence
that interfering with reconsolidation and/or enhancing extinction of drug cues may provide
novel treatments for addiction.

Memory extinction and reconsolidation

Retrieval of a previously consolidated stimulus-reward memory in the absence of
reinforcement can lead the memory to undergo two distinct and independent neurobiological
processes — extinction and reconsolidation. Extinction involves learning of a new stimulus-
no reward association (Bouton, 2004) that requires its own consolidation phase, and inhibits
or interferes with initial learning, but does not cause forgetting (Bouton, 2004; Eisenberg
and Dudai, 2004). Extinction results in the reduction of the conditioned response to the
stimulus. Alternatively, retrieved memories can undergo reconsolidation, which is the
process of restabilizing the memory trace after it is retrieved or “reactivated”, possibly by
incorporating new information and/or strengthening the memory (Lee, 2008; Inda et al.,
2011; Tronson et al., 2006) and returning it to long-term storage (Tronson and Taylor 2007).
Recent studies have suggested that brief and/or weak exposures to a conditioned stimulus
lead to reconsolidation, whereas more prolonged or repeated retrieval events, or weaker
conditioning, results in extinction (Pedreira and Maldonado, 2003; Eisenberg et al., 2003;
Suzuki et al., 2004; Power et al., 2006; Tronson and Taylor, 2007). Therefore, deficits in
performance following manipulations at the time of retrieval could be interpreted either as a
blockade of reconsolidation or a facilitation of extinction. However, when a manipulation
produces no observable changes in the rate of extinction, it is more likely that altered
reconsolidation has occurred (Tronson and Taylor, 2007). Further, demonstrations of
memory enhancements following manipulations at the time of retrieval are less easily
explained by an altered extinction account. Nevertheless, when studying manipulations to
weaken the strength of memories, both reconsolidation and extinction effects should be
considered, and the short-term and long-term consequences of these manipulations be
examined. Alterations in reconsolidation or extinction that produce only transient mnemonic
effects are less likely to be relevant to the very long-lasting role that drug-associated cues
play in craving and relapse. Additionally, combinations of treatments targeting both of these
putatively distinct processes could be particularly effective in the treatment of addiction.
First, we will describe both basic and clinical studies that have explored the mechanisms of
extinction and reconsolidation. Then, we will discuss some recent studies attempting to
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combine manipulations of extinction and reconsolidation to reduce the effects of persistent,
maladaptive memories.

Mechanisms of extinction of drug-associated memories

Until recently, the majority of extinction research was conducted by studying the extinction
of aversive memories. The importance of extinction of appetitive or reward related
memories has since gained interest as a means of treating addiction-related disorders, and
the field has used the information provided by studies of conditioned fear to understand
appetitive extinction. Appetitive extinction is generally studied using the conditioned place
preference (CPP) or the self-administration/reinstatement models of addiction. In CPP, the
place preference is extinguished by repeated exposure to the previously drug-paired context
in the absence of reinforcement, while in the self-administration/extinction/reinstatement
model, the operant response required to produce a drug infusion is extinguished by
withholding the reinforcer after a response (Tzschentke, 2007; Shaham et al., 2003). Using
these models, appetitive cue extinction has been shown to involve activity of the basolateral
amygdala (BLA; Toyomitsu et al., 2002; Lindgren et al., 2003) and the infralimbic region of
the medial prefrontal cortex (ILPFC; Peters et al., 2008; Koya et al., 2008). The ILPFC
likely mediates extinction of conditioned memories through connections to the BLA (Muller
etal., 1997; Wilensky et al., 2006), as the BLA is required for cue-induced reinstatement of
cocaine-seeking behavior (Meil and See, 1997; McLaughlin and See, 2003). Furthermore,
renewal of cocaine seeking after extinction in an alternate context is associated with
increased Fos expression in both the ILPFC and the BLA (Hamlin et al., 2008).

In addition, after extinction of a cocaine-reinforced response, the ability to express the
extinction memory (i.e., show low levels of responding in the absence of reinforcement)
requires activity in the projection from the ILPFC to the nucleus accumbens (NA) shell
(Peters et al., 2008). Moreover, extinction training has been reported to reverse cocaine-
induced decreases in the expression of the GIuR1 and GIuR2/3 subunits of AMPA glutamate
receptors in the NAshell, and viral over-expression of GIuR1 and GIuR2 in the NA enhances
extinction of cocaine self-administration (Sutton et al., 2003; Self and Choi, 2004).
Therefore, extinction learning is sufficient to reverse some aspects of cocaine-induce
neuroplasticity, and maintaining the extinction memory appears to require glutamatergic
activity in the shell, which may be generated by inputs from the ILPFC and/or BLA.
Interestingly, over-expression of AMPA receptor subunits does not alter extinction of
responding on a sucrose-paired lever, suggesting that cocaine produces specific
neuroadaptations that result in altered extinction learning circuitry (Sutton et al., 2003).
Consequently, more research is needed to understand how drugs of abuse alter learning and
memory processes, as it is unlikely that the molecular underpinnings of drug-associated
memories completely overlap with other forms of memory, such as fear. Drug addiction
typically involves many more pairings of cues and contexts with the reinforcer, the pairings
can be both predictable and unpredictable, and the pairings are more likely to be spaced over
time rather than occurring in a single training session. In addition, extinction of drug cues
appears to involve circuitry within the nucleus accumbens to a greater degree than extinction
of fear (Peters et al., 2009), suggesting that different strategies may need to be employed to
weaken drug-associated memories by extinction.

