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Abstract

Maladaptive learned responses and memories contribute to psychiatric disorders that constitute a
significant socio-economic burden. Primary treatment methods teach patients to inhibit
maladaptive responses, but do not get rid of the memory itself, which explains why many patients
experience a return of symptoms even after initially successful treatment. This highlights the need
to discover more persistent and robust techniques to diminish maladaptive learned behaviours. One
potentially promising approach is to alter the original memory, as opposed to inhibiting it, by
targeting memory reconsolidation. Recent research shows that reactivating an old memory results
in a period of memory flexibility and requires restorage, or reconsolidation, for the memory to
persist. This reconsolidation period allows a window for modification of a specific old memory.
Renewal of memory flexibility following reactivation holds great clinical potential as it enables
targeting reconsolidation and changing of specific learned responses and memories that contribute
to maladaptive mental states and behaviours. Here, we will review translational research on non-
human animals, healthy human subjects, and clinical populations aimed at altering memories by
targeting reconsolidation using biological treatments (electrical stimulation, noradrenergic
antagonists) or behavioural interference (reactivation—extinction paradigm). Both approaches have
been used successfully to modify aversive and appetitive memories, yet effectiveness in treating
clinical populations has been limited. We will discuss that memory flexibility depends on the type
of memory tested and the brain regions that underlie specific types of memory. Further, when and
how we can most effectively reactivate a memory and induce flexibility is largely unclear. Finally,
the development of drugs that can target reconsolidation and are safe for use in humans would
optimize cross-species translations. Increasing the understanding of the mechanism and limitations
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of memory flexibility upon reactivation should help optimize efficacy of treatments for psychiatric

patients.
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1 Introduction

Maladaptive learned responses and memories contribute to psychiatric disorders, which rank
among the leading causes of disability worldwide, significantly contributing to the global
disease burden (WHO 2011). A primary treatment for anxiety, stress-related, or addiction
disorders is exposure therapy, which is based on the principles of extinction learning in
Pavlovian conditioning (Morrison and Ressler 2014; Vervliet et al. 2013). For example, in
Pavlovian threat conditioning, when a neutral stimulus, such as a tone (the conditioned
stimulus or CS), is paired with an aversive event, such as a shock (the unconditioned
stimulus or US), the tone itself may come to elicit a range of defensive responses, such as
freezing or autonomic arousal (the conditioned response or CR). Extinction refers to the
gradual decrease of conditioned responses to a CS when it is repeatedly presented without
reinforcement. As Pavlov first suggested (Pavlov 1927), extinction does not represent
unlearning of the original memory, but rather is thought to result in a novel memory trace
that comes to inhibit the expression of the initial memory. One limitation of extinction is that
because the original threat memory is not altered, only inhibited, maladaptive defensive
behaviours can return following the passage of time (spontaneous recovery), alterations in
context (renewal), and stress (reinstatement). This poses a serious challenge to exposure-
based therapies after which many patients experience a return of symptoms even after
initially successful treatment (Morrison and Ressler 2014; Vervliet et al. 2013).

This potential for memory recovery even after extensive extinction training or exposure
therapy highlights the need to discover more persistent and robust technigues to diminish
maladaptive learned behaviours. One potentially promising approach is to alter the original
memory, as opposed to inhibiting it, by targeting memory reconsolidation. The traditional
view of memory suggests that that following an initial consolidation period, memories are
stable and “fixed’ in the brain and original memory traces remain essentially unchanged
(Dudai 2004; McGaugh 2000; Miller and Pilzecker 1900). Research on reconsolidation has
challenged the traditional view of memory by demonstrating that reactivating previously
consolidated memories can induce renewed flexibility and an opportunity to alter the
original memory long after initial learning (Alberini and LeDoux 2013; Kroes and
Fernandez 2012; Nader et al. 2000; Schiller and Phelps 2011). This leads to the intriguing
possibility that an understanding of this persistent, flexible nature of memory will enable
targeting and changing specific learned responses and memories that contribute to
maladaptive mental states and behaviours.

Manipulations aimed at affecting reconsolidation have used both biological (e.g. electrical
stimulation of the brain, administration of pharmacological compounds) and behavioural
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interventions to target reconsolidation, thus persistently altering the previously consolidated
original memory following memory reactivation. In this review, we will focus on these two
classes of techniques, specifically highlighting approaches that emerged from non-human
animal studies and that have been applied in both healthy humans and clinical populations.
First, we will discuss the discovery of reconsolidation and the criteria generated from non-
human animal studies to provide convincing evidence for reconsolidation. Next, we will
describe studies using electrical or pharmacological manipulations to target reconsolidation,
with a specific focus on beta-adrenergic blockers. We will then review behavioural
interference studies aimed at altering memory reconsolidation, with specific attention for the
reactivation—extinction paradigm. For each method, we will discuss findings from studies
with non-human animals, followed by preclinical studies with healthy human subjects and
translational studies in clinical populations.

