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Abstract

Experimental research on emotional memory reconsolidation interference, or the induction of
amnesia for previously established emotional memory, has a long tradition, but the potential of
that research for the development of novel interventions to treat psychological disorders has been
recognized only recently. Here we provide an overview of basic research and clinical studies on
emotional memory reconsolidation interference. We point out specific advantages of interventions
based on memory reconsolidation interference over traditional treatment for emotional disorders.
We also explain how findings from basic research suggest limitations and challenges to clinical
translation that may help to understand why clinical trials have met with mixed success so far and
how their success can be increased. In closing, we preview new intervention approaches beyond
the induction of amnesia that the phenomenon of memory reconsolidation may afford for
alleviating the burden imposed by emotional memories and comment on theoretical controversies
regarding the nature of memory reconsolidation.
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Introduction

Memories with a strong emotional connotation play a pathogenic role in a variety of
emotional disorders, including anxiety disorders, post-traumatic stress disorder (PTSD),
addiction, and depression (Brewin 2011; Kindt 2014; Milton & Everitt 2012; Williams et al.
2007). What if it were possible to alleviate the burden imposed by those memories by taking
a pill or by another simple intervention that would somehow help us to permanently forget
them or strip them of their emotional charge? The present review investigates whether this is
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a science fiction or an impending reality, and spells out the theoretical and empirical issues
that need to be resolved for this question to be decided.

Remarkably perhaps, it has been known for almost 50 years that it is possible to induce
selective amnesia for a previously established fear memory in the lab (post-retrieval
amnesia, Misanin et al. 1968). Yet the clinical potential of this finding for the treatment of
emotional disorders was not recognized for another 30 years (Nader et al. 2000;
Przybyslawski et al. 1999), and empirical translation to humans of this kind of amnesia for
emotional memory, often referred to as memory reconsolidation interference, did not happen
until less than a decade ago (Kindt et al. 2009). We first present a concise historical
overview of basic research on emotional memory reconsolidation and the ways it can
supposedly be interfered with. We also briefly review findings from clinical studies that have
tried to translate the principle of memory reconsolidation interference to the treatment of
emotional disorders and which have yielded rather mixed results. Along the way, we point
out why memory reconsolidation interference may actually be a somewhat unfortunate label
for the empirical phenomenon under consideration. In the remainder of this review, we
discuss the potential advantages over existing treatments that inducing post-retrieval amnesia
offers for the treatment of emotional disorders, the /imitationsto its application, the
challenges involved in successful clinical translation and the unique opportunities for future
interventions that may be afforded by the phenomenon of memory reconsolidation. A
recurring theme will be how further basic research and theoretical progress regarding the
nature of emotional memory and its modification will inform the future of memory
reconsolidation interference as an effective intervention for emotional disorders.

Emotional Memories: What We’ve Known about Forgetting Them

In a first section of our review, we revisit basic and clinical research on the induction of
amnesia for previously established emotional memaories. While much of the research that we
review focuses on the modification of fear memories, we will in passing point to
applications in appetitive disorders (addiction) and depression as well.

Turning back (in) time: Inducing post-retrieval amnesia for emotional memories

In 1968, Misanin and colleagues published a study that shattered the tenets of standard
theories of memory consolidation. On a first day of training, they taught rats to fear an
auditory cue (conditioned stimulus, CS), by pairing the presentation of that cue with the
administration of a footshock (unconditioned stimulus, US) in a Pavlovian fear conditioning
procedure. The animals exhibited a clear fear response to the tone CS when it was presented
two days later, indicating that they had indeed acquired a memory associating the tone with
footshock. In keeping with previous research, Misanin et al. (1968) also observed that such a
conditioned fear response on day 3 was absent in animals that had received a strong
electroconvulsive shock (ECS) shortly after the initial tone-footshock training on day 1. This
was consistent with the idea that during initial consolidation, memory traces are sensitive to
disruption so that an intervention like ECS that interrupts the consolidation process will
yield retrospective amnesia for the events immediately preceding that intervention (Duncan
1949). More importantly, Misanin et al. went on to show that in animals where consolidation
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had been allowed to proceed without interference on day 1 and a fear memory was
supposedly in place, similar amnesia could be induced by giving the animals ECS not during
consolidation on the initial training day but on day 2, right after they were presented with a
reminder for the fear memory acquired on day 1 (i.e., a presentation of the auditory CS,
without the US). So, if these animals were tested on day 3, they showed no indication of
having a fear memory involving the auditory cue, just like the animals that had received ECS
right after the initial CS-US training. This observation squarely contradicted the idea that
memories are impervious to disruption after consolidation has completed and represented
the first demonstration of experimentally induced amnesia for a previously established,
reactivated fear memory.

The findings of Misanin and colleagues had a huge impact and spawned a lot of debate and
follow up research. However, they were regarded exclusively in light of their implications
for the standard theory of memory consolidation, not as a potential treatment to get rid of
unwanted or debilitating emotional memories (for an obscure exception, see Rubin 1976).
Part of the reason may have been that in early studies post-retrieval induced amnesia often
turned out to be less robust and long-lasting than amnesia induced immediately upon
learning (e.g., DeVietti & Larson 1971; Judge & Quartermain 1982; Mactutus et al. 1979)
and that post-retrieval amnesia sometimes appeared to be reversible (e.g., Bregman et al.
1976; although the same had occasionally been found for immediate amnesia as well, e.g.,
Quartermain et al. 1972).

Reconciliation between the basic notions of consolidation theory and the observation that it
is possible to interfere with a memory long after its alleged consolidated period has passed,
emerged from the proposal that memory retrieval can lead to the destabilization of a
consolidated memory trace, inducing the need for a time-limited process of protein-synthesis
dependent reconsolidation (Przybyslawski & Sara 1997; Sara 2000). During reconsolidation,
it was proposed, many of the same neurobiological processes that initially take place during
consolidation are repeated. According to this idea, at any moment, a memory can be in one
of two states, an active, unstable state (in the minutes to hours after it has been acquired or
reactivated by retrieval) or an inactive, stable state (after consolidation and in the absence of
reactivation). In the active state, the memory trace requires DNA transcription and protein
synthesis to be (re)stabilized into an inactive state. The active state thus offers a window of
opportunity to interfere with the integrity of the memory trace, through the disruption of
those neurobiological processes.

Evidence for the reconsolidation hypothesis came from studies showing that
pharmacological blockade of protein synthesis processes that had been demonstrated to be
critical for fear memory consolidation, through infusion in the amygdala of a protein
synthesis inhibitor like anisomycin (Nader et al. 2000) or administration of an NMDA-
receptor antagonist like AP5 after retrieval of conditioned fear memory (Summers et al.
1997), prevented expression of that memory the next day. These findings suggested that it is
not the newness of a memory per se, but whether the memory is in an active, unstable state,
which determines its susceptibility to amnestic treatments that interfere with
(re)consolidation (Sara 2000).
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Of particular importance was the observation that the post-retrieval amnesia for emotional
memory that was obtained using those pharmacological agents was typically robust and
long-lasting. In rats, complete amnesia could be observed up to several weeks following
infusion of the B-adrenergic receptor antagonist propranolol in the amygdala after
reactivation of a conditioned fear memory (Debiec & LeDoux 2004) — if reconsolidation
interference was ever going to result in a feasible intervention to reduce the burden imposed
by emotional memaories in PTSD and other emotional disorders, it’s effects had to be more
than transient.

An initial hurdle in the translation and application to humans of findings regarding
reconsolidation interference in animals was the nature of the interventions that were used to
disrupt reconsolidation. Initial animal studies had relied mostly on ECS to induce amnesia
after memory reactivation. While sometimes used as a last-resort treatment for refractory
depression in humans (Kellner et al. 2012), an intervention that involves eliciting epileptic
insults and that is characterized by considerable cognitive side-effects does not strike as a
particularly attractive novel intervention for the large-scale treatment of emotional disorders.
The bulk of later studies in animals had blocked protein synthesis during reconsolidation
using pharmacological agents with considerable toxicity (e.g., anisomycin, which
completely blocks protein synthesis; Judge & Quartermain 1982; Nader et al. 2000) or had
induced amnesia through NMDA receptor blockade after memory reactivation by
administering compounds with serious adverse side effects (e.g., MK-801, which is
neurotoxic and causes psychotic symptoms; Przybyslawski & Sara 1997). Other studies had
induced post-retrieval amnesia by immersing animals in cold water to produce severe
hypothermia (Mactutus et al. 1979). None of those interventions seemed readily translatable
to humans. Around the turn of the century, however, it was found that amnesia for
conditioned fear memories could also be induced in rats through administration of
propranolol after memory reactivation (Debiec & LeDoux 2004; Przybyslawski et al. 1999).
Propranolol acts by blocking B-adrenergic receptors; p-adrenergic receptors play an essential
role in protein synthesis necessary for synaptic plasticity via the downstream cAMP-PKA-
CREB signaling pathway (Otis et al. 2015). Of prime importance, at the body-weight
adjusted doses used for inducing experimental amnesia in rodents, propranolol is perfectly
safe for use in healthy humans; in fact, similar doses are taken on a daily basis by millions of
people worldwide as a treatment for hypertension. The observation of amnesia through
administration of propranolol after memory reactivation therefore opened major perspectives
for clinical translation.

A major milestone in the process of clinical translation was the first demonstration of the
amnestic effect of propranolol on a reactivated fear memory in humans (Kindt et al. 2009).
In our study, human volunteers received differential Pavlovian fear conditioning on day 1 —
CSp was repeatedly paired with a mild shock, whereas CSg was not followed by shock. On
day 2, participants received propranolol or placebo (double-blind) before being presented
with CSp once, without shock, to reactivate the fear memory established on day 1. When
tested for differential fear responding on day 3, participants that had received propranolol
before memory reactivation exhibited a complete lack of differential fear responding, unlike
participants that had received placebo or participants that had received propranolol without
memory reactivation. More precisely, participants exhibited a complete lack of differential
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fear-potentiated startle (FPS) responding to CSp and CSg. The startle response is an
amygdala-initiated fear response that is considered to reflect the activation of the brain’s
subcortical defense system (LeDoux 2003; Walker & Davis 2002). Responding to a startle
probe such as a sudden noise burst is typically enhanced during negative emotional states
such as the fear elicited by a CS that has been paired with an aversive US (Lang et al. 2000);
the lack of enhanced responding to CSp on day 3 therefore indicates amnesia for the
conditioned fear memory acquired on day 1. Of note, administration of propranolol upon
reactivation did not induce amnesia at a declarative level: Participants exhibited intact
knowledge of the CS-US contingencies, and in later studies also intact differential skin
conductance responding to the CSs (e.g., Soeter & Kindt 2010), on day 3 — skin conductance
responding has been argued to rely on more cortical (fear) learning circuits and tends to
closely track contingency knowledge in fear conditioning, unlike FPS (Sevenster et al.
2014a; Weike et al. 2005). The finding that propranolol blocks fear memory retrieval at a
non-declarative level but leaves intact the declarative memory for the event that gave rise to
it, helps to assuage ethical concerns about the pharmacological induction of amnesia for past
fearful events (Otis et al. 2015; see box HOW DESIRABLE IS THE SPOTLESS MIND?).
Our findings indeed suggest that the intervention is not in fact making one forget what
happened, it rather seems to make one less emotionally affected by remembering what
happened, as if the emotional edge were removed from the memory. Corroborating evidence
that propranolol administration upon memory retrieval induces amnesia for the emotional
aspect of a fear memory without affecting declarative memory for the same event has
meanwhile also been obtained in mice (Villain et al. 2016).