There are also many potential shortcomings of extinction learning that must be overcome to
produce a long-lasting reduction in relapse, including the propensity for extinguished
responding to return with the passage of time (spontaneous recovery); after re-exposure to
the unconditioned stimulus (reinstatement); or after a change in context (renewal). One
strategy for the treatment of addiction is to find ways to enhance and/or maintain extinction
learning to overcome these limitations (Taylor et al., 2009). Therefore, several researchers
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are investigating pharmacological and molecular means of strengthening the consolidation
of extinction memory.

Several studies have examined the ability of the NMDA partial agonist D-cycloserine
(DCS), to facilitate extinction of drug memories. DCS is a promising potential therapeutic
because it has been shown to facilitate extinction of fear and reduce reinstatement in animal
models and humans (Ledgerwood et al., 2003; Ledgerwood et al., 2004; Ressler et al.,
2004). Likewise, DCS given post-session either systemically or in the BLA, facilitates
extinction of a cocaine CPP (Botreau et al., 2006), and this effect can be long-lasting,
indicating less spontaneous recovery, and is resistant to reinstatement (Paolone et al., 2009).
DCS also facilitates extinction of responding for self-administered cocaine and reduces re-
acquisition of cocaine self-administration in rats and monkeys (Nic Dhonnchadha et al.,
2010). Moreover, the full agonist at the glycine modulatory site of the NMDA receptor, D-
serine, has also been shown to facilitate extinction of self-administered cocaine and prevent
cocaine-induced reinstatement (Kelamangalath et al., 2009). Finally, the glutamatergic
modulator, N-acetyl cysteine, enhances extinction of responding on a lever previously paired
with heroin self-administration (Zhou and Kalivas, 2008). Therefore, facilitating
glutamatergic activity at the time of extinction may help prevent relapse to drug use by
overcoming some of the weaknesses of extinction training (though see the discussion of
clinical studies below).

Manipulating other neurotransmitter systems may also facilitate extinction. For example,
extinction of a CPP for amphetamine is enhanced by immediate post-extinction
administration of glucose or the muscarinic acetylcholine receptor agonist oxotremorine
given either systemically or directly into the BLA (Shroeder and Packard, 2003; 2004). The
enhancement of extinction was only observed when the compounds were given immediately
after an extinction session, not when administered 2 hours later, suggesting that the
manipulation specifically targeted extinction memory consolidation, and that the window for
cholinergic-mediated enhancement of consolidation is short. The possibility of using
cholinergic agents to facilitate extinction deserves further study, particular in drug self-
administration models.

To date, most extinction studies in the addiction field have focused on the extinction of the
instrumental response used to self-administer drug, but studying ways to extinguish the
association between discrete stimuli or cues and the drug of abuse is also desirable because
cues are known to be strong mediators of relapse (Carter and Tiffany, 1999; Shalev et al.,
2002; See, 2002). In addition, extinction of cues is highly relevant to the clinical setting
where extinction of instrumental responses may be less feasible (e.g., snorting or injecting)
and might not reduce the ability of associated cues to drive relapse. However, relatively few
preclinical studies have specifically examined mechanisms of drug cue extinction. See and
colleagues have reported that glutamatergic activity within the BLA is necessary for the
extinction of drug-paired cue memories (Fuchs et al., 2006; Feltenstein and See, 2007). In
these studies, Pavlovian cue-drug pairings were made in the absence of instrumental
responding and the cue’s ability to support responding on a drug-associated lever was
assessed in an extinction test (no cocaine delivered). Post-test infusions of the sodium
channel blocker tetrodotoxin (TTX) or the NMDA antagonist AP-5 into the BLA inhibited
the expression of extinction on subsequent days of testing (Fuchs et al., 2006; Feltenstein
and See, 2007). While these studies suggest feasibility for modulation of extinction
consolidation after cue-drug learning, the passive and discrete (single session) cue-drug
pairings given after repeated self-administration does not recapitulate the repeated cue-drug
pairings and drug-taking behavior experienced by addicts. Therefore, we tested whether
extinction of a cocaine-paired cue in Pavlovian manner, where the cue is presented in the
absence of reinforcement or an instrumental response, would be sufficient to reduce later
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cue-reinforced responding in a cue-induced reinstatement test. We found that Pavlovian
extinction of the cue was sufficient to reduce later cue-induced reinstatement of lever
responding, similar to clinical studies using exposure therapy (Torregrossa et al., 2010). The
development of this animal model will allow for novel preclinical testing of
pharmacotherapies that can be paired with exposure therapy to facilitate extinction of drug-
cue memories.