Finally, despite the great clinical potential, attempts to target reconsolidation to treat
psychiatric disorders have had limited success. We will review potential reasons for this
limited clinical efficacy and highlight future research directions that may optimize
translation success. Increasing our understanding of the mechanisms underlying
reconsolidation may aid to resolve the difficulties facing the translations of findings from
non-human animal to patient populations and allow treatments targeting reconsolidation to
live up to their clinical potential.

2 Discovering Reconsolidation

The traditional view of memory suggests that upon learning memories are initially unstable
and sensitive to disturbances but stabilize over time during a process known as
consolidation, following which memory is no longer sensitive to disruption (Dudai 2004;
Duncan 1949; Gerard 1949; Glickman 1961; Hebb 1949; McGaugh 1966, 2000; Miller and
Pilzecker 1900; Ribot 1882). Since the 1960s, great progress has been made in
understanding the neural and molecular mechanisms that support memory consolidation and
led to the general idea that consolidation was a process that occurred only once (e.g.
McGaugh 2000). From a clinical perspective, this means that following consolidation the
original memory can no longer be modified and treatments have to rely on new learning to
train patients to cope with maladaptive behaviours. This leaves open the possibility that old
maladaptive memories can return to dominate behaviour.

In the 1960s and 1970s, the traditional view of memory consolidation was challenged by
reports that the application of electroconvulsive shock following retrieval of a consolidated
memory led to memory impairment or amnesia (Lewis 1969; Lewis and Maher 1965;
Misanin et al. 1968). In the wake of these findings, the idea that consolidation was not a one-
time event, but that memories, could either be in a ‘active’ state and be sensitive to
modification or in an ‘inactive state’ and be stable (Spear 1973). However, subsequent
studies showed that following induced amnesia memories could spontaneously recover and
be retrieved under more optimal cueing conditions, or be reinstated by pharmacological
manipulations that do not involve potential for new learning, indicating that amnesia
following reactivation can be due to temporary retrieval deficits and not a loss of the
memory trace per se (for a review, see Sara and Hars 2006).
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For these historical reasons, the flexibility of memory following reactivation did not receive
much attention for the following decades. Renewed interest in this topic started with reports
that blocking N-methyl-D-aspartic acid (NMDA) receptors after reactivation of well-trained
spatial memory and beta-adrenergic blockade following reactivation of memory in an
inhibitory avoidance task subsequently resulted in impaired performance, which was
suggested to be evidence for memory reconsolidation (Przybyslawski et al. 1999;
Przybyslawski and Sara 1997).

Interest in reconsolidation exploded when Nader et al. (2000) reported that protein synthesis
inhibition within the lateral amygdala following the reactivation of a consolidated threat-
conditioned response (CR) impaired subsequent expression of memory. The critical
advancements of this study were that protein synthesis, known to be important for neural
plasticity and memory, was inhibited within the neural circuit critical to initial consolidation
and storage of conditioned threat memory (LeDoux 2000). In addition, Nader et al. (2000)
showed that short-term memory was intact immediately following memory reactivation and
drug administration and that the impairment took time to develop, indicating the existence of
a time-dependent process following reactivation (i.e. reconsolidation). Finally, the
researchers were not able to recover the expression of the original threat memory, indicating
that the memory impairment was not likely due to a temporary retrieval problem. The
finding that disrupting protein synthesis following reactivation can impair consolidated
memories was subsequently replicated in a wide variety of species and for a wide variety of
mnemonic tasks (for reviews, see Alberini 2005; Alberini and LeDoux 2013; Dudai 2004;
Nader and Hardt 2009). Together these findings hold great clinical promise as they suggest
that reconsolidation can be targeted to modify original maladaptive memories and
behavioural responses that contribute to psychiatric disorders.