Many ways to forget your fears

In concert with seminal efforts to demonstrate pharmacologically induced post-retrieval
amnesia for emotional memory in humans, researchers started to investigate alternative
approaches for leveraging the phenomenon of memory reconsolidation to attenuate
emotional memaries. One intriguing step in this direction was the demonstration, in animals
as well as in humans, of a phenomenon called behavioral memory updating (Monfils et al.
2009; Schiller et al. 2010). Like in studies of pharmacologically-induced post-retrieval
amnesia, a conditioned fear memory is first installed through Pavlovian fear conditioning
and then reactivated the next day by presenting the conditioned fear CS once, without
reinforcement. Next, however, rather than an amnestic drug that impairs reconsolidation,
corrective information is presented, aimed at modifying the reactivated memory trace. In
particular, after a brief delay, humans or animals are repeatedly presented with the fear CS,
without reinforcement. This procedure of repeated presentation of a previously established
CS is called extinction training. It normally results in the gradual reduction of conditioned
fear responding elicited by the CS, reflecting the formation of an extinction memory trace
that competes with the original fear memory for retrieval (Bouton 2004; Hermans et al.
2006). A major limitation of regular extinction training is that the reduction in conditioned
responding that it achieves is not permanent: Several factors can cause the original fear
memory to dominate over the extinction memory and control behavior again, including a
change of context after extinction training (in which case the return of fear is called
renewal), the presentation of one or more unsignaled USs (reinstatement), or the mere
passage of time (spontaneous recovery). Extinction training is regarded as a partial
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laboratory model for exposure treatment, in which a patient with an anxiety disorder is
repeatedly exposed to cues or situations that elicit fear in order to gradually reduce the fear
for those signals (Bouton et al. 2001). It has been argued that the recovery-from-extinction
phenomena that occur when fear memory comes to dominate over extinction memory again
may play a critical role in the lack of endurance of the clinical improvement that is
sometimes observed from exposure treatment (Bouton 1988). Even though exposure is the
most effective treatment currently available for a number of emotional memory disorders,
relapse indeed remains a major challenge (Vervliet et al. 2013)

In the experiments of Monfils et al. (2009) in rats and Schiller et al. (2010) in humans,
however, effects of extinction training, when timed to overlap with the time window of fear
memory reconsolidation induced by the reactivation trial, appeared to be insensitive to
recovery manipulations and long-lasting (complete elimination of conditioned fear
responding and resistance to reinstatement was observed up to one year later in humans).
This was not the case when extinction was performed without prior memory reactivation or
when extinction training was delayed until after the reconsolidation of the reactivated fear
memory was completed; under those latter conditions, extinction was equally effective on
the short term, but conditioned responding did show sensitivity to reinstatement and
spontaneous recovery. The permanent fear reduction that was achieved when extinction
training was conducted within the reconsolidation window was cause for the authors to
argue that extinction training in that case did not result in the formation of a separate,
competitive extinction memory trace but served to permanently modify the initial fear
memory itself, rendered active through reactivation. This interpretation fits with the notion
that the functional role of reconsolidation is to allow for memories to be updated in the face
of corrective information (Lee 2009; see below): Memory reactivation prior to extinction
training renders the initial fear memory malleable, so that the corrective information
supplied by the extinction training leads to a modification of that memory, rather than to the
formation of a separate extinction memory.

Promising as those findings might be, it deserves mention that the behavioral memory
updating effect has not been widely replicated thus far (unlike pharmacologically-induced
post-retrieval amnesia, which has been demonstrated in a variety of species and using a wide
range of amnestic agents). While a number of positive demonstrations have been reported in
humans (see Agren et al. 2012; Oyarzin et al. 2012; Schiller et al. 2010; Steinfurth et al.
2014) as well as in animals (Clem & Huganir, 2010; Flavell et al. 2011; Monfils et al. 2009;
Pifieyro et al. 2013; Rao-Ruiz et al. 2011), some studies have failed to find beneficial effects
of memory reactivation prior to extinction training or have even found adverse effects
(including, in humans: Golkar et al. 2012; Kindt & Soeter 2013; Meir Drexler et al. 2014;
Soeter & Kindt 2011; in animals: Chan et al. 2010; Costanzi et al. 2011; Flavell et al. 2011;
Ishii et al. 2012, 2015; Stafford et al. 2013; for a review of mixed findings regarding drug-
related memories, see Hutton-Bedbrook & McNally 2013). As a result, some have argued
that there are important boundary conditions on the phenomenon of behavioral memory
updating that are yet to be uncovered (Auber et al. 2013; Kredlow et al. 2016; Schiller &
Phelps 2011;). Remarkably, Baker et al. (2013) have demonstrated that a retrieval trial that is
presented shortly after rather than shortly before extinction training similarly reduces the
subsequent expression of conditioned fear. This suggests that the mechanism of action of
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behavioral memory updating may not in fact involve reconsolidation of the previously
acquired memory trace at all, but reflect extinction memory enhancement. Clearly, more
work will be needed before the technique is ready for translation to clinical interventions.

On the positive side, if memory reactivation prior to extinction training can indeed be
demonstrated to reliably reduce the return of fear observed after regular extinction training, a
relatively minor modification to existing protocols for exposure treatment may yield
considerable clinical progress in reducing relapse rates after treatment.

While rather more challenging, some efforts have also been done to demonstrate post-
retrieval amnesia for specific memories in humans caused by ECS. Kroes et al. (2014)
presented patients with unipolar depression, who had been referred to ECS treatment on
clinical indication, with two different emotionally aversive stories that each accompanied a
series of visual slides. A week later, the memory for one of the stories was reactivated by
presenting the first slide from that story, shortly before the patients received their scheduled
ECS treatment. When given a multiple choice test about both stories one day later,
participants performed markedly worse for the story that had been reactivated before ECS
treatment than for the other story; this effect did not occur in a control group that did not
receive ECS after memory reactivation. These results provide a strong proof of principle for
the possibility to induce amnesia in humans for previously established memories using ECS,
although the interpretation of the findings is somewhat obscured by (a) the fact that ECS is
known to result in marked general cognitive side-effects and (b) the fact that unlike in
animals, ECT in humans is performed under general anesthesia, which makes it hard to rule
out that the amnesia is caused by the anesthetic agents rather than the ECS proper. Of note,
even if the effects of ECS on emotional memory reconsolidation can be corroborated and
extended to self-relevant emotional memories, the intricacies of ECS administration and its
considerable side-effects make it unsuitable as a candidate for wide-scale application in the
treatment of emotional memory disorders.

Finally, James et al. (2015) recently demonstrated that memory intrusions for emotional
events can be reduced by engaging visuospatial working memory resources after reactivation
of the memory for those events. James et al. first made participants view a film clip
depicting various traumatic events. The next day, some participants were presented with
stills from the clip, to reactivate the trauma memory created the previous day. Ten minutes
later, i.e., during the reconsolidation period, they were asked to play Tetris, a computer game
that strongly engages visuospatial working memory. As a result, participants reported
markedly fewer spontaneous intrusions from the trauma film over the course of the next 7
days and also exhibited less intrusions in an intrusion provocation task after a week than
participants who had not played Tetris after the memory reactivation or had not received
memory reactivation before getting to play Tetris on day 2. James et al. (2015) suggested
that the strong engagement of visuospatial working memories after the reactivation of the
trauma memory (which was highly visual in nature) presumably interfered with the
reconsolidation of the unstable trauma memory, on the assumption that successful
reconsolidation of a destabilized visual episodic memory implicates visual imagery
processes that recruit visual working memory. Again, these findings bear great potential in
principle; they might also help explain the efficacy of EMDR, a trauma intervention in
which patients are asked to retrieve trauma memories while performing rhythmic left-right
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eye movements. Some have argued that the efficacy of EMDR is related to the fact that the
eye movements that patients are asked to make, tax (visual) working memory (van den Hout
et al 2014). So far, however, game play induced retrospective amnesia for a previously
acquired analogue trauma has been reported in one paper only (James et al. 2015). Building
on the same logic, we have recently begun trying to induce amnesia for previously acquired
conditioned fear memories by having participants engage in a task that supposedly interferes
with emotional working memory (King & Schaefer 2011) after fear memory reactivation. So
far, however, we have not been able to demonstrate any beneficial effects of that intervention
on the later expression of conditioned fear (Chalkia et al. 2016). More work will be needed
to pinpoint whether and under what circumstances interventions that target working memory
resources after emotional memory reactivation may indeed serve to induce amnesia for such
memories and whether the mechanisms underlying such an effect are similar as for other
forms of post-retrieval amnesia.

Reconsolidation interference: Erasing emotional memaories or burying them deep?

One long-standing controversy in the field of reconsolidation interference concerns the
mechanisms that govern post-retrieval amnesia. The standard view has it that memory
retrieval induces destabilization of the consolidated memory trace, provoking a need for
protein-synthesis dependent reconsolidation (Nader & Hardt 2009). If the reconsolidation
process is disrupted, be it by ECS, amnestic drugs or other means, the memory trace is lost
and amnesia occurs — (part of) the memory trace is quite literally erased. Recent findings,
however, have challenged that view, demonstrating that memory can survive apparent
amnesia and recover. Gisquet-Verrier et al. (2015) revealed that the suppression of fear
responding, caused by administration of the protein synthesis inhibitor cycloheximide upon
memory reactivation, can be reversed by re-administering cycloheximide before a later
memory test. Moreover, a similar reversible amnesia can be achieved using lithiumchloride
after memory reactivation and before the later memory test, despite the fact that
lithiumchloride has no effect on protein synthesis and is itself a potent US for aversive
learning. Those results suggest that the amnesia induced by the administration of a putative
protein synthesis inhibitor or other amnestic agents need not reflect erasure of the memory
trace (see also Ryan et al. 2015). Instead, the authors argue, as a result of the memory being
brought back in an active state, the internal state provoked by drug administration at the time
of memory retrieval will become integrated into the memory representation. This in turn
renders later expression of the memory state-dependent, so that in the absence of the internal
drug state amnesia occurs; this amnesia is lifted when the drug state is recreated by re-
administration.

