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Abstract

Memories are often conceptualized as permanent entities; however, retrieval of memories via
stimulus prompts can return them to an active state, which initiates a period of lability before the
memories are reconsolidated into long-term storage. Importantly, during this period, memories can
be disrupted/altered. A growing body of work has focused on translating animal and experimental
science into reconsolidation-based interventions for clinical disorders maintained by maladaptive
memories. Interventions targeting reward- and fear-based memories undergirding substance use
and anxiety-related disorders, respectively, have shown significant potential. There are several
promising pharmacological agents and behavioral approaches that have been used to
therapeutically target memory reconsolidation. Here, we discuss the current state of science with
special emphasis on the clinical utility of these approaches.

Introduction.

For decades, long term memory (LTM) was assumed to be relatively permanent [1]. More
recently, research has examined the feasibility of disrupting or otherwise altering existing
memories. This work is grounded in knowledge about processes underlying memory
storage. Specifically, as memories are retrieved from LTM they can become destabilized,
transitioning through a brief labile state [2] in which they are vulnerable to alteration/
disruption before being restabilized (i.e., ‘reconsolidated’) into LTM [3], Clinical scientists

"Corresponding authors: Michael E. Saladin, Department of Health Sciences and Research, Medical Univeristy of South Carolina,
77 President Street, Charleston, SC 29425, United States. saladinm@musc.edu.

Conflicts of Interests
There are no other conflicts of interest pertaining to the present work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paulus et al.

Page 2

have been working towards exploiting this process to modify the maladaptive memories that
undergird various psychological disorders.

There is a vast body of literature suggesting that dysregulated learning and memory
processes are prominent features of both substance use disorders (SUDs) [4] and anxiety-
related disorders (ARDS) [5]. Several recent reviews have sought to characterize the growing
body of literature on reconsolidation-based interventions for clinical disorders that aim to
reverse this dysregulation [*6-12]. Here we provide a brief primer on reconsolidation
interference methods, highlight recent clinical advances and obstacles to intervention
development, and discuss areas for future directions.

What is altered?

As early animal studies produced evidence [13,14] that pharmacological disruption of
reconsolidation could potentially eradicate the behavior(s) supported by target memories, the
notion of memory erasure was forwarded as a realistic endpoint of such interventions [15].
This idea was popularized mostly in media coverage of reconsolidation science (e.g., “A
Drug To Cure Fear’ [16]) and sparked debate regarding the ethics of altering memories [17].
In reality, there is convincing evidence that reactivated memories are not “‘erased’ per se, but
altered such that their emotional/motivational properties are attenuated while the declarative
properties of the memory are preserved [18,19]. Thus, an individual with an alcohol use
disorder (AUD) does not forget the factthat they crave alcohol; instead, the urge to drink
after seeing a vodka advertisement is decreased, thereby decreasing alcohol consumption.

During reconsolidation, target memories are susceptible to significant alteration, either via
the strategically timed administration of (a) reconsolidation blocking pharmacological
agents, or (b) behavioral ‘updating” procedures (see Figure 1 and details below). Our recent
meta-analysis of such interventions [**20] documented medium-sized effects for
pharmacological approaches to ARDs and behavioral approaches to SUDs with small effects
for behavioral approaches to ARDs and pharmacological approaches to SUDs. Importantly,
this conclusion was based on fewer than twenty methodologically heterogeneous studies and
should be replicated when more clinical studies are available. The present discussion focuses
on a select set of studies that highlight some of the opportunities and challenges of applying
reconsolidation interference, clinically.

Pharmacological Interference.

Theoretically, pharmacological alteration/disruption of memories after their reactivation is
achieved by stalling the protein synthesis that is necessary for memories to be restabilized,
leading to alterations in affective/motivational properties of the memories [**6] (but see [21]
for an alternative conceptualization). As an example, one study [**22] examined the effects
of a single dose of propranolol or placebo one hour prior to memory reactivation as well as
propranolol six hours after reactivation of smoking memories by nicotine self-administration
(cigarette smoking). Propranolol one hour before memory reactivation was associated with
reduced craving among smokers whereas there were no significant changes in craving
among those given placebo or propranolol six hours after memory reactivation (i.e., after the
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reconsolidation window theoretically closed). Consistent with theory, propranolol ostensibly
exerts effects when active during the lability period following reactivation, but not outside of
this window (i.e. after six hours). Propranolol was administered before memory retrieval to
theoretically maximize plasma concentration during the reconsolidation window [23];
however, it is unclear whether propranolol acted upon retrieval, reconsolidation, or both.