3 Criteria to Demonstrate Reconsolidation

Based on this initial research from studies with non-human animal studies, specific criteria
have been generated to demonstrate that reconsolidation has been disrupted: (1) a previously
consolidated memory must be reactivated by a reminder cue. (2) The manipulation aimed at
altering reconsolidation should ideally be provided post-reactivation, rather than pre-
reactivation. (3) Memory should be affected after a time window allowing reconsolidation to
take place rather than immediately (i.e. short-term memory is intact), in line with
reconsolidation being a time-dependent process (Dudai and Eisenberg 2004; Nadel and Land
2000; Nader et al. 2000; Przybyslawski and Sara 1997). A more contested criterion is that
(4) the impairment should not be attributable to retrieval failure or a reactivation-locked,
temporary inability to access memory traces that dissipate over time (Lattal and Abel 2004).
Hence, memory should not spontaneously recover after longer delay periods or under
different cueing conditions (Sara and Hars 2006). The reason this latter criterion is contested
is that impairing reconsolidation may result in an attenuation of memory, not a full loss,
leaving open the possibility of at least partial recovery.
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4 Biological Interventions Targeting Reconsolidation

4.1 Electrical Stimulation

The first studies showing disturbance of previously consolidated memories following
reactivation used electrical stimulation of the brain to evoke generalized seizure activity in
non-human animals (Lewis 1969; Lewis and Maher 1965; Misanin et al. 1968).
Electroconvulsive stimulation is thought to disturb normal ongoing neural activity that
contributes to memory formation. The effect of electroconvulsive stimulation on disrupting
previously consolidated reactivated memories in humans can be studied in depressed
patients receiving this as a treatment for their psychiatric condition. In spite of the success of
initial studies in non-human animals, the first attempt to use electroconvulsive therapy
(ECT) to disrupt memory for a previously consolidated, reactivated memory in humans was
not successful for either item or paired associative episodic memory (Squire et al. 1976).
This study also found limited effects of ECT on the initial consolidation of episodic
memory, suggesting that the protocol may have lacked sensitivity to detect changes in
memory. In addition, in this initial study, memory was tested 6-10 h after reactivation and
ECT and effects on reconsolidation may take a longer time to become apparent. More
recently, it has been demonstrated that ECT following episodic memory reactivation caused
a time-dependent and reactivation-specific memory impairment in humans (Kroes et al.
2014), meeting critical criteria to demonstrate reconsolidation in humans. With this in mind,
it is interesting to note that an early clinical report suggested that the application of ECT
immediately following patients acting out their compulsions or experiencing hallucinations
resulted in a long-term absence of symptoms (Rubin et al. 1969).

Intriguingly, another technique thought to manipulate electrical activity in the brain in a
more localized manner has also been suggested to alter reactivated memories in humans.
Stimulation of the prefrontal cortex with transcranial magnetic stimulation (TMS) was found
to cause a time-dependent enhancement of reactivated memory for word lists (Sandrini et al.
2013). However, the same group also reported that transcranial direct current stimulation
(tDCS) of the same region resulted in memory enhancement for both reactivated and non-
reactivated words (Sandrini et al. 2014). The mechanisms underlying this enhancement
effect are currently unclear, and any applications for patients remain to be tested.

Overall, evidence suggests that ECT can impair reactivated episodic memory in a time-
dependent manner, and local electrical stimulation of the brain may enhance reactivated
memory. The use of ECT to target reconsolidation is highly invasive limiting its clinical
applicability, although relatively less invasive techniques, such as TMS, may hold some
promise. In the following paragraphs, we will focus on studies combining memory
reactivation with pharmacological manipulations or behavioural interference techniques that
are more likely to have translational significance. Although several chemical manipulations
have been used to disrupt reconsolidation in non-human animals, most notably protein
synthesis or protein kinase inhibitors, which present safety challenges for human use, we
will specifically focus on noradrenergic manipulations as these have been used in studies
with non-human animals, in human preclinical studies, and in patient populations.
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4.2 Noradrenergic Manipulations Targeting Reconsolidation: Non-human Animal Studies

Pharmacological manipulations of the noradrenergic system have been used to target
reconsolidation in order to modify both reactivated aversive memories and appetitive
memories. The effectiveness of altering threat-related responses by noradrenergic
manipulations following memory reactivation appears to vary depending on the memory
task (Alberini 2011). Studies using aversive cue conditioning and contextual cue
conditioning have reported that blocking norepinephrine using propranolol systemically or
within the amygdala following memory reactivation results in attenuated threat-related
defensive responses of recent and remote memaories (Debiec et al. 2011; Debiec and Ledoux
2004; Gamache et al. 2012; Muravieva and Alberini 2010), consistent with a role for
norepinephrine in the reconsolidation of aversive cue-conditioned memories. Studies using
pure context conditioning, i.e. where the onset of an aversive outcome (US) is not signalled
by a specific cue, found that enhancing noradrenergic functioning following memory
reactivation increases subsequent freezing, but systemic administration of propranolol
following reactivation had only a modest effect on attenuating threat-related contextual
conditioning (Abrari et al. 2008; Gazarini et al. 2013).