It is clear that the observations of Gisquet-Verrier et al. (2015) and Ryan et al. (2015), along
with earlier observations (Riccio et al. 2006), pose a challenge for the reconsolidation
hypothesis. At the same time, it is far from obvious that the state-dependent retrieval
hypothesis that is proposed as an alternative provides a comprehensive account for all
observations of post-retrieval amnesia. For one thing, the state-dependent retrieval account is
predicated on the notion that amnestic drugs (or other amnestic treatments applied while
memory is in an active state) induce a sufficiently salient internal state. While this is obvious
for manipulations like the administration of potent protein synthesis inhibitors (which can
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produce considerable malaise) or the application of ECS, the elicitation of a discernable
drug state is far less obvious when propranolol is used to induce post-retrieval amnesia. At
the typical dose used in experimental studies and in many clinical trials, propranolol does
not provoke strong subjective effects; in fact, in double-blind studies performed in our lab, if
participants are asked whether they believe to have been given propranolol or placebo, the
rate of participants who indicate having received propranolol is similar in the propranolol
and placebo conditions. Conversely, a second problem for the state-dependent retrieval
account is that, whereas administration of some drugs at the time of memory retrieval indeed
produces amnesia at a later drug-free memory test, other pharmacological and non-
pharmacological manipulations that are administered after memory reactivation and induce a
clear internal state enhance rather than reduce memory performance on a subsequent drug-
free test (e.g., Bos et al. 2014b; Gazarini et al. 2013).

All in all, it is fair to say that the exact mechanism underlying experimentally induced post-
retrieval amnesia is not fully understood. At present, it seems a distinct possibility that
several different mechanisms can produce amnesia. Some of those may involve genuine
undoing of part of the memory trace, whereas others may rather make memory expression
state-dependent. However, given the uncertainty regarding the underlying mechanism, the
labeling of post-retrieval amnesia as reconsolidation interference is probably a bit
unfortunate, because it suggests commitment to a particular type of underlying mechanism
for the amnesia that is observed. /nduced post-retrieval amnesia is a more neutral but also
more cumbersome and less widely accepted description. For now, we will use both
descriptors interchangeably, in a non-committal way. In the final section of the paper, we
will return to the clinical implications of the controversy regarding the nature of
reconsolidation interference.

From the Lab to the Clinic: Leveraging Reconsolidation Interference for the

Treatment of Emotional Disorders

In particular the demonstration that post-retrieval amnesia for learned fear could be induced
in the lab using a widely-prescribed and non-toxic compound like propranolol, not only in
animals (Debiec & LeDoux 2004; Przybyslawski et al. 1999) but also in humans (Kindt et
al. 2009), has created great impetus for more clinically oriented research in recent years,
initially targeting mostly PTSD. In a small, seminal study by Brunet et al. (2008), people
suffering from PTSD were asked to retrieve memories of the trauma they had endured, as
input for scripts to later be used in imagery-based exposure. Some of the patients received a
single dose of propranolol after the retrieval session, whereas others were given placebo,
double-blind. During the later script-driven imagery, the patients given propranolol after
reactivation exhibited markedly lower levels of fear reactivity (as measured through heart
rate and skin conductance) than the patients given placebo. This clearly suggests that the
emotional aspects of the trauma memory were remembered less readily or less strongly in
the propranolol group than in the placebo group. A few open-label, non-controlled follow-up
trials by the same group seemed to corroborate those observations (Brunet et al. 2011;
Poundja et al. 2012). Since then, a number of studies have sought to evaluate the effects of
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pharmacological reconsolidation interference in the treatment of phobia, PTSD, addiction
and beyond. We review those studies below.

Unique strengths of reconsolidation interference over other approaches for reducing
emotional memories

The great attraction of reconsolidation interference for the clinical treatment of emotional
disorders arguably has to do with a number of specific, principled advantages of the
approach over standard interventions for the treatment of emotional disorders. One eminent
advantage that the approach seems to promise concerns the durability of its effects. As
indicated above, extinction training can be just as effective as reconsolidation interference in
establishing a reduction of fear responding to previously established conditioned fear cues;
however, the amnesia induced by extinction training is typically not permanent (Vervliet et
al. 2013). Due to the fact that the initial fear memory is unaffected, conditioned fear can
eventually return (see the phenomena of renewal, reinstatement and spontaneous recovery
described above) or be reacquired quickly (rapid re-acquisition). This does not bode well for
the long-term efficacy of treatments like exposure treatment that rely in part on extinction
training as their core ingredient; even if people gradually learn to no longer fear stimuli,
situations or places that they once were afraid of, the fact that their original fear memory is
intact renders the resurfacing of their fear at any moment in the future a perpetual possibility
(Brown & Barlow 1995; Foa & McClean 2016). This holds also for other disorders in which
cue-elicited emotional memories play a central role, such as additive disorders, where
confrontation with cues associated with substance use can trigger conditioned craving that
promotes drug seeking and consumption (Van Gucht et al. 2008). Here also, exposure
treatment can help to reduce cue-elicited craving temporarily but may not provide a lasting
elimination of the underlying memory structures.

In that light, the appeal of reconsolidation interference as an alternative intervention is
obvious. A number of studies have demonstrated that the amnesia produced by
pharmacological interventions that target the reconsolidation of destabilized emotional
memories is robust and long-lasting, if not permanent. In our own work, we have repeatedly
documented that the amnesia induced by propranolol administration following reactivation
of conditioned fear memories in humans is not reversible by a reinstatement procedure:
Unsignaled USs presented after the induction of the amnesia do not elicit a return of
conditioned fear (Kindt et al. 2009; Soeter & Kindt 2010, 2011, 2012b, 2015b; Sevenster et
al. 2012, 2013, 2014b). Equally absent are spontaneous recovery, even when tested 28 days
after the induction of amnesia (Soeter & Kindt 2010), and contextual renewal (Soeter &
Kindt 2012a). Finally, also reacquisition after pharmacologically induced amnesia is less
rapid than after extinction training (Soeter & Kindt, 2011). Similar observations of a lack of
recovery after pharmacologically induced post-retrieval amnesia have been done repeatedly
in animals (e.g., Alfei et al. 2015; Debiec & LeDoux 2004). Likewise, performing extinction
training during fear memory reconsolidation has been shown to induce amnesia for
conditioned fear that is insensitive to spontaneous recovery and reinstatement even after a
year (Schiller et al. 2009; see above). In line with those observations, in a non-blinded
follow-up study to their earlier report, Brunet et al. (2014) observed that the effects of
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propranolol administration were retained in full at 4-month follow up in a sample of 22
PTSD patients.

Another unique advantage over the current treatment of first choice for many anxiety
disorders, exposure, is that reconsolidation interference does not require that a patient be
confronted with a feared situation time and again, until the fear gradually wanes. At least in
the lab, a single reactivation session, followed by the administration of an amnestic agent or
by another intervention that modifies the unstable emotional memory trace, appears to
suffice for a maximal effect. This is of great value, if only because the repeated
confrontation with a feared or traumatic situation implies the induction of considerable
distress and anticipatory anxiety in the patient, which may be a cause for dropout in
exposure treatment (Foa & McClean 2016; Markowitz et al. 2015).

It is therefore no wonder that in the wake of the report of Brunet et al. (2008), several other
studies have followed that have tried to exploit reconsolidation interference for the treatment
of clinically severe anxiety and addictive disorders; more recently, it has been suggested that
the technique might also be of value for the treatment of depression, by reducing the
emotional load of autobiographical memories that are believed to play a critical role in the
etiology and maintenance of depression (Kéhler et al. 2015). A few studies have yielded
clear successes. For instance, we have shown that in individuals with spider phobia, a single
dose of propranolol administered right after a brief (2-min) exposure to a tarantula,
completely abolished patients’ avoidance behavior when confronted with a spider 4 and 11
days later (Soeter & Kindt 2015a); this effect was fully preserved at 3-month and 12-month
follow-up, and absent in patients given placebo (double-blind) after the brief exposure or
patients given propranolol without prior exposure. In a small study in patients with
substance dependence (Lonergan et al. 2016), repeated propranolol administration before the
confrontation with a substance-use script gradually reduced self-reported craving elicited by
the script. Such a reduction was not observed in a placebo group, but it is unclear whether
the gradual decline in the propranolol group actually indicates reconsolidation interference.

Unfortunately, many other studies have failed to demonstrate beneficial effects of
propranolol administration in clinical groups. In a highly-powered, randomized double-blind
placebo-controlled study in smokers, Pachas et al. (2015) did not observe any effect of a
single dose of propranolol administered prior to the self-generation of and subsequent
confrontation with verbal smoking cues on physiological reactivity and craving during
script-based imagery with the same cues one week later. In people with cocaine dependence,
propranolol administered immediately after a brief cue exposure session aimed at
reactivation of memories for associations between cues and cocaine administration reduced
cue-elicited craving and cardiovascular reactivity one day later, but this effect was not
preserved one week later and therefore does not reflect lasting amnesia (Saladin et al. 2013).
Finally, a recent report of three large placebo-controlled studies in individuals with PTSD
failed to find any evidence for a reduction in PTSD symptoms or physiological reactivity
during exposure to trauma-related cues as a result of the administration of propranolol or the
glucocorticoid (GR) antagonist mifepristone (Wood et al. 2015).
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Autobiographical memories for past life events are assumed to play a critical role in the
etiology and maintenance of depression (Gotlib & Joormann 2010; Williams et al. 2007).
Trials targeting the reconsolidation of such memories in people suffering from depression
are lacking at present. However, evidence in healthy individuals suggests that if the retrieval
of autobiographical memories is followed by exposure to a stressor (a socially evaluated
cold pressor task), amnesia can afterwards be observed, but only for memories involving
neutral autobiographical memories, not for memories pertaining to positive or negative
events (Schwabe & Wolf 2010; see also Schwabe & Wolf 2009) — unfortunately, it is
emotional autobiographical events that are the cause of suffering in depression, not neutral
ones.

All in all, the clinical trials that have been performed thus far are disappointing and paint a
rather mixed picture. A number of small, non-controlled studies have yielded promising
results, as have a few well-controlled double-blind studies. Other studies have failed to
replicate initial successes in fully randomized clinical trials. It is presently unclear what the
cause is for those discrepant results; we propose that the reason may relate to intrinsic
limitations to the phenomenon of memory reconsolidation interference, derived from basic
research, that have not been taken into account in the majority of clinical studies. We discuss
those in the following section.