Finally, a recent study has examined whether the interoceptive cues associated with cocaine
use, as opposed to external environmental cues, could be extinguished to reduce relapse-like
behavior in rats self-administering cocaine. The researchers found that repeated priming
with cocaine reduced drug-seeking responses when rats were then given access to the lever
that had previously produced cocaine. Interestingly, the effect was persistent, occurred in
rats that had extended access to cocaine, and the procedure prevented stress-induced
reinstatement of cocaine seeking (Mihindou et al., 2011). While the results are intriguing,
there are potential clinical limitations as the researchers did not assess whether repeated
priming was effective against cue-induced reinstatement, or if it could prevent reacquisition
of self-administration if cocaine availability became response contingent again. In addition,
the effect was context-dependent, which will also potentially limits the clinical effectiveness
of this treatment strategy as described below. Nonetheless, a repeated drug priming strategy
does deserve further study; however, addicts often repeatedly have drug lapses prior to a full
relapse of addictive behavior, suggesting that repeated priming may be ineffective clinically
(Leri and Stewart, 2002).

Extinction of both fear and drug-associated memories is highly context-specific (Bouton and
Bolles, 1979; Parker et al., 2006; Kearns and Weiss, 2007) — such that extinction does not
generalize to contexts other than that where extinction occurred. Consequently, extinction
memories generated in a treatment setting are not likely to generalize to other environments
(i.e., drug taking contexts), contributing to the limited success of extinction-based therapies
(Drummond, 2000; Bouton, 2002; Kalivas et al., 2006). However, the majority of studies
aimed at investigating the facilitation of extinction memories have focused on manipulations
specifically within the contexts/environments where the original memories were formed.
Therefore, experimental methods that make extinction memories generalize to other contexts
(i.e., prevent the renewal effect described above) are a highly desirable focus for new
research.

For example, the hippocampus is known to be involved in the contextual modulation of
extinction (Corcoran and Maren, 2001; 2004; Hobin et al., 2006), but it is not yet known if
manipulations of hippocampal activity during the acquisition of extinction could later reduce
the context-specificity of extinction expression for drug-associated memories. Pre-clinical
studies should test this hypothesis, and if found to be successful it may be possible to design
a clinical treatment that inhibits hippocampal-mediated encoding of context during
extinction.

Alternatively, pharmacological enhancement of extinction consolidation using systemic or
infralimbic cortex manipulations may alone increase the context generalization of cue
extinction by increasing the strength of the extinction memory, thus, producing a greater
inhibition of activity in brain regions that promote cue motivated behavior. In support of this
hypothesis, we have found that systemic administration of DCS after cue extinction in a
novel context inhibits subsequent cue-induced renewal (Torregrossa et al., 2010). However,
we did not find that DCS in the infralimbic cortex or BLA affected renewal, suggesting that
DCS may not facilitate extinction of drug cues through actions in these regions. Indeed, a
recent study found that a profound extinction of conditioned fear could be induced by a
single infusion of BDNF into the infralimbic cortex, but it was not sufficient to prevent
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renewal (Peters et al., 2010). We did; however, find that intra-nucleus accumbens core
(NAc) DCS could prevent renewal, recapitulating the systemic effects. This suggests that
cocaine cue extinction may involve a circuit including the NAc or that DCS inhibited the
contextual encoding of extinction learning, resulting in extinction that generalizes across
contexts (Torregrossa et al., 2010).

Importantly, another study has examined the ability of DCS to prevent renewal of
responding for a food reinforcer and found that DCS treatment after instrumental extinction
did not prevent renewal (Vurbic et al., 2011), similar to previous studies of aversive learning
(Woods and Bouton, 2006). Therefore, the effect of DCS on extinction of cocaine cues may
either be specific to Pavlovian extinction or to the type of reinforcer (i.e., cocaine vs. food
vs. shock). Nevertheless, generalization of cue extinction across contexts is important
clinically. Chaudhri and colleagues (2008) found that conducting extinction in multiple,
distinct contexts is effective for reducing renewal of behavior associated with alcohol cues
in rats, and similar results have been found for fear responses in humans (Vansteenwegen et
al., 2007). Manipulations shown to enhance the context generalization of cue extinction will
be of tremendous value in augmenting extinction therapies, and we believe that more basic
and clinical studies should address this issue.

Finally, it is possible that chronic exposure to drugs of abuse results in neuroplasticity in the
PFC, BLA, NAc, and/or other brain regions that make drug-associated cues particularly
resistant to extinction. Notably, Weiss and colleagues (2001) reported that renewal of
cocaine seeking behavior induced by a cocaine-paired cue did not diminish even after 34
days of intermittent, repeated testing when extinction would be expected to occur. Likewise,
Di Ciano and Everitt (2004) found that the conditioned reinforcing property of drug-paired
cues did not diminish with repeated testing, also suggesting that the behaviorally motivating
effects of cues are difficult to extinguish. Therefore, enhancing the consolidation of
extinction of drug-associated cues may be particularly difficult to accomplish. However it is
promising that extinction of a cocaine CPP can be enhanced by DCS such that there is no
reinstatement of preference even more than 20 days after the last extinction session (Paolone
et al., 2009). Further, extinction augmentation studies need to examine the effects on all
types of reinstatement (relapse) including reinstatement induced by stress, the drug itself,
and drug associated cues. DCS has been successful in reducing reinstatement to cues and to
drug, but future studies including those using other extinction enhancing agents, should
address all forms of reinstatement, including stress.