Similar findings have been reported in the ARD literature. For example among posttraumatic
stress disorder (PTSD) patients, one dose of propranolol following a personalized trauma
script reactivation was associated with reductions in physiological responses (heart rate, skin
conductance) [24]. A more recent study by the same group [**25] demonstrated that six
weekly sessions of propranolol + trauma reactivation, where propranolol was administered
prior totrauma script memory reactivation, yielded significantly greater reductions in self-
and clinician-rated PTSD symptoms relative to placebo + trauma reactivation. Although
PTSD symptoms declined in both groups, in line with repeated exposure to trauma cues, the
propranolol treated group had significantly greater reductions, theoretically due to its effects
on trauma memory reconsolidation. This demonstrates how reconsolidation-based
interventions can be integrated with existing evidence-based treatments (e.g., exposure).
However, it is unclear whether the observed effects were truly due to reconsolidation
interference of propranolol per se; the lack of a propranolol + no reactivation group prevents
conclusions regarding the efficacy of propranolol broadly as opposed to propranolol in the
specific context of reconsolidation. Further, effects may have been achieved through
propranolol’s effects on memory retrieval, memory reconsolidation or both; in the more
recent study [**25], propranolol was administered prior to reactivation making it impossible
to discern the locus of the effect.

In a report on a series of four cases utilizing 1-2 sessions of post-retrieval propranolol in the
treatment of PTSD symptoms, three cases showed symptomatic improvement [26]; in the
unsuccessful case, the authors suggest that the intervention may merely have triggered
memory retrieval but did not sufficiently induce the labile state necessary for memory
interference [cf., 27]. Alternatively, they posited that 1-2 sessions may not have been
sufficient, suggesting that more treatment (e.g. [**25]) may be necessary in some cases.

In another study, greater approach behavior towards spiders (i.e., decreased avoidance) was
documented in spider phobic individuals who received post-retrieval propranolol [*28]. No
such change was found among retrieval + placebo, or propranolol + no reactivation groups,
consistent with a reconsolidation-dependent effect. These findings highlight the importance
of ensuring that medications exert their effects while memories are in a labile state, as
administration of propranolol without initiating a period of lability is not associated with any
change in outcomes.

Although propranolol is the most widely studied, other memory-disrupting agents that
interfere with the synaptic plasticity and stabilization processes required for restabilization
have been evaluated. For example, the mTOR inhibitor sirolimus (rapamycin) could be used
to theoretically disrupt the reconsolidation of trauma memories, given the centrality of
mMTOR to cellular modification and plasticity [29]. The one study examining sirolimus
(relative to placebo) among veterans with PTSD found no overall effect [30]. However,
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exploratory analyses revealed that sirolimus reduced self- and clinician-rated PTSD
symptoms one-month post-intervention among more recently traumatized (post-Vietnam)
Veterans but not Veterans with older traumas (e.g., Vietnam-era); these effects were not
maintained at three-month follow-up. The authors suggested that the relatively more recent
trauma memories were potentially more vulnerable to disruption. However, more work will
be needed to evaluate whether there are any such limits (e.g., time) on memory disruption/
alteration. In sum, in the only clinical study of sirolimus to date, there were modest findings,
which were only evident in a post-hoc analysis of a subset of patients. Additionally, N-
methyl-D-aspartate receptor [NMDAR] antagonist memantine has been evaluated among
smokers, but did not weaken memory traces [31]. Finally, inhalation of nitrous oxide gas has
been examined as a reconsolidation-based agent. Specifically, post-retrieval nitrous oxide
gas evidenced some potential to reduce alcohol consumption among hazardous drinkers
experiencing accentuated prediction error (i.e., a mismatch between expectation and
outcome) at retrieval [32]; these individuals were presented with an alcoholic beverage with
the expectation that they would drink it but were ultimately told not to.