Limitations to the clinical translation of reconsolidation interference: We have to learn to

forget

So far, we have suggested that the retrieval of an emotional memory will destabilize the
consolidated memory trace and induce a need for reconsolidation. However, it does not seem
very adaptive that each time we remember something, each time we bring an event from our
past back to mind, our memory for that event would become labile and sensitive to
disruption. It has been proposed that the role of memory reconsolidation is to maintain
memory relevance, by allowing for the integration of new information in a previously
established memory trace (Lee 2009; Sara 2000; for a review, see Exton-McGuinness et al.
2015). We have previously argued that to fulfill that adaptive function, memory
destabilization should occur only when at the time of retrieval, information is presented that
suggests that the memory being retrieved is not entirely accurate. When at the time of
retrieval no information is present that deviates from the memory being retrieved, there
would be no need for memory updating. Under those circumstances, memory destabilization
would cause an unnecessary need for reconsolidation and yield a risk for memory
interference without conferring any benefits. It is only when at the time of memory retrieval,
some sort of expectancy violation occurs that somewhat contradicts the memory, that the
induction of memory destabilization and the process of reconsolidation that it necessitates
would serve an adaptive function. A number of recent studies corroborate this idea. In one
study from our lab, participants received differential fear conditioning on day 1 and memory
reactivation followed by propranolol administration on day 2 (Sevenster et al. 2012). As in
previous studies, reactivation implied a single unreinforced presentation of the CS that had
been paired with a shock US on day 1. Critically, for half of the participants, shock
electrodes were attached during memory reactivation; for the other half of participants,
shock electrodes were not attached. As a result, the absence of shock after the CS
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presentation on day 2 carried information that was relevant to the memory established on
day 1 for the former participants, but not for the latter: In the former group, a shock that was
to be expected on the basis of the previously acquired memory did not occur, which should
call for a slight modification of the memory and should therefore induce memory
destabilization. In the latter group, administration of a shock following presentation of the
CS was not to be expected, given the disconnected shock electrodes. Therefore, the absence
of the US was entirely unsurprising and memory destabilization should not occur. In line
with those predictions, propranolol induced amnesia in the group of participants where
shock electrodes were attached on day 2, but not in the participants where electrodes were
not connected. In subsequent studies, we demonstrated that memory destabilization can be
triggered be a reinforced CS presentation or an unreinforced CS presentation alike, if
reinforcement had been unpredictable on day 1 (i.e., reinforcement was given on half of the
fear learning trials); however, if reinforcement had been entirely predictable on day 1, a
reinforced reactivation trial on day 2 failed to make the fear memory sensitive to
propranolol-induced amnesia (Sevenster et al. 2013). Similar observations have been done in
rats: When a mismatch occurs between the presentation or the timing of the US during
memory retrieval and initial training, sensitivity to drug-induced amnesia occurs; when the
parameters of training and retrieval are identical, no sensitivity of the memory to the effects
of amnestic drugs is observed (Alfei et al. 2015; Diaz-Mataix et al. 2013; Morris et al. 2006;
Pedreira et al. 2004).

The notion that memory destabilization will occur only when there is an expectancy
violation at the time of memory retrieval, or a mismatch between the retrieved memory and
the actual events at that time, puts an important constraint on the possibility to interfere with
emotional memory. It is fair to say that that constraint has not been taken into account in the
majority of clinical trials that have been conducted so far. For instance, in the PTSD trials,
script-driven imagery was used for the reactivation of the trauma memory; this method has
been explicitly developed to induce strong retrieval of the trauma memory but not
expectancy violation, and is therefore unlikely to induce destabilization of the trauma
memory (Kindt & van Emmerik 2016). So far, no studies have systematically manipulated
the presence of surprise or expectancy violation during memory retrieval in clinical trials, so
our proposal that this factor may help explain the lack of consistent results in clinical trials
of reconsolidation interference must remain speculative for now.

A further complication that emerges from basic research on memory reconsolidation is that
the optimal degree of expectancy violation or prediction error during memory retrieval to
induce memory destabilization may be fairly narrow. As we argued above, a lack of
prediction error during retrieval will basically leave the memory trace in an inactive state. A
limited degree of mismatch between the memory and events at the time of retrieval will
induce memory destabilization. However, if the events at the time of memory retrieval are
too discrepant to be reconciled with the initial memory trace, the formation of a novel
memory trace will be initiated rather than the destabilization of the retrieved memory trace.
One example is when repeated unreinforced CSs are presented during memory reactivation,
like in extinction training. Rather than destabilizing a previously acquired fear memory, such
extinction training will lead to the formation of an extinction memory trace. Propranolol
administration may then interfere with the consolidation of the extinction memory rather
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than impairing reconsolidation of the inactive fear memory (Bos et al. 2012). The transition
from insufficient prediction error to sufficient prediction error to excessive prediction error
for inducing memory destabilization may be quite subtle, as illustrated by a recent study
from our lab. In that study, participants were fear conditioned on day 1 using a 50%
reinforcement schedule, in such a way that they could expect the CS to be followed by shock
every other trial. During memory reactivation on day 2, participants received either one, two,
or four unreinforced presentations of the CS, followed by the administration of propranolol.
On day 3, when the CS was again presented, amnesia for the fear memory acquired on day 1
was obtained in the group of participants that had received two unreinforced CS
presentations on day 2 only (Sevenster et al. 2014b). A single unreinforced presentation on
day 2 did not instantiate any prediction error, given the partial reinforcement schedule in
place on day 1; therefore, memory destabilization should not have occurred in that group.
Two consecutive unreinforced CS presentations did violate the reinforcement pattern
established on day 1; apparently, the resulting prediction error was sufficient to make the
fear memory sensitive to pharmacological disruption. Four unreinforced CS presentations on
day 2 presented a more extensive violation of the expected reinforcement pattern; this degree
of expectancy violation turned out to be too much already to induce memory destabilization.
Similar findings have recently been reported in a contextual fear conditioning procedure in
rats (Alfei et al. 2015): Here, a small degree of temporal expectancy violation during
memory retrieval conferred sensitivity to experimental amnesia, whereas a moderate degree
of expectancy violation during retrieval rendered the subsequent administration of an
amnestic drug without effect. Of importance, an even larger degree of expectancy violation
during retrieval resulted in the amnestic drug preventing rather than facilitating fear
reduction, in line with the idea that the drug acted to disrupt the consolidation of an
extinction memory trace rather than the reconsolidation of the initial fear memory trace
under those circumstances (see also Merlo et al. 2014).

The observation that there is only a narrow degree of expectancy violation that allows for the
induction of amnesia upon memory retrieval obviously represents a major limitation for the
translation into effective clinical interventions. It remains to be seen whether it will be
feasible to establish in a principled way for how to elicit an optimal level of expectancy
violation during memory retrieval in the individualized context of clinical treatment. It may
be particularly challenging to achieve destabilization of relevant memories if disorders are
characterized not by the anticipated repetition of a remembered event (like in panic disorder
or drug-use related memories) but by intrusive memories of a trauma where memory
retrieval is not accompanied by the expectation of the actual traumatic event repeating itself
— such memories may not be violated as easily, because they do not imply an expectation of
the traumatic event happening. Here, a fruitful approach may be to challenge patients’
expectations or predictions regarding the negative consequences of actually reactivating their
most painful trauma memories (like the fear that they might lose control and go crazy or that
they might get completely overwhelmed; Kindt & van Emmerik 2016). Still, it remains to be
determined whether that will produce destabilization of the actual trauma memories rather
than the accompanying cognitions. More basic and translational research will be
indispensable if we are to reach a better, more refined understanding of the critical processes
that govern reactivation and destabilization of clinically relevant emotional memories.

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt Page 15

Further challenges for the translation of reconsolidation interference to clinical
interventions

The need for an optimal degree of expectancy violation or prediction error during memory
retrieval in order to induce memory destabilization puts a clear constraint on the application
of reconsolidation interference in clinical practice. But other characteristics of the memory
reactivation experience may represent a challenge for the induction of memory
destabilization as well. One example with great clinical relevance is the use of so-called
generalization stimuli for memory retrieval. After a fear learning episode, fear will be
elicited not only by the cues that were actually involved in fear learning but also by cues that
perceptually or conceptually resemble those cues. So, in a Pavlovian fear conditioning
procedure, after the repeated pairing of a CS with the US, presentation of the CS will elicit a
conditioned fear response, as will the presentation of any cue that sufficiently resembles the
CS. In many cases, responding elicited by a generalization stimulus (GS) can be as strong as
the response elicited by the CS. As a simple example, after you get robbed in a dark alley by
a dark-haired man in a raincoat, you might feel the shivers run over your back not only when
you meet this particular person again, but anytime you spot a dark-haired guy or a man
wearing a long coat. Generalization processes like these are a key factor in the development
of anxiety disorders — more than Pavlovian fear learning itself, which is largely adaptive,
excessive generalization is what causes of a proliferation of anxiety to situations and cues
that are not actually dangerous (Beckers et al. 2013; Dymond et al. 2015; Kindt 2014).

Clinically, the phenomenon of generalization represents a considerable challenge for
treatment. In exposure therapy, stimuli and situations to be included in treatment are
typically selected on the basis of the fact that they elicit a considerable amount of fear — in
terms of our example above, a patient would be confronted with dark-haired men in
raincoats. However, basic research suggests that such an intervention may have a limited
efficacy if it does not include exposure to the original cue to which fear was initially
established: Research in humans and in rodents indicates that extinction training using a GS,
even if that GS elicits as much fear as the original CS, will not at all diminish the fear
response to that CS; conversely, extinction training using the CS does eliminate fear
responding to the GS (Boddez et al. 2012; Vervliet et al. 2005). This suggests that there is an
asymmetry in generalization between a CS and a GS: Whereas extinction training for a CS
reduces fear to the CS as well as a GS, extinction training for a GS reduces fear for the GS
but leaves fear for the CS intact (thereby presumably preserving generalized fear responding
to other GSs as well).

Given the above, it is at present unclear whether the presentation of a generalization stimulus
for memory retrieval, rather than a cue actually involved in the original fear learning
episode, can successfully induce destabilization of the original fear memory so as to allow
for retrospective amnesia to be achieved. This is of importance, because in practice it is
often not possible to identify or recreate the situation in which fear was originally acquired
(such as the exact circumstances of a traumatic event). Theoretically, in a Pavlovian
conditioning situation, if the GS used for memory retrieval elicits a sufficiently strong fear
response (indicative of a strong expectation of the US), omission of the US should trigger a
clear prediction error, which should allow destabilizing the retrieved fear memory. However,
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the extinction findings reviewed in the previous paragraph suggest that even when a GS
elicits just as strong an anticipation of the US as the original CS, it is not quite as effective in
producing generalized extinction learning as that CS; CSs and GSs may thus not be
functionally equivalent even if they both retrieve the fear memory to the same extent.