Finally, caution needs to be taken in using DCS to facilitate extinction in drug addicts, as
one study has found that DCS given after 30 cocaine cue presentations produced an increase
in cue-induced reinstatement, suggesting an enhancement in reconsolidation, rather than a
facilitation of extinction (Lee et al., 2009). Therefore, if there is not sufficient cue exposure
to induce extinction learning, reconsolidation could be facilitated instead, worsening the
clinical outcome. Indeed, clinical studies using DCS in combination with extinction in
addicts have been unsuccessful (see below), possibly due in part to reconsolidation effects.
Moreover, due to the fact that drug-associated cues may be particularly difficult to
extinguish, clinical studies should be designed to ensure extinction occurs before
administering a cognitive enhancer such as DCS.

Mechanisms of reconsolidation of drug-associated memories

In addition to understanding mechanisms of extinction, investigations of reconsolidation

processes have intensified in recent years (Tronson and Taylor, 2007). Reconsolidation of
fear memories, like consolidation, depends upon protein synthesis (e.g., Nader et al., 2000;
Dudai, 2004; Alberini, 2005) and several other parallel signaling mechanisms (Kida et al.,
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2002; Bozon et al., 2003). Likewise, reconsolidation of memories for alcohol- and cocaine-
associated cues requires both protein synthesis and NMDA receptor activity (von der Goltz
etal., 2009; Lee et al., 2005; Milton et al., 2008a). However, the requirement for NMDA
receptor activation may be time-limited as only pre-session infusions of NMDA antagonists
were effective in blocking reconsolidation of cocaine cues (Milton et al., 2008a) and post-
session NMDA antagonism was only marginally effective in preventing reconsolidation of
alcohol cue memories (Wouda et al., 2010). Moreover, one study has shown that NMDA
antagonism only blocks reconsolidation to prevent cocaine-primed reinstatement for a place
preference and not in a self-administration paradigm (Brown et al., 2008).

In addition to protein synthesis and NMDA signaling, we have recently demonstrated that
reconsolidation of cue memories associated with cocaine requires amygdalar PKA activation
in a similar manner to conditioned fear (Sanchez et al., 2010; Tronson et al., 2006). This
observation is particularly intriguing given that chronic cocaine exposure persistently
increases PKA activity (Pollandt et al., 2006; Lynch and Taylor, 2005; Nestler, 2004;
Terwilliger et al., 1991), possibly resulting in cue-drug memory strengthening through
enhanced reconsolidation.

A growing body of research has identified additional molecular mediators of cue-drug
memory reconsolidation. Notably, Lee and Everitt first demonstrated that cue-induced
reinstatement of cocaine seeking, cue-maintained cocaine seeking under a second-order
schedule of reinforcement, and the acquisition of a new response reinforced by drug-
associated cues (conditioned reinforcement) are all disrupted if the immediate-early gene
Zif268 is knocked down in the BLA at the time of cue retrieval (Lee et al., 2005; 2006).
Moreover, Zif268 knockdown by oligodeoxynucleotides during cue retrieval is sufficient to
reduce cue-mediated drug seeking for 27 days, making reconsolidation disruption a
promising strategy for the long-term treatment of addiction.

Developing clinical treatments for addiction requires finding agents that can disrupt
reconsolidation when given systemically, making the report demonstrating that systemic
propranolol can disrupt the ability of both cocaine- and food-paired cues to act as
conditioned reinforcers in rats particularly exciting (Milton et al., 2008b)). In addition,
propranolol has been shown to block reconsolidation of both cocaine and morphine
conditioned place preference (Bernardi et al., 2006; Robinson and Franklin, 2007). Together
these studies suggest that adrenergic signaling is important for reconsolidation of appetitive
memories, much like has been shown for fear reconsolidation and might be useful clinically
(Debiec and LeDoux, 2006; Debiec et al., 2011). Interestingly though, a recent study has
found that propranolol given 20 min prior to a cocaine CPP test inhibited retrieval of the
CPP memory, and that this deficit in retrieval persisted over several tests and was not
subject to reinstatement (Otis and Mueller, 2011). The effect of propranolol in this study
was not easily explained as a reconsolidation effect as it was apparent without any memory
reactivation. It is also unclear why retrieval of the CPP memory would be disrupted once the
propranolol had worn off, but regardless of the mechanism, it suggests that some of the
effects of propranolol could be due to long-lasting retrieval deficits as opposed to
reconsolidation effects. Nevertheless, a retrieval disrupting effect could also be useful
clinically.

However, other reports suggest that propranolol does not disrupt reconsolidation (or
retrieval) for all forms of cue-related learning, particularly for alcohol (Milton et al., 2012;
Font and Cunningham, 2012). Likewise, propranolol is only effective in disrupting
reconsolidation for some but not all forms of aversive conditioning (Muravieva and
Alberini, 2010), possibly suggesting that propranolol affects Pavlovian aspects of memory to
a greater degree than learned instrumental associations. Moreover, a series of studies
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examining a conditioned place preference for morphine has determined that propranolol is
most effective in blocking reconsolidation when the drug-associated memory is weakly
conditioned, time passes between the last drug conditioning session and the memory
reactivation, if the animal is not morphine dependent, and if the reactivation conditions are
novel. When these conditions are not met, then propranolol is not effective in disrupting
reconsolidation and the place preference is maintained (Robinson and Franklin, 2007; 2010;
Robinson et al., 2011a; 2011b). Therefore, clinical studies are needed to directly test the
ability of propranolol in conjunction with drug memory reactivation, or possibly prior to
drug memory retrieval, to prevent relapse and determine the reactivation conditions required
for effective propranolol use.