Limited conclusions can be drawn from these initial trials and in particular, uncontrolled
case reports. Yet, they highlight important considerations for researchers when designing
future studies. Specifically, it will be important to determine what number of medicated
retrieval sessions are necessary for optimal outcomes. Future work will also need to evaluate
what retrieval procedures robustly destabilize memories, which pharmacological agents
produce the best therapeutic outcomes and what agents work best for specific disorders (e.g.,
SUDs vs. ARDs). Lastly, investigators should, where possible, (a) include appropriate
controls conditions (e.g., placebo + reactivation and active medication + no reactivation)
and, (b) administer disrupting agents after memory retrieval/reactivation to disambiguate
reconsolidation-independent drug effects and effects on retrieval vs. reconsolidation
processes.

Behavioral Interference.

There are a number of behavioral strategies that putatively impact maladaptive memories in
the context of reconsolidation. The most widely studied; retrieval-extinction training (RET),
involves repeated exposure to fearful/substance-related stimuli during the reconsolidation
window. Theoretically, the repeated presentation of relevant stimuli serves to ypadate the
memories (rather than disrupting them, as occurs in pharmacological approaches) with
information that is contrary to the original learning (i.e., cue—outcome contingency is
updated to cue—no outcome).

In a study of heroin users, RET was associated with reduced heroin cue-reactivity six
months post-treatment [33]. Based on these impressive findings, our team examined effects
of a similar RET treatment on craving and smoking behavior of nicotine dependent smokers
[**34]. The RET group had smoking memories reactivated via a brief ‘smoking video’
whereas the control group viewed a video with no smoking content. Both groups then
received 60-minutes of cue exposure. We observed both reduced cue-elicited craving and
number of cigarettes per day in the smoking memory reactivation condition. This represents
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the first and only RET study to demonstrate reductions in substance use behaviorand a
generalization of these effects to novel smoking cues.

Similar effects with RET have been observed in phobias of spiders [*35,%36] and snakes
[*35], with reduced fear levels maintained at six-month follow-up [*36]. The latter studies
highlighted the importance of retrieval timing, showing that the period of memory lability is
temporary, and that hypothesized effects occur on/y when treatment falls within this period.
Indeed, findings cannot be explained by sheer amount of exposure to phobic material as one
study [34] exposed both conditions to matched content (i.e., memory reactivation then
exposure vs. exposure then memory reactivation); rather, it was the specific timing (brief
activation prompting lability, followed by exposure) that produced enhanced outcomes.

As part of a more comprehensive treatment protocol, RET was implemented into treatment
for a subset of patients with flight phobia [37]. Following four sessions of anxiety
management, individuals were randomized to receive four virtual reality exposures either
preceded by a fear-relevant reactivating cue or neutral cue. Both groups experienced
significant and large reductions in fear, which were maintained at one-year follow-up.
However, the fear-relevant retrieval group experienced a significantly greater decline in fear
cue-induced skin conductance, suggesting that there was added benefit of implementing
retrieval-extinction properties into an existing anxiety reduction treatment.

Other putatively therapeutic behavioral methods have been implemented to interfere with
reconsolidation. For example, we [*38] reactivated either drinking memaories or control
(nondrinking) memories in hazardous drinkers prior to counterconditioning (pairing alcohol
cues with disqusting outcomes). There was a significant reduction in attentional bias to and
liking of alcohol cues in participants who retrieved alcohol memory before
counterconditioning compared to the no-reactivation control. However participants in both
groups showed similar reductions in drinking. In another study by our group [*39], we used
a post-retrieval reappraisal paradigm in an analogue of cognitive therapy, with the aim of
altering underlying alcohol-related schemata. Only those who underwent prior alcohol
memory reactivation evidenced reduced semantic fluency for positive alcohol-related words.
In summary, there are a number of behavioral interventions, adapted from a repertoire of
current cognitive-behavioral interventions, which can be administered during the
reconsolidation window.

Clinical Potential.

Although reconsolidation-focused interventions are still in early development, existing
evidence provides considerable grounds for optimism about their potential. First, it may be
highly advantageous to have two distinct therapeutic pathways (behavioral and
pharmacological) to maladaptive memory modulation, especially if there are individual
differences in responsivity to these modalities; future work is needed to examine such
differences. Moreover, within each approach, there are a number of candidate agents (e.g.,
propranolol, sirolimus) and behavioral methods (e.g., RET, counterconditioning) showing
potential. Future research is needed to identify whether utilizing a combination of behavioral
and pharmacological methods may confer greater benefits than a monotherapy approach. To
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date, this has not been examined. Additionally, it is currently unknown to what degree
patient characteristics or other contextual variables (e.g., severity of substance involvement)
can predict whether behavioral or pharmacological methods may benefit a given individual.
Large follow-up studies powered to systematically examine these moderating factors will
eventually be needed.