Empirical evidence on this issue is very limited so far. In recent work in rats, we have found
that the administration of an amnestic agent after the presentation of a GS to retrieve a
previously established fear memory will result in amnesia for the GS, but not for the original
CS; in contrast, administration of the same amnestic agent after the presentation of the CS
during memory retrieval results in amnesia for the CS as well as the GS (JM Alfei, RI Ferrer
Monti, L Luyten, D De Bundel, VA Molina, T Beckers, manuscript submitted for
publication). This finding represents somewhat of a challenge for the notion that memory
destabilization is a mere function of memory retrieval accompanied by expectancy violation,
because the GS elicited just as strong a fear response during memory retrieval as the CS
(indicating that the fear memory was retrieved to the same extent by both) and the
anticipation of the US was violated to the same extent as well.

In a recent study in humans, on the other hand, we have demonstrated that if category-level
processing of a visual CS is encouraged during encoding of a fear memory (but not if
instance-level processing is encouraged), pharmacologically-induced amnesia can be
achieved by presenting the verbal category label rather than the actual CS to retrieve the fear
memory (Soeter & Kindt, 2015b). In particular, if during fear conditioning on day 1, a
picture of a spider was paired with shock and a picture of a snake was not, presentation of
the word “spider” on day 2 accompanied by propranolol administration prevented fear
responding to the spider picture on day 3; this was not the case if two different spiders had
been used rather than a spider and a snake during initial fear conditioning. This observation
suggests that how an emotional memory is initially encoded may critically determine
whether it can later successfully be destabilized using a GS for retrieval.

Other factors may represent challenges to the translation of reconsolidation interference to
clinical practice as well. For one thing, not all memories may be equally susceptible to
destabilization, and in this respect, there might be quite a gap between memories that are
typically created in the lab and especially the traumatic memories of individuals with PTSD.
Particularly in humans, the aversive memories that are subjected to reconsolidation
interference in the lab are typically recent, relatively mild and controllable (e.g., a mild
electric shock, emotional pictures). Real-life traumatic experiences are characterized by
rather stronger emotional memories that are established and retrieved under high levels of
stress. Moreover, at the time of treatment, the traumatic experience may not be recent. It has
been argued that older memory traces may be less prone to destabilization than more recent
ones, perhaps because repeated intermediate instances of destabilization and reconsolidation
can cause a gradual increase in memory strength (Alberini 2011). If stronger and older
memories were indeed resistant to change, this would seriously reduce the feasibility of
using reconsolidation interference as a tool for therapeutic forgetting. However, animal
research has repeatedly indicated that amnesia can be induced for recent and remote
memories alike (e.g., Debiec et al. 2002; Debiec & LeDoux 2004), and recent evidence
suggests that also in humans, older memories can be made unstable (Steinfurth et al. 2014).
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Moreover, although noradrenergic enhancement of memory strength during initial
consolidation increases fear generalization and slows down extinction of fear responding, it
does not reduce sensitivity to pharmacological reconsolidation interference (Soeter & Kindt
2012b). The age or strength of an emotional memory trace as such may therefore not
represent a principled constraint on the possibility to induce post-retrieval amnesia for that
memory, although they may necessitate adjustment to the parameters of memory retrieval to
induce destabilization (Suzuki et al. 2004; Wang et al. 2009).

Other characteristics of traumatic memories may pose a more serious challenge. In
particular, the degree of activity of the glucocorticoid stress system during memory
formation may critically determine whether later memory destabilization can be achieved.
Animal research has shown that stress induction before memory acquisition can impair the
later sensitivity of memory to pharmacological reconsolidation interference (Bustos et al.
2010; Hoffman et al. 2015); those effects are likely mediated by the glucocorticoid system
(Cordero et al. 2003). Stress and the concomitant enhanced activity of the glucocorticoid
system moreover decrease cue-elicited memory retrieval (Atsak et al. 2012; Schutsky et al.
2011), providing a further route through which stress may reduce memory destabilization.
Those observations have obvious relevance for PTSD, not only because traumatic memories
are particularly distressing, but also because studies have revealed glucocorticoid
dysregulations in individuals with PTSD, including elevated cortisol levels in anticipation of
and during presentation of stressful trauma-related cues relative to trauma-exposed
individuals without PTSD (Elzinga et al. 2003) and enhanced cortisol levels during a
cognitive stress challenge relative to healthy controls (Bremner et al. 2003). Those findings
suggest that the reactivation and destabilization of trauma-related memories in individuals
with PTSD may be particularly challenging. If so, reconsolidation interference may be more
difficult to achieve in PTSD than in other anxiety disorders such as phobia. A major
challenge and the topic of on-going work in our lab is how the sensitivity of stress-enhanced
emotional memories to destabilization can be restored.

Capitalizing on the dynamic nature of emotional memory: Unique opportunities for novel
interventions afforded by memory reconsolidation

Above we have argued that generalization poses a considerable challenge for the application
of reconsolidation interference as a clinical intervention. Conversely, however, the
phenomenon of reconsolidation may confer unique opportunities beyond the induction of
amnesia, in particular for the reduction of generalization, that have not been widely
recognized so far.

As noted above, much of the suffering caused by emotional memories is not due to the fact
that those memories exist, but to the tendency for those memories to come to mind too
easily, such as when the encounter with any dark-haired man triggers the retrieval of a
traumatic incident involving one specific individual. Perhaps then a more appropriate goal
for intervention than the induction of amnesia for the traumatic incident or the elimination of
fear for that particular individual would be the prevention of excessive generalization. One
potential approach for this might be to try to increase the contextualization of emotional
memory. One of the factors that determines how readily emotional memories are retrieved in
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a context different from the context of encoding, is activity of the stress system during
encoding (Van Ast et al. 2013): Administration of 10 mg hydrocortisone shortly before a
word-learning task renders the later retrieval of emotional words less context-dependent,
whereas administration of the same dose of hydrocortisone several hours before encoding
has the opposite effect, compared to placebo. This effect is not observed for neutral words.
This effect is likely due to effects of cortisol on contextual processing by the hippocampus
(Joéls & Baram 2009). Cortisol also mediates the effect of a stress induction task before
word-list encoding on the context-dependency of later retrieval (van Ast et al. 2014). We
recently leveraged this phenomenon to enhance the context-dependency of memory retrieval
by means of a stress manipulation not during encoding but during reconsolidation of
episodic emotional memory (Bos et al. 2014a): Participants were first asked to learn two lists
of emotion words against a specific background. One day later, one of the word lists was
reactivated, after which the participants were subjected to a stress induction task or a control
task. On a word stem completion task administered one day later, participants in the stress
group exhibited enhanced contextual dependence of word retrieval for the reactivated words
relative to the participants in the control group; the degree of contextual dependency of
emotional word retrieval in the stress group was mediated by the strength of the cortisol
response elicited by the stress induction task. An important task for future research is to
determine whether similar results can be obtained for more self-relevant emotional
memories (e.g., conditioned fear responses).

An approach that is only slightly different and even more preliminary is to try to increase the
specificity of emotional memory representations during reconsolidation. Above we have
explained that the excessive generalization of fear responses from cues that are genuinely
threatening to perceptually similar cues that are actually safe is a major factor in the
development of clinical anxiety. The specificity with which a fear memory is encoded has
been shown to rely on dopaminergic signaling in the extended amygdala during
consolidation (De Bundel et al. 2016): If mice are trained that a CSp is followed by shock
whereas a CSg is not, pharmacological blockade of D2 dopamine receptors immediately
after fear learning using systemic administration of raclopride enhances the generalization of
conditioned fear responding from CSp to CSg on a subsequent retrieval test. Stimulation of
D2 receptors using quinpirole during consolidation has the opposite effect of enhancing the
discrimination between both CSs and reducing fear responding to CSg. In a recent pilot
study, we have collected preliminary data that suggest that the generalization of conditioned
fear responses can also be affected by modulating dopaminergic signaling after memory
reactivation rather than initial encoding (D De Bundel, T Beckers, unpublished
observations).

Like the findings on contextualization of emotional memory, these results await further
corroboration and clinical translation. Nonetheless, collectively they represent important first
steps in what might turn out to be a breakthrough approach for constraining generalization
of emotional memories and reducing their iatrogenic effects, exploiting the phenomenon of
reconsolidation without inducing outright amnesia.
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Conclusion: A Brighter Future Ahead

The demonstration that the reconsolidation of emotional memory can be interfered with in
humans has attracted considerable interest from basic and clinical researchers looking for
ways to reduce the mental burden imposed by excessive emotional memories. While the
translation from the lab to the clinic has not been an unequivocal success so far, some
findings from clinical research give reason for great optimism, and recent basic research
provides ample clues that can help to shed light on some of the failures. Lab findings also
give indications for avenues toward further progress and possibilities for novel treatment
targets beyond amnesia. We have good hopes that concerted basic and clinical research will
allow steady and substantial progress in the treatment of all mental health problems in which
emotional memories play a critical role.

Of particular clinical relevance is also to achieve greater closure on the mechanisms that
underpin post-retrieval amnesia, that is, whether amnestic interventions after memory
reactivation result in erasure of the engram in particular brain regions, thereby stripping a
declarative memory from its emotional connotation, or rather result in strong retrieval
interference by making memories strongly state-dependent. However, while the clinical
implications of various explanations for reconsolidation interference may be slightly
different, none of them would radically subtract from its clinical potential. Erasing the
engram obviously makes for a more permanent and radical intervention than making
retrieval state-dependent. However, rendering memory access strongly state-dependent, such
that it is not retrieved but under very specific circumstances, may be a perfectly reasonable
therapeutic target as well.

Acknowledgements

The preparation of the present paper was supported by ERC Consolidator Grant 648176 awarded to Tom Beckers.