Using disruption of memory reconsolidation as a treatment for psychiatric disorders has
been somewhat controversial because of the potential that inhibiting reconsolidation could
result in memory erasure. However, most manipulations of conditioned fear and cue-drug
reconsolidation have not produced a complete loss of the associated behavior, and other
studies using fear conditioning have shown that the efficacy of reconsolidation
manipulations is very specific to the memory that is reactivated with non-reactivated
memories remaining intact (Debiec et al., 2006; Doyere et al., 2007). Though, notably, a
recent study has found that animals trained to learn both a cocaine conditioned place
preference and a passive avoidance response reduced expression of both memories when
intra-amygdala lidocaine was given after retrieval of either memory (Tzeng et al., 2012).
This study suggests that either some manipulations are capable of disrupting even non-
reactivated memories, or that multiple memories can be encoded in the same circuits such
that disrupting one memory in the circuit disrupts them all. Future research should examine
these issues, though one speculative explanation for the above results is that if the same
researcher handled the animals during each phase of the experiment, the researcher became
an occasion-setting cue associated with both memories, and thus exposure to the researcher
caused both memories to become labile simultaneously. It will certainly be important
moving forward to determine the specificity of reconsolidation manipulations before wide
scale use in clinical populations.

To date, the majority of reconsolidation manipulations do not appear to completely erase the
memory, and indeed, studies in humans indicate that manipulating reconsolidation can
inhibit conditioned emotional responses to fearful stimuli, but not the declarative memory
about the stimulus-shock association (Kindt et al., 2009). However, in animal studies,
memory erasure appears to be possible as inhibiting the protein kinase C (PKC) isoform
PKMgzeta has been shown to persistently block the expression of a long-term aversive
(Shema et al., 2007) and conditioned place preference memory (Li et al., 2011; Shabashov et
al., 2011). While a conditioned place preference memory could be apparently ablated, this
did not impede relearning the association (Li et al., 2011). Reactivation of the drug or
aversive memory was not required for the effect of PKMzeta inhibition, but it has been
shown that extinction of drug memories is associated with decreases in PKMzeta expression
in the amygdala, suggesting the protein is dynamically regulated based on the current
strength of memory expression (Xue et al., 2012). In the clinical situation, PKMzeta
inhibition might erase multiple memories, but it’s possible that in combination with memory
reactivation, a PKMzeta inhibitor might be able to produce a selective loss of a drug-
associated memory. However, this hypothesis still needs to be explicitly tested.

While a complete erasure of memory may not be ideal in the clinical treatment setting,
manipulations that profoundly weaken cue-drug associations could be efficacious in
reducing craving and relapse induced by drug-associated cues. Importantly, we have shown
that reconsolidation processes can be context-independent, such that manipulations of
reconsolidation can occur in novel contexts and be successful in reducing reinstatement in
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the drug-taking context (Sanchez et al., 2010). Therefore, reconsolidation manipulations
may have greater applicability and utility to the clinical setting.

Several of the studies described above specifically manipulated the reconsolidation of drug-
associated cues, which is a method that can easily translate to the clinic. Several additional
studies have investigated the molecular mechanisms of reconsolidation of contextual drug
associations, which is a bit more difficult to translate to the clinic, but provides a wealth of
knowledge about signaling molecules that may be involved in many types of memory
reconsolidation. Using the conditioned place preference (CPP) paradigm, muscarinic
acetylcholine and NMDA receptors, including specifically the glycine site of NMDA
receptors (Kelley et al., 2007; Sadler et al., 2007, Sakurai et al., 2007; Brown et al., 2008;
Zhai et al., 2008; Zhou et al., 2011), calcium/calmodulin-dependent protein kinase 11
(CaMKII; Sakurai et al., 2007), matrix metalloproteinases (Brown et al., 2007), and
neuronal nitric oxide synthase (Itzhak and Anderson, 2007) have all been shown to be
necessary for the reconsolidation of CPP memories using multiple drugs of abuse. In
addition, reactivation of a CPP memory has been shown to activate extracellular regulated
protein kinase (ERK) in the nucleus accumbens core, and inhibition of ERK after
reactivation persistently reduces the expression of CPP for up to 14 days (Miller and
Marshall, 2005). Likewise, systemic inhibition of ERK or protein synthesis after cocaine or
morphine CPP reactivation is sufficient to reduce subsequent expression of CPP (Valjent et
al., 2006). Moreover, an inhibitor of the cyclin-dependent kinase 5 (CDK5) specifically in
the BLA can also inhibit reconsolidation of a cocaine CPP memory that is also maintained
for 14 days and cannot be reinstated by a priming dose of cocaine (Li et al., 2010). Similar
findings have also been reported for glycogen synthase kinase 3p (GSK3p) inhibitors (Wu et
al., 2011). Finally, stress, via actions at glucocorticoid receptors in the BLA, can inhibit the
reconsolidation of a morphine CPP memory (Wang et al., 2008). Therefore, there are many
potential targets available for the development of pharmacotherapeutics that can take
advantage of reconsolidation processes to treat addiction.