Second, by targeting memory processes underlying both SUDs and ARDs, these methods
have transdiagnostic therapeutic potential across a broad range of disorders. Given the high
prevalence of SUDs [40], ARDs [41], and their co-occurrence [42], having a treatment
approach that can be broadly applied is crucial given the dearth of integrated mood/anxiety-
substance abuse treatments currently available.

Third, these approaches are brief. Both behavioral and pharmacological approaches have
been successfully implemented in one to six sessions; however, more work is needed to
directly study the effect of ‘treatment dose’ on outcomes. Such brevity is in stark contrast to
current pharmacological treatments, where clinical impact is predicated on chronic
medication use. Likewise, many behavioral treatments require weeks/months to administer.
The availability of brief reconsolidation-focused treatments may foster treatment uptake
insofar as patients may be more willing to engage in ‘low intensity’ treatment. Moreover, the
risks of dropout and potential concerns regarding medication adherence are alleviated
because treatments can be as brief as a single therapeutic encounter. Furthermore, the brevity
of pharmacological reconsolidation-focused intervention greatly reduces concerns about
interactions between the treatment agents and other prescription medications or other
substance use.

Fourth, reconsolidation-based interventions are relatively uncomplicated and therefore,
easily packaged into existing treatments. These approaches may be employed in fast-paced
clinical and medical settings, where clinicians may not have the time or resources to
administer (or remain adherent to) lengthy evidence-based behavioral treatments.
Furthermore, reconsolidation approaches can be implemented into or alongside other
existing treatments [**25,37].

Fifth, the cost associated with these treatments is modest when compared to long-term
pharmacotherapy or a full course of behavioral therapy. Reduced time and cost could
translate into tremendous reach among typically underserved populations (e.g., low income
or rural populations, racial/ethnic minorities).

Finally, there appear to be little to no additional risk associated with the behavioral
approaches described here, above and beyond those of existing treatment approaches; the
pharmacological approach also has only a modestly more complicated risk profile,
especially since the dominant agent to date is the well-tolerated beta-blocker, propranolol.

Future directions.

Despite the considerable treatment potential offered by reconsolidation-based interventions,
there is a clear need for more well controlled clinical studies. In particular, replication
studies should be a priority given that there is some evidence of inconsistent findings
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[43,44]. Such work could extend current understanding of these interventions by identifying
procedural parameters that optimize treatment outcome (e.g., optimal memory reactivation
procedures, medication doses, ideal inter-session intervals). Additional longitudinal work is
needed to compare the durability of reconsolidation-based treatment outcomes with those
achieved by currently available therapies and whether post-treatment booster sessions
substantially increase long-term efficacy. Furthermore, the relative benefits of behavioral vs.
pharmacological (or combined) approaches to reconsolidation interference need to be
clarified for SUDs, ARDs and comorbid presentations. Additionally, the relative benefits of
specific pharmacological agents and behavioral paradigms need to be investigated over time.
There are limited clinical studies overall, with the majority utilizing propranolol and RET,
respectively, and with no direct comparison of approaches.

Conclusions.

Mounting clinical science has focused on translating experimental findings on memory
reconsolidation to clinical populations with SUDs and ARDs. These studies show promise in
reducing cravings and substance use behaviors for SUDs as well as physiological arousal
and symptoms associated with ARDs. Yet, clinical research is still in the nascent stage and
key questions remain. More trials are needed comparing and/or combining these approaches
to standard-of-care treatments for SUDs and ARDs. If findings are replicated and extended
with larger samples and long-term follow-up, these approaches may represent a new era in
the behavioral and pharmacological treatment of the most prevalent and disabling behavior
disorders.
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Highlights
. We provide an introduction to reconsolidation-based clinical interventions
. We outline applications in substance use and anxiety-related disorders
. We examine recent studies on pharmacological and behavioral approaches
. We discuss limitations current work and offer suggestions for next steps
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