Literature Cited

Agren T, Engman J, Frick A, Bjorkstrand J, Larsson EM, et al. Disruption of reconsolidation erases a
fear memory trace in the human amygdala. Science. 2012; 337:1550-52. [PubMed: 22997340]

Alberini CM. The role of reconsolidation and the dynamic process of long-term memory formation
and storage. Front Behav Neurosci. 2011; 5:12. [PubMed: 21436877]

Alfei JM, Ferrer Monti RI, Molina VA, Bueno AM, Urcelay GP. Prediction error and trace dominance
determine the fate of fear memories after post-training manipulations. Learn Mem. 2015; 22:385-
400. [PubMed: 26179232]

Atsak P, Hauer D, Campolongo P, Schelling G, McGaugh JL, Roozendaal B. Glucocorticoids interact
with the hippocampal endocannabinoid system in impairing retrieval of contextual fear memory.
Proc Natl Acad Sci. 2012; 109:3504-9. [PubMed: 22331883]

Auber A, Tedesco V, Jones CE, Monfils MH, Chiamulera C. Post-retrieval extinction as
reconsolidation interference: Methodological issues or boundary conditions? Psychopharmacology.
2013; 226:631-47. [PubMed: 23404065]

Baker KD, McNally GP, Richardson R. Memory retrieval before or after extinction reduces recovery of
fear in adolescent rats. Learn Mem. 2013; 20:467-73. [PubMed: 23950194]

Beckers T, Krypotos AM, Boddez Y, Effting M, Kindt M. What's wrong with fear conditioning? Biol
Psychol. 2013; 92:90-96. [PubMed: 22223096]

Boddez Y, Callaerts-Vegh Z, Vervliet B, Baeyens F, D'Hooge R, et al. Stimulus generalization and
return of fear in C57BL/6J mice. Front Behav Neurosci. 2012; 6:41. [PubMed: 22811661]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 20

Bouton ME. Context and ambiguity in the extinction of emotional learning: Implications for exposure
therapy. Behav Res Ther. 1988; 26:137-49. [PubMed: 3365204]

Bouton ME. Context and behavioral process in extinction. Learn Mem. 2004; 11:485-94. [PubMed:
15466298]

Bouton ME, Mineka S, Barlow DH. A modern learning theory perspective on the etiology of panic
disorder. Psychol Rev. 2001; 108:432.

Bos MG, Beckers T, Kindt M. The effects of noradrenergic blockade on extinction in humans. Biol
Psychol. 2012; 89:598-605. [PubMed: 22321909]

Bos MG, Jacobs van Goethem TH, Beckers T, Kindt M. Cortisol response mediates the effect of post-
reactivation stress exposure on contextualization of emotional memories.
Psychoneuroendocrinology. 2014a; 50:72-84. [PubMed: 25197796]

Bos MG, Schuijer J, Lodestijn F, Beckers T, Kindt M. Stress enhances reconsolidation of declarative
memory. Psychoneuroendocrinology. 2014b; 46:102-13. [PubMed: 24882163]

Bregman N, Nicolas T, Lewis DJ. Cue-dependent amnesia: Permanence and memory return. Physiol
Behav. 1976; 17:267-70. [PubMed: 1033581]

Bremner JD, Vythilingam M, Vermetten E, Adil J, Khan S, et al. Cortisol response to a cognitive stress
challenge in posttraumatic stress disorder (PTSD) related to childhood abuse.
Psychoneuroendocrinology. 2003; 28:733-50. [PubMed: 12812861]

Brewin CR. The nature and significance of memory disturbance in posttraumatic stress disorder. Annu
Rev Clin Psychol. 2011; 7:203-27. [PubMed: 21219190]

Brown TA, Barlow DH. Long-term outcome in cognitive-behavioral treatment of panic disorder:
Clinical predictors and alternative strategies for assessment. J Consult Clin Psychol. 1995; 63:754—
65. [PubMed: 7593868]

Brunet A, Orr SP, Tremblay J, Robertson K, Nader K, Pitman RK. Effect of post-retrieval propranolol
on psychophysiologic responding during subsequent script-driven traumatic imagery in post-
traumatic stress disorder. J Psychiatr Res. 2008; 42:503-6. [PubMed: 17588604]

Brunet A, Poundja J, Tremblay J, Bui E, Thomas E, et al. Trauma reactivation under the influence of
propranolol decreases posttraumatic stress symptoms and disorder: 3 open-label trials. J Clin
Psychopharmacol. 2011; 31:547-50. [PubMed: 21720237]

Brunet A, Thomas E, Saumier D, Ashbaugh AR, Azzoug A, et al. Trauma reactivation plus
propranolol is associated with durably low physiological responding during subsequent script-
driven traumatic imagery. Can J Psychiatry. 2014; 59:228-32. [PubMed: 25007116]

Bustos SG, Giachero M, Maldonado H, Molina VA. Previous stress attenuates the susceptibility to
midazolam’s disruptive effect on fear memory reconsolidation: Influence of pre-reactivation D-
cycloserine administration. Neuropsychopharmacology. 2010; 35:1097-108. [PubMed: 20043007]

Chalkia, A., Vanaken, L., Fonteyne, R., Beckers, T. A light-touch behavioural intervention for inducing
amnesia for acquired fear memories; Presented at Internat. Conf. on Memory; Budapest. 2016.

Chan WY, Leung HT, Westbrook RF, McNally GP. Effects of recent exposure to a conditioned
stimulus on extinction of Pavlovian fear conditioning. Learn Mem. 2010; 17:512-21. [PubMed:
20884753]

Clem RL, Huganir RL. Calcium-permeable AMPA receptor dynamics mediate fear memory erasure.
Science. 2010; 330:1108-12. [PubMed: 21030604]

Cordero MI, Venero C, Kruyt ND, Sandi C. Prior exposure to a single stress session facilitates
subsequent contextual fear conditioning in rats: Evidence for a role of corticosterone. Horm Behav.
2003; 44:338-45. [PubMed: 14613728]

Costanzi M, Cannas S, Saraulli D, Rossi-Arnaud C, Cestari V. Extinction after retrieval: Effects on the
associative and nonassociative components of remote contextual fear memory. Learn Mem. 2011;
18:508-18. [PubMed: 21764847]

Debiec J, LeDoux JE. Disruption of reconsolidation but not consolidation of auditory fear conditioning
by noradrenergic blockade in the amygdala. Neuroscience. 2004; 129:267-72. [PubMed:
15501585]

Debiec J, LeDoux JE, Nader K. Cellular and systems reconsolidation in the hippocampus. Neuron.
2002; 36:527-38. [PubMed: 12408854]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 21

DeVietti TL, Larson RC. ECS effects: Evidence supporting state-dependent learning in rats. J Comp
Physiol Psychol. 1971; 74:407-15.

De Bundel D, Zussy C, Espallergues J, Gerfen CR, Girault JA, Valjent E. Dopamine D2 receptors gate
generalization of conditioned threat responses through mTORCL signaling in the extended
amygdala. Mol Psychiatry. 2016

Diaz-Mataix L, Ruiz Martinez RC, Schafe GE, LeDoux JE, Doyére V. Detection of a temporal error
triggers reconsolidation of amygdala-dependent memories. Curr Biol. 2013; 23:467-72. [PubMed:
23453952]

Duncan CP. The retroactive effect of electroshock on learning. J Comp Physiol Psychol. 1949;
42:3244.

Dymond S, Dunsmoor JE, Vervliet B, Roche B, Hermans D. Fear generalization in humans:
Systematic review and implications for anxiety disorder research. Behav Ther. 2015; 46:561-82.
[PubMed: 26459838]

Elsey JWB, Kindt M. Manipulating human memory through reconsolidation: Ethical implications of a
new therapeutic approach. Am J Bioeth Neurosci. 2017

Elzinga BM, Schmahl CG, Vermetten E, van Dyck R, Bremner JD. Higher cortisol levels following
exposure to traumatic reminders in abuse-related PTSD. Neuropsychopharmacology. 2003;
28:1656-65. [PubMed: 12838270]

Exton-McGuinness MTJ, Lee JLC, Reichelt AC. Updating memories: The role of prediction errors in
memory reconsolidation. Behav Brain Res. 2015; 278:375-84. [PubMed: 25453746]

Flavell CR, Barber DJ, Lee JL. Behavioural memory reconsolidation of food and fear memories. Nat
Commun. 2011; 2:504. [PubMed: 22009036]

Foa EB, McLean CP. The efficacy of exposure therapy for anxiety-related disorders and its underlying
mechanisms: The case of OCD and PTSD. Annu Rev Clin Psychol. 2016; 12:128.

Gazarini L, Stern CA, Carobrez AP, Bertoglio LJ. Enhanced noradrenergic activity potentiates fear
memory consolidation and reconsolidation by differentially recruiting a1- and g-adrenergic
receptors. Learn Mem. 2013; 20:210-19. [PubMed: 23512937]

Gisquet-Verrier P, Lynch JF, Cutolo P, Toledano D, Ulmen A, et al. Integration of new information
with active memory accounts for retrograde amnesia: A challenge to the consolidation/
reconsolidation hypothesis? J Neurosci. 2015; 35:11623-33. [PubMed: 26290239]

Golkar A, Bellander M, Olsson A, Ohman A. Are fear memories erasable? Reconsolidation of learned
fear with fear-relevant and fear-irrelevant stimuli. Front Behav Neurosci. 2012; 6:80. [PubMed:
23181015]

Gotlib IH, Joormann J. Cognition and depression: Current status and future directions. Annu Rev Clin
Psychol. 2010; 6:285-312. [PubMed: 20192795]

Hermans D, Craske MG, Mineka S, Lovibond PF. Extinction in human fear conditioning. Biol
Psychiatry. 2006; 60:361-68. [PubMed: 16503330]

Hoffman AN, Parga A, Paode PR, Watterson LR, Nikulina EM, et al. Chronic stress enhanced fear
memories are associated with increased amygdala zif268 mRNA expression and are resistant to
reconsolidation. Neurobiol Learn Mem. 2015; 120:61-68. [PubMed: 25732249]

Hutton-Bedbrook K, McNally GP. The promises and pitfalls of retrieval-extinction procedures in
preventing relapse to drug seeking. Front Psychiatry. 2013; 4:14. [PubMed: 23487003]

Ishii D, Matsuzawa D, Matsuda S, Tomizawa H, Sutoh C, Shimizu E. No erasure effect of retrieval-
extinction trial on fear memory in the hippocampus-independent and dependent paradigms.
Neurosci Lett. 2012; 523:76-81. [PubMed: 22750210]

Ishii D, Matsuzawa D, Matsuda S, Tomizawa H, Sutoh C, Shimizu E. An isolated retrieval trial before
extinction session does not prevent the return of fear. Behav Brain Res. 2015; 287:139-45.
[PubMed: 25827926]

James EL, Bonsall MB, Hoppitt L, Tunbridge EM, Geddes JR, et al. Computer game play reduces
intrusive memories of experimental trauma via reconsolidation-update mechanisms. Psychol Sci.
2015; 26:1201-15. [PubMed: 26133572]

Joéls M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009; 10:459-66. [PubMed:
19339973]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 22