In some studies, the drug of abuse must be administered when the animal is placed into the
conditioned context to see an effect of a particular protein on reconsolidation processes (e.g.,
matrix metalloproteinases, systemic ERK inhibition), suggesting that reconsolidation of
contextual associations may involve distinct processes depending on whether the individual
is under the influence of that drug (Brown et al., 2007; Valjent et al., 2006). However,
NMDA antagonists can prevent reconsolidation of a CPP, either when the drug of abuse is
given (Brown et al., 2008), or when it is omitted (e.g., Kelley et al., 2007). The requirement
for administration of the conditioning drug to observe effects on reconsolidation appears to
be specific to the signaling cascade that is manipulated, rather than dependent on the type of
drug of abuse used for conditioning. However, to date, not all studies have tested memory
reactivation in both the presence and the absence of the drug of abuse, so it is possible that
some negative findings may be due to the absence of the conditioning drug, while some
positive findings may only be found under very specific reactivation conditions. The drug of
abuse itself may induce the activation of certain signaling cascades that impinge on memory
processes themselves, resulting in a subset of molecules that are only required for
reconsolidation in the presence of the drug. Future studies testing a variety of clinically
applicable reconsolidation paradigms, with or without exposure to the drug of abuse, in
combination with these molecular manipulations will establish which targets are most
valuable for clinical development. Interestingly, a study from the fear literature suggests that
memory reactivation of the US (shock) followed by administration of a protein synthesis
inhibitor results in reduced memory expression for multiple non-reactivated cues that had
been associated with the shock (Debiec et al., 2010). Therefore, US reactivation using the
drug itself may enable disruption of reconsolidation of multiple drug-associated memories at
once, which could be very useful clinically. However, substantial preclinical validation of
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this hypothesis is required to overcome the ethical dilemma surrounding re-exposing addicts
to the drug of abuse.

Finally, a recent series of studies has examined anatomical and molecular mediators of
reconsolidation of a drug self-administration contextual memory using the context-induced
renewal model. In this model, animals are trained to self-administer a drug, but rather than
manipulating cue-associated reconsolidation, the memory of the self-administration context
is manipulated. These experiments have established that reconsolidation of this form of
drug-associated memory requires non-protein synthesis dependent neuronal activity within
the dorsal hippocampus (Ramirez et al., 2009) and protein synthesis in the BLA (Fuchs et
al., 2009). While these studies eliminated a primary role for the dorsomedial prefrontal
cortex and caudate-putamen in contextual reconsolidation, the necessity of other signaling
molecules (e.g., those mentioned above) and the role of the nucleus accumbens has yet to be
determined (Ramirez et al., 2009). Overall, these exciting studies are rapidly leading to the
development of novel learning and memory based treatments for addiction.

Clinical use of extinction and reconsolidation based therapies

Several researchers have attempted to use extinction learning, known as cue exposure
therapy clinically, to treat addiction to a variety of drugs of abuse (Conklin and Tiffany,
2002). Cue exposure therapy (CET) is based on the assumption that when environmental
stimuli are repeatedly associated with a drug, the stimuli will become sufficient to elicit
conditioned responses that lead to craving and relapse, and that these conditioned responses
can be extinguished. This assumption was explicitly tested by Foltin and Haney (2000) who
showed that in a laboratory setting, cues explicitly associated with smoked cocaine could
elicit conditioned responses such as changes in heart rate, skin temperature, and desire for
cocaine when presented alone. These researches also demonstrated that the conditioned
responses could extinguish when repeatedly presented in the absence of cocaine. Similar
results have been found for alcohol-associated cues (Field and Duka, 2002). Therefore,
drug-associated cues can elicit craving responses that can be extinguished, verifying that
extinction is a plausible therapy for addiction.

Indeed, CET has been shown to increase the latency to relapse and reduce consumption in
alcohol dependent subjects (Drummond and Glautier, 1994), and O’Brien and colleagues
(1990) found that extinction of cocaine cues successfully reduced craving in the laboratory,
and prolonged the period of abstinence compared to non-extinguished controls.
Unfortunately, many clinical studies have not found CET to be an effective treatment for
addiction (Conklin and Tiffany, 2002). For example, a randomized controlled trial of CET in
opiate addicts found that while CET reduced physiological responses and craving in the lab,
the subjects were more likely than controls to relapse (Marissen et al., 2007). Another study
of opiate addicts found a reduction in cue reactivity after CET that lasted up to 6 weeks
(Franken et al., 1999), but the testing was conducted in the laboratory where the extinction
training occurred and no assessments were made of outcomes outside of the laboratory.

Determining the effectiveness of CET once the subjects return to the natural environment is
very important as extinction is known to be a context-dependent phenomena (Bouton, 2002),
such that extinction training conducted in a clinical context is unlikely to transfer to the
drug-taking environment, as described above. Therefore, there is a need for alternative
strategies such as pharmacological enhancement of extinction, reducing the contextual
encoding of extinction, or manipulations of reconsolidation to more effectively treat
addiction. One strategy that has been used to reduce the influence of the laboratory context
on extinction learning is to conduct extinction in an immersive virtual reality environment.
Virtual reality extinction has been effective in reducing cue-elicited craving (Lee et al.,
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2007) and is more effective in eliciting conditioned responses than traditional slides or
videos (Kuntze et al., 2001). However, the long-term effectiveness of this strategy to
maintain abstinence still needs to be determined.

Recently, several studies have examined whether a pharmacological agent can augment
extinction of drug memories to reduce craving and relapse. The cognitive enhancing agent
DCS has been successful in facilitating extinction in animal models of addiction such that
reinstatement, reacquisition, spontaneous recovery, and renewal are all reduced (Nic
Dhonnchadha et al., 2010; Paolone et al., 2009; Torregrossa et al., 2010). Moreover, DCS
has been successful in augmenting exposure therapy in phobic clinical populations (Ressler
et al., 2004). Therefore, several groups have examined whether DCS could enhance
extinction of drug-associated cues. To date, DCS has been tested as an augmentation to
exposure therapy in smokers, alcohol-dependent/heavy drinking subjects, and cocaine
addicts. In these studies DCS was given prior to extinction/exposure sessions. In general,
DCS alone produced mild stimulant/euphoric effects that increased craving in some
subjects. Then, during the first extinction session, craving and other physiological measures
(depending on the study) increased in response to exposure to drug-related stimuli, but these
measures decreased with continued exposure. Unfortunately, DCS did not facilitate
extinction or reduce drug use for cocaine (Price et al., 2012) or alcohol (Watson et al., 2011;
Kamboj et al., 2011a; Hofmann et al., 2012). Only in studies of cigarette smokers has DCS
shown any promise, with one study finding that DCS reduced smoking cue reactivity (Santa
Ana et al., 2009) and another finding that DCS reduced emotionality on a Tobacco Craving
Questionnaire at a 2-week follow up (Kamboj et al., 2011b). DCS has been given pre-
session in the clinical studies to obtain sufficient blood levels by the end of the exposure
session; however, the potential for producing stimulant effects on its own, suggests that it
might be better to administer DCS after some extinction learning has occurred to determine
if it can facilitate the consolidation of extinction. It may also be that DCS is more effective
in treating anxiety disorders where producing stimulant effects would not be confounding.

Currently, to our knowledge, only two studies have pharmacologically manipulated
reconsolidation in drug addicts. These studies found that heroin addicts exposed to a stressor
(Zhao et al., 2009) or propranolol (Zhao et al., 2011) after retrieval of a learned drug-
associated word list had reduced word recall the following day. However, these studies did
not examine whether this apparent inhibition of reconsolidation had any effect on heroin
craving or other treatment outcomes. On the other hand, this strategy has been used for
treating anxiety disorders such as post-traumatic stress disorder (PTSD) and phobias
(McCleery and Harvey, 2004; Debiec and LeDoux, 2006). Patients with PTSD often have
extreme symptoms of anxiety when exposed to stimuli that remind them of the traumatic
experience. When these stimuli are presented to patients in the clinical setting to induce fear,
the reconsolidation process can be inhibited by glucocorticoid exposure (similar to the
stress-induced inhibition of reconsolidation described above for heroin-associated words)
and by propranolol. Glucocorticoid treated PTSD and phobic patients have reported reduced
severity of fear and anxiety in response to these stimuli when encountered in the outside
environment (de Quervain, 2008; de Quervain and Margraf, 2008), and propranolol treated
subjects have decreased physiological fear responses when later asked to recall the traumatic
event (Brunet et al., 2008). In addition, propranolol given with repeated memory
reactivations produces a greater in magnitude and more persistent reduction in PTSD
symptoms, with most participants no longer meeting diagnostic criteria for PTSD (Brunet et
al., 2011).

In the 2008 study by Brunet and colleagues, propranolol was given after reactivation of the

traumatic memory, suggesting that reconsolidation processes were specifically targeted,
though additional controls, including non-reactivation and delayed administration groups,
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would strengthen a reconsolidation interpretation of the effect. One human fear conditioning
study does support a reconsolidation interpretation as the study found that propranolol given
prior to reactivation blocked emotional fear expression, but that there was no effect of
propranolol in a no reactivation control group (Kindt et al., 2009). Interestingly, the
declarative memory about the fear conditioned stimulus was not affected, providing
evidence for dissociable memory systems for specific aspects of fear that can be selectively
modulated by a reconsolidation manipulation (Kindt et al., 2009). On the other hand, in the
glucocorticoid studies, glucocorticoids were given prior to and during memory reactivation,
making it difficult to interpret the exact mechanism by which the fear memory was
disrupted. Though, considering that corticosterone can disrupt reconsolidation of a morphine
CPP in rats (Wang et al., 2008), it is possible that the glucocorticoid effect in this clinical
population was mediated through disrupted reconsolidation. Regardless of the mechanism
underlying the results described above, disruption of reconsolidation of a cue related
memory appears to be a feasible clinical treatment strategy. However, the mechanisms by
which drug-cue memories are reconsolidated still need to be elucidated, and the
effectiveness of this treatment strategy remains to be explicitly tested in human drug addicts.
Nonetheless, it seems possible that a substance like propranolol could be used during
treatment sessions where craving could be elicited by asking addicts to reactivate cue-drug
memories. It is critical for future researchers to address this hypothesis.