Judge ME, Quartermain D. Characteristics of retrograde amnesia following reactivation of memory in
mice. Physiol Behav. 1982; 28:585-90. [PubMed: 7079373]

Kellner CH, Greenberg RM, Murrough JW, Bryson EO, Briggs MC, Pasculli RM. ECT in treatment-
resistant depression. Am J Psychiatry. 2012; 169:1238-44. [PubMed: 23212054]

Kindt M. A behavioural neuroscience perspective on the aetiology and treatment of anxiety disorders.
Behav Res Ther. 2014; 62:24-36. [PubMed: 25261887]

Kindt M, Soeter M. Reconsolidation in a human fear conditioning study: A test of extinction as
updating mechanism. Biol Psychol. 2013; 92:43-50. [PubMed: 21986472]

Kindt M, Soeter M, Vervliet B. Beyond extinction: Erasing human fear responses and preventing the
return of fear. Nat Neurosci. 2009; 12:256-58. [PubMed: 19219038]

Kind M, van Emmerik A. New avenues for treating emotional memory disorders: Towards a
reconsolidation intervention for posttraumatic stress disorder. Ther Adv Psychopharmacol. 2016;
6:283-295. [PubMed: 27536348]

King R, Schaefer A. The emotional startle effect is disrupted by a concurrent working memory task.
Psychophysiology. 2011; 48:269-72. [PubMed: 20636296]

Kohler CA, Carvalho AF, Alves GS, Mclintyre RS, Hyphantis TN, Cammarota M. Autobiographical
memory disturbances in depression: A novel therapeutic target? Neural Plast. 2015; 2015:759139.
[PubMed: 26380121]

Kredlow MA, Unger LD, Otto MW. Harnessing reconsolidation to weaken fear and appetitive
memories: A meta-analysis of post-retrieval extinction effects. Psychol Bull. 2016; 142:314-36.
[PubMed: 26689086]

Kroes MC, Tendolkar I, van Wingen GA, van Waarde JA, Strange BA, Fernandez G. An
electroconvulsive therapy procedure impairs reconsolidation of episodic memories in humans. Nat
Neurosci. 2014; 17:204-6. [PubMed: 24362759]

Lang PJ, Davis M, Ohman A. Fear and anxiety: Animal models and human cognitive
psychophysiology. J Affect Disord. 2000; 61:137-59. [PubMed: 11163418]

LeDoux JE. The emotional brain, fear and the amygdala. Cell Mol Neurobiol. 2003; 23:727-38.
[PubMed: 14514027]

Lee JLC. Reconsolidation: Maintaining memory relevance. Trends Neurosci. 2009; 32:413-20.
[PubMed: 19640595]

Lonergan M, Saumier D, Tremblay J, Kieffer B, Brown TG, Brunet A. Reactivating addiction-related
memories under propranolol to reduce craving: A pilot randomized controlled trial. J Behav Ther
Exp Psychiatry. 2016; 50:245-49. [PubMed: 26454715]

Mactutus CF, Riccio DC, Ferek JM. Retrograde amnesia for old (reactivated) memory: Some
anomalous characteristics. Science. 1979; 204:1319-20. [PubMed: 572083]

Markowitz JC, Petkova E, Neria Y, Van Meter PE, Zhao Y, et al. Is exposure necessary? A randomized
clinical trial of interpersonal psychotherapy for PTSD. Am J Psychiatry. 2015; 172:430-40.
[PubMed: 25677355]

Meir Drexler S, Merz CJ, Hamacher-Dang TC, Marquardt V, Fritsch N, et al. Effects of postretrieval-
extinction learning on return of contextually controlled cued fear. Behav Neurosci. 2014; 128:474—
81. [PubMed: 24841740]

Merlo E, Milton AL, Goozée ZY, Theobald DE, Everitt BJ. Reconsolidation and extinction are
dissociable and mutually exclusive processes: Behavioral and molecular evidence. J Neurosci.
2014; 34:2422-31. [PubMed: 24523532]

Milton AL, Everitt BJ. The persistence of maladaptive memory: Addiction, drug memories and anti-
relapse treatments. Neurosci Biobehav Rev. 2012; 36:1119-39. [PubMed: 22285426]

Misanin JR, Miller RR, Lewis DJ. Retrograde amnesia produced by electroconvulsive shock after
reactivation of a consolidated memory trace. Science. 1968; 160:554-55. [PubMed: 5689415]

Monfils MH, Cowansage KK, Klann E, LeDoux JE. Extinction-reconsolidation boundaries: Key to
persistent attenuation of fear memories. Science. 2009; 324:951-55. [PubMed: 19342552]

Morris RG, Inglis J, Ainge JA, Olverman HJ, Tulloch J, et al. Memory reconsolidation: Sensitivity of
spatial memory to inhibition of protein synthesis in dorsal hippocampus during encoding and
retrieval. Neuron. 2006; 50:479-89. [PubMed: 16675401]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 23

Nader K, Hardt O. A single standard for memory: The case for reconsolidation. Nat Rev Neurosci.
2009; 10:224-34. [PubMed: 19229241]

Nader K, Schafe GE, LeDoux JE. Fear memories require protein synthesis in the amygdala for
reconsolidation after retrieval. Nature. 2000; 406:722-26. [PubMed: 10963596]

Otis JM, Werner CT, Mueller D. Noradrenergic regulation of fear and drug-associated memory
reconsolidation. Neuropsychopharmacology. 2015; 40:793-803. [PubMed: 25315025]

Oyarzln JP, Lopez-Barroso D, Fuentemilla L, Cucurell D, Pedraza C, et al. Updating fearful memories
with extinction training during reconsolidation: A human study using auditory aversive stimuli.
PL0S One. 2012; 7:38849. [PubMed: 22768048]

Pachas GN, Gilman J, Orr SP, Hoeppner B, Carlini SV, et al. Single dose propranolol does not affect
physiologic or emotional reactivity to smoking cues. Psychopharmacology. 2015; 232:1619-28.
[PubMed: 25413896]

Parens E. The ethics of memory blunting: Some initial thoughts. Front Behav Neurosci. 2010; 4:190.
[PubMed: 21283530]

Pedreira M, Pérez-Cuesta L, Maldonado H. Mismatch between what is expected and what actually
occurs triggers memory reconsolidation or extinction. Learn Mem. 2004; 11:579-85. [PubMed:
15466312]

Pifieyro ME, Ferrer Monti RI, Alfei JM, Bueno AM, Urcelay GP. Memory destabilization is critical for
the success of the reactivation-extinction procedure. Learn Mem. 2013; 21:46-54. [PubMed:
24353292]

Poundja J, Sanche S, Tremblay J, Brunet A. Trauma reactivation under the influence of propranolol:
An examination of clinical predictors. Eur J Psychotraumatol. 2012; 3:15470.

President’s Council on Bioethics (US). Beyond therapy: Biotechnology and the pursuit of happiness.
New York: Regan Books; 2003.

Przybyslawski J, Roullet P, Sara SJ. Attenuation of emotional and nonemotional memories after their
reactivation: Role of B adrenergic receptors. J Neurosci. 1999; 19:6623-28. [PubMed: 10414990]

Przybyslawski J, Sara SJ. Reconsolidation of memory after its reactivation. Behav Brain Res. 1997;
84:241-46. [PubMed: 9079788]

Quartermain D, McEwen BS, Azmitia EC. Recovery of memory following amnesia in the rat and
mouse. J Comp Physiol Psychol. 1972; 79:360-70. [PubMed: 5066260]

Rao-Ruiz P, Rotaru DC, van der Loo RJ, Mansvelder HD, Stiedl O, et al. Retrieval-specific
endocytosis of GluA2-AMPARs underlies adaptive reconsolidation of contextual fear. Nat
Neurosci. 2011; 14:1302-8. [PubMed: 21909089]

Riccio DC, Millin PM, Bogart AR. Reconsolidation: A brief history, a retrieval view, and some recent
issues. Learn Mem. 2006; 13:536—44. [PubMed: 17015851]

Rubin RD. Clinical use of retrograde amnesia produced by electroconvulsive shock: A conditioning
hypothesis. Can Psychiatr Assoc J. 1976; 21:87-90. [PubMed: 1277097]

Ryan TJ, Roy DS, Pignatelli M, Arons A, Tonegawa S. Engram cells retain memory under retrograde
amnesia. Science. 2015; 348:1007-13. [PubMed: 26023136]

Saladin ME, Gray KM, McRae-Clark AL, Larowe SD, Yeatts SD, et al. A double blind, placebo-
controlled study of the effects of post-retrieval propranolol on reconsolidation of memory for
craving and cue reactivity in cocaine dependent humans. Psychopharmacology. 2013; 226:721-37.
[PubMed: 23460266]

Sara SJ. Retrieval and reconsolidation: Toward a neurobiology of remembering. Learn Mem. 2000;
7:73-84. [PubMed: 10753974]

Schiller D, Monfils MH, Raio CM, Johnson DC, Ledoux JE, Phelps EA. Preventing the return of fear
in humans using reconsolidation update mechanisms. Nature. 2010; 463:49-53. [PubMed:
20010606]

Schiller D, Phelps EA. Does reconsolidation occur in humans? Front Behav Neurosci. 2011; 5:24.
[PubMed: 21629821]

Schutsky K, Ouyang M, Castelino CB, Zhang L, Thomas SA. Stress and glucocorticoids impair
memory retrieval via p2-adrenergic, Gi/o-coupled suppression of CAMP signaling. J Neurosci.
2011; 31:14172-81. [PubMed: 21976502]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 24

Schwabe L, Wolf OT. New episodic learning interferes with the reconsolidation of autobiographical
memories. PLoS One. 2009; 4:e7519. [PubMed: 19844577]

Schwabe L, Wolf OT. Stress impairs the reconsolidation of autobiographical memories. Neurobiol
Learn Mem. 2010; 94:153-57. [PubMed: 20472089]

Sevenster D, Beckers T, Kindt M. Retrieval per se is not sufficient to trigger reconsolidation of human
fear memory. Neurobiol Learn Mem. 2012; 97:338-45. [PubMed: 22406658]

Sevenster D, Beckers T, Kindt M. Prediction error governs pharmacologically induced amnesia for
learned fear. Science. 2013; 339:830-3. [PubMed: 23413355]

Sevenster D, Beckers T, Kindt M. Fear conditioning of SCR but not the startle reflex requires
conscious discrimination of threat and safety. Front Behav Neurosci. 2014a; 8:32. [PubMed:
24616672]

Sevenster D, Beckers T, Kindt M. Prediction error demarcates the transition from retrieval, to

reconsolidation, to new learning. Learn Mem. 2014b; 21:580—4. [PubMed: 25320349]
Soeter M, Kindt M. Dissociating response systems: Erasing fear from memory. Neurobiol Learn Mem.
2010; 94:30-41. [PubMed: 20381628]