Interactions between extinction and reconsolidation

Finally, a combined approach, where both reconsolidation is inhibited and extinction is
enhanced, might produce a long-lasting prevention of relapse. Current theories suggest that
extinction and reconsolidation are separate processes that are both initiated upon
unreinforced presentation of a conditioned cue. The reconsolidation process first involves
activation of the original memory trace such that it is in a labile state and, depending on the
circumstances of reactivation, the memory is updated with new associations or is
strengthened and returned to a stable, consolidated state (Lee, 2008; Winters et al., 2009;
Inda et al., 2011). If the reactivation event is long, occurs repeatedly, or the memory is old,
then extinction learning is likely to occur, where a new memory is formed encoding that in
the current context the cue no longer predicts the outcome. Thus, according to this theory,
both reconsolidation and extinction can occur simultaneously, and later behavioral
expression in response to the cue is dependent on the context in which it is encountered and
the strength of the extinction memory (i.e., whether the original memory or extinction
memory is the dominant trace) (Eisenberg et al., 2003; Eisenberg and Dudai, 2004;
Eisenhardt and Menzel, 2007). If the extinction memory actively inhibits expression of the
reconsolidated memory, then it may be possible to manipulate both processes independently.
However, it should be noted that both extinction and reconsolidation require the activity of
certain molecules (e.g., NMDA receptors), while other molecules are oppositely regulated
by extinction and reconsolidation (e.g., NFkB) (Merlo et al., 2005; Merlo and Romano,
2008; de la Fuente et al., 2011). Therefore, if the two memaory processes engage the same
signaling cascades manipulating them in combination may become complicated. However,
there is evidence from hippocampal-dependent contextual fear conditioning that while both
extinction and reconsolidation regulate NFKB, extinction selectively engages activity of the
transcription factor, nuclear factor of activated T-cells (NFAT), such that manipulations of
NFAT only affect extinction and not reconsolidation (de la Fuente et al., 2011). Further
studies analyzing the signaling cascades that are differentially activated by extinction and
reconsolidation will increase our ability to selectively modulate the two processes.

While it will be interesting for future research to clarify how these memory processes
interact, it may be useful to treat addiction through a combination of reconsolidation and
extinction therapies. Indeed, in studies of conditioned fear, researchers have found that if the
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conditioned cue memory was reactivated 10-60 minutes before an extinction session, the
cue was subsequently less likely to produce spontaneous recovery, reinstatement, and
critically, renewal when the cue was presented back in the original training context (Monfils
et al., 2009). These results suggest that by making the original memory labile through
reactivation, extinction learning was able to “overwrite” the original memory. These studies
have been extended to human subjects and appear to require time- and mGIluR1-dependent
removal of calcium permeable (GIuR2 lacking) AMPA receptors from lateral amygdala
synpases (Schiller et al., 2010; Clem and Huganir, 2010). However, it should be noted that
additional studies have not been able to replicate this “retrieval-extinction” effect using very
similar parameters in both rats (Chan et al., 2010) and humans (Kindt and Soeter, 2011).
Nonetheless, studies using animal models of addiction have found that the retrieval-
extinction procedure greatly reduces conditioned place preference and reinstatement to
heroin and cocaine (Ma et al., 2011; Xue et al., 2012). In addition, the procedure
successfully reduced reported craving in heroin addicts (Xue et al., 2012). It is unclear why
there have been inconsistent results across laboratories. Even within laboratories, Flavell and
colleagues (2011) did not find a persistent reduction in classically conditioned fear using the
retrieval-extinction paradigm, but did observe a reduction of contextual fear and were able
to use the paradigm to reduce the conditioned rewarding properties of a food-paired cue.
Therefore, future studies should determine the exact parameters of retrieval-extinction
required to observe a reduction in fear or craving and test whether it is effective in reducing
actual drug use.

In addition, the two processes might be targeted independently, even with the same
manipulation, by conducting extinction in one context and reactivating the memory in a
separate context. The different contexts may allow specific manipulations of the two
processes due to the context specificity of extinction. Alternatively it may be possible to
manipulate a signaling cascade that is regulated in opposite directions by the two processes,
like NFkB, because inhibiting NFkB might inhibit reconsolidation and enhance extinction.

Concluding remarks

Drug addiction is a chronic, relapsing disorder in part due to the strong associations formed
between drugs and the stimuli associated with drug use. These stimuli become strong drivers
of continued use and relapse after abstinence. These drug-associated memories may be
particularly strong because drugs increase the activity of circuits sub-serving normal reward-
related learning. Therefore, reducing the strength of drug-associated memories through
enhanced extinction learning and/or inhibition of reconsolidation holds promise for the
treatment of addictive disorders. Clinical studies employing drug memory manipulations are
just beginning and have yet to demonstrate much success. However, the exact parameters
required to sufficiently extinguish memories in addicts are still being elucidated. Likewise,
inhibiting the reconsolidation of drug-associated memories has yet to be directly tested in
the clinic, but both preclinical addiction studies and clinical studies of PTSD, suggest that
inhibiting reconsolidation could be a successful addiction treatment strategy. Finally,
combining memory retrieval with extinction learning might be an effective, drug-free
method for persistently reducing the strength of drug memories to prevent relapse. In
conclusion, manipulations of drug-associated memories have much promise for the
treatment of addiction; however, much more research needs to be conducted to find the ideal
conditions and pharmacological agents to safely and effectively treat human addicts.
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