Soeter M, Kindt M. Disrupting reconsolidation: Pharmacological and behavioral manipulations. Learn
Mem. 2011; 18:357-66. [PubMed: 21576515]

Soeter M, Kindt M. Erasing fear for an imagined threat event. Psychoneuroendocrinology. 20123;
37:1769-79. [PubMed: 22503387]

Soeter M, Kindt M. Stimulation of the noradrenergic system during memory formation impairs
extinction learning but not the disruption of reconsolidation. Neuropsychopharmacology. 2012b;
37:1204-15. [PubMed: 22169947]

Soeter M, Kindt M. An abrupt transformation of phobic behavior after a post-retrieval amnesic agent.
Biol Psychiatry. 2015a; 78:880-6. [PubMed: 25980916]

Soeter M, Kindt M. Retrieval cues that trigger reconsolidation of associative fear memory are not
necessarily an exact replica of the original learning experience. Front Behav Neurosci. 2015b;
9:122. [PubMed: 26042008]

Stafford JM, Maughan DK, llioi EC, Lattal KM. Exposure to a fearful context during periods of
memory plasticity impairs extinction via hyperactivation of frontal-amygdalar circuits. Learn
Mem. 2013; 20:156-63. [PubMed: 23422280]

Steinfurth EC, Kanen JW, Raio CM, Clem RL, Huganir RL, Phelps EA. Young and old Pavlovian fear
memories can be modified with extinction training during reconsolidation in humans. Learn
Mem. 2014; 21:338-41. [PubMed: 24934333]

Summers MJ, Crowe SF, Ng KT. Administration of DL-2-amino-5-phosphonovaleric acid (AP5)
induces transient inhibition of reminder-activated memory retrieval in day-old chicks. Brain Res
Cogn Brain Res. 1997; 5:311-21. [PubMed: 9197518]

Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S. Memory reconsolidation and
extinction have distinct temporal and biochemical signatures. J Neurosci. 2004; 24:4787-95.
[PubMed: 15152039]

van Ast VA, Cornelisse S, Meeter M, Joéls M, Kindt M. Time-dependent effects of cortisol on the
contextualization of emotional memories. Biol Psychiatry. 2013; 74:809-16. [PubMed:
23972529]

van Ast VA, Cornelisse S, Meeter M, Kindt M. Cortisol mediates the effects of stress on the contextual
dependency of memories. Psychoneuroendocrinology. 2014; 41:97-110. [PubMed: 24495611]

van den Hout MA, Eidhof MB, Verboom J, Littel M, Engelhard IM. Blurring of emotional and non-
emotional memories by taxing working memory during recall. Cogn Emot. 2014; 28:717-27.
[PubMed: 24199660]

Van Gucht D, Vansteenwegen D, Van den Bergh O, Beckers T. Conditioned craving cues elicit an
automatic approach tendency. Behav Res Ther. 2008; 46:1160-9. [PubMed: 18684435]

Vervliet B, Craske MG, Hermans D. Fear extinction and relapse: State of the art. Annu Rev Clin
Psychol. 2013; 9:215-48. [PubMed: 23537484]

Vervliet B, Vansteenwegen D, Baeyens F, Hermans D, Eelen P. Return of fear in a human differential
conditioning paradigm caused by a stimulus change after extinction. Behav Res Ther. 2005;
43:357-71. [PubMed: 15680931]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt Page 25

Villain H, Benkahoul A, Drougard A, Lafragette M, Muzotte E, et al. Effects of propranolol, a -
noradrenergic antagonist, on memory consolidation and reconsolidation in mice. Front Behav
Neurosci. 2016; 10:49. [PubMed: 27014009]

Walker DL, Davis M. The role of amygdala glutamate receptors in fear learning, fear-potentiated
startle, and extinction. Pharmacol Biochem Behav. 2002; 71:379-92. [PubMed: 11830172]

Wang SH, de Oliveira Alvares L, Nader K. Cellular and systems mechanisms of memory strength as a
constraint on auditory fear reconsolidation. Nat Neurosci. 2009; 12:905-12. [PubMed:
19543280]

Weike Al, Hamm AO, Schupp HT, Runge U, Schroeder HW, Kessler C. Fear conditioning following
unilateral temporal lobectomy: Dissociation of conditioned startle potentiation and autonomic
learning. J Neurosci. 2005; 25:11117-24. [PubMed: 16319311]

Williams JM, Barnhofer T, Crane C, Hermans D, Raes F, et al. Autobiographical memory specificity
and emotional disorder. Psychol Bull. 2007; 133:122-48. [PubMed: 17201573]

Wood NE, Rosasco ML, Suris AM, Spring JD, Marin MF, et al. Pharmacological blockade of memory
reconsolidation in posttraumatic stress disorder: Three negative psychophysiological studies.
Psychiatry Res. 2015; 225:31-39. [PubMed: 25441015]

Annotated References

Brunet A, Orr SP, Tremblay J, Robertson K, Nader K, Pitman RK. Effect of post-retrieval propranolol
on psychophysiologic responding during subsequent script-driven traumatic imagery in post-
traumatic stress disorder. J Psychiatr Res. 2008; 42:503-6. [PubMed: 17588604] [The first study
to apply pharmacologically-induced amnesia for reactivated emotional memories to treatment of
emotional disorders]

Exton-McGuinness MTJ, Lee JLC, Reichelt AC. Updating memories: The role of prediction errors in
memory reconsolidation. Behav Brain Res. 2015; 278:375-84. [PubMed: 25453746] [Provides a
review of the role of expectancy violation or prediction error in inducing memory destabilization]

Kindt M, Soeter M, Vervliet B. Beyond extinction: Erasing human fear responses and preventing the
return of fear. Nat Neurosci. 2009; 12:256-58. [PubMed: 19219038] [The first study to
experimentally demonstrate pharmacological reconsolidation interference in humans]

Misanin JR, Miller RR, Lewis DJ. Retrograde amnesia produced by electroconvulsive shock after
reactivation of a consolidated memory trace. Science. 1968; 160:554-55. [PubMed: 5689415]
[Demonstrated for the first time that emotional memoires can be selectively disrupted after their
consolidation]

Nader K, Schafe GE, LeDoux JE. Fear memories require protein synthesis in the amygdala for
reconsolidation after retrieval. Nature. 2000; 406:722-26. [PubMed: 10963596] [Provided a
major impetus to the renewed interest in reconsolidation interference]

Przybyslawski J, Roullet P, Sara SJ. Attenuation of emotional and nonemotional memories after their
reactivation: Role of B adrenergic receptors. J Neurosci. 1999; 19:6623-28. [PubMed: 10414990]
[The first paper to underscore the clinical relevance of reconsolidation interference for the
treatment of emotional disorders]

Sara SJ. Retrieval and reconsolidation: Toward a neurobiology of remembering. Learn Mem. 2000;
7:73-84. [PubMed: 10753974] [Provides an excellent narrative of early basic work on
reconsolidation and the induction of amnesia]

Sevenster D, Beckers T, Kindt M. Prediction error governs pharmacologically induced amnesia for
learned fear. Science. 2013; 339:830-3. [PubMed: 23413355] [Provided direct evidence for the
role of prediction error in inducing memory reconsolidation]

Annu Rev Clin Psychol. Author manuscript; available in PMC 2017 May 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beckers and Kindt

Page 26

Summary Points and Future Issues

Experimental research in animals and humans demonstrates how amnesia for
previously established emotional memories can be induced, using a variety of
methods including biological, pharmacological, cognitive and behavioral
techniques

Such reconsolidation interference holds great potential for the development of
novel, more durable and effective interventions for the treatment of
psychological disorders in which emational memories play a central
etiological or perpetuating role, yet findings from clinical trials aimed at
inducing amnesia for the treatment of anxiety disorders and addiction have
yielded mixed results so far

An optimal level of surprise or expectancy violation during retrieval may be a
crucial factor in determining whether an emotional memory becomes
sensitive to the induction of amnesia

The use of generalization stimuli for memory retrieval may limit the efficacy
of amnesia induction. Also, inducing amnesia may be particularly challenging
for traumatic memories that are accompanied by high levels of stress during
encoding and retrieval

Retrieval-provoked destabilization of emotional memories may confer
possibilities for intervention beyond the induction of amnesia, such as the
enhancement of memory contextualization and the reduction of generalization

The successful clinical application of reconsolidation interference will require
not only further basic science but also careful investigation of how essential
concepts and insights from basic science can be translated into treatment

A better grasp on the mechanisms that underlie the induction of post-retrieval
amnesia will allow a fuller understanding of its clinical implications
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Sidebar: How desirable is the spotless mind?

In recent years, debate has arisen regarding the ethical implications of memory
modification. In particular, concerns have been voiced as to how desirable of a
therapeutic goal it is to make people forget about significant events that have happened in
their personal lives and that may play a central role in defining who they are (President's
Council on Bioethics (US) 2003). Forgetting about a traumatic incident that happened
fortuitously may be beneficial, but many memories may well be important to hold on to,
even if they are painful (e.g., sexual abuse by a family member or a traffic accident
caused by one’s own recklessness). It bears mentioning, however, that the most promising
reconsolidation-based intervention in humans at present, which relies on the disruption of
noradrenergic signaling during reconsolidation, blocks the later recall of emotional
aspects of memory only, without impairing declarative knowledge for the events involved
(see section Turning back (in) time: Inducing post-retrieval amnesia for emotional
memories). Also, memories are naturally dynamic, and therefore memory modification is
not quite as artificial or exceptional as it may seem (Otis et al. 2015). In fact, standard
treatments for emotional disorders typically serve to modify our emotional memaories for
the events that are involved in one way or another as well (be it by making our emotional
memories harder to retrieve, by changing the personal narrative that accompanies them,
by changing our emotional appraisals or through other means). All this should serve to
assuage apocalyptic visions of “forgetting therapy”. Eventually, as for any intervention,
the degree to which the intensity of the emotional memory is dysfunctional and
unwarranted will be an important criterion in deciding whether an intervention is
ethically desirable; most people would likely agree that attenuating emotional memory is
ethical and humane when the suffering it causes is debilitating or disproportionate to its
trigger (as occurs with PTSD). Likewise, many would object to the use of memory
modification interventions to blunt emotional responses that are entirely appropriate
(such as the guilt that accompanies the inflicting of deliberate harm to others). In between
those two is bound to remain a zone of ambiguity that will be cause for eternal discussion
(Parens 2010). For an in-depth discussion of the ethical issues involved in memory
manipulation, see Elsey & Kindt 2016.
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