Studies using aversive inhibitory avoidance tasks have produced contradictory results, with
some finding that blocking norepinephrine following memory reactivation reduces
avoidance behaviour (Do Monte et al. 2013; Przybyslawski et al. 1999), and others failed to
find such an effect (Muravieva and Alberini 2010). The latter researchers directly compared
the effect of blocking norepinephrine on aversive cue-conditioning and inhibitory avoidance
tasks (Muravieva and Alberini 2010). Noradrenergic blockade following memory
reactivation was found to attenuate freezing in the cue-conditioning task. Specifically, the
authors found that blocking norepinephrine following memory reactivation with the CS
(tone) in the original context resulted in reduced subsequent freezing in response to both the
CS and the context, whereas reactivating memory by the context alone only reduced
subsequent freezing to the context, but not the CS (Muravieva and Alberini 2010). Following
inhibitory avoidance training, rodents exhibit both freezing and avoidance behaviour on
subsequent tests. Although noradrenergic blockade reduced retrieval, it did not seem to
disrupt reconsolidation of avoidance behaviour, which was intact, but it did attenuate
freezing behaviour (Muravieva and Alberini 2010). Finally, administration of the alpha-1
noradrenergic antagonists prazosin systemically or within the pre-limbic cortex, but not the
anterior cingulate cortex, following memory reactivation was found to attenuate avoidance
behaviour (Do Monte et al. 2013). Memory research over the last century has recognized
that different forms of behavioural expression involve distinct neural systems that represent
specific types of memory (Fuster 2009; Henke 2010; Squire 1992; Tulving 1972). Of
relevance here is that conditioned freezing responses depend on the amygdala (Davis and
Whalen 2001; Fanselow and Poulos 2005; Herry and Johansen 2014; LeDoux 2000),
whereas place avoidance behaviour involves the hippocampus, striatum, and neocortex
(Ambrogi Lorenzini et al. 1997, 1999; Fendt and Fanselow 1999; Izquierdo et al. 1997;
McGaugh 2004; Mclntyre et al. 2003). These findings suggest that different neural systems
that give rise to memory expressed as distinct types of behaviours may vary in sensitivity to
modification by noradrenergic antagonists following retrieval.
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A second line of research has focused on the modification of reactivated appetitive
memories. Two tasks have mainly been used: self-administration (SA), in which an animal
learns to make an operant response following a cue that leads to administration of a
stimulant, such as cocaine, morphine, or alcohol, and conditioned place preference (CPP)
where an animal comes to prefer the spatial location where it has received a stimulant. The
acquisition of these appetitive conditioned responses depends on the ventral tegmental area,
striatum, amygdala, and, for contextual information, the hippocampus (Everitt 2014; Everitt
and Robbins 2005; Robbins et al. 2008). Memory reactivation combined with noradrenergic
antagonists has been reported to reduce self-administration behaviour of cocaine and sucrose
but may be more limited for alcohol (Diergaarde et al. 2006; Milton et al. 2008; Williams
and Harding 2014; Wouda et al. 2010). In addition, studies have reported an attenuation of
CPP by beta-blockers following memory reactivation (Bernardi et al. 2006, 2009; Fricks-
Gleason and Marshall 2008; Robinson and Franklin 2007), although effects have not always
been equally strong in that memory has been found to recover over time (Fricks-Gleason and
Marshall 2008; Robinson and Franklin 2007), and more remote memories may be more
resistant to modification (Robinson and Franklin 2010; Robinson et al. 2011). Note that
many of the memories in these tasks are somewhat more remote as training procedures often
take 1 week or more. Interestingly, repeatedly reactivating memory combined with
noradrenergic treatment was found to attenuate more remote memories and prevent recovery
(Fricks-Gleason and Marshall 2008). Understanding the mechanism through which
noradrenergic manipulations may affect reactivated appetitive memories is complicated by
the fact that several studies have given noradrenergic blockers well before memory
reactivation, which lack no reactivation control conditions, and most studies have used very
long reactivation times. Studies in the aversive memory domain have found that short
memory reactivation results in reconsolidation, but longer reactivation trials result in
extinction learning (Eisenberg et al. 2003; Pedreira and Maldonado 2003; Suzuki et al.
2004), which leaves open possible alternative interpretations for the attenuation of
reactivated appetitive responses by noradrenergic blockade such as enhancing extinction, as
opposed to disrupting reconsolidation. In a series of experiments, noradrenergic antagonists
applied systemically prior to memory reactivation were found to cause a sustained
impairment of the retrieval, but not reconsolidation, of cocaine CPP (Otis et al. 2013, 2014;
Otis and Mueller 2011). This sustained retrieval impairment was found to depend on
noradrenergic functioning in the prelimbic cortex and hippocampus (Otis et al. 2013, 2014).
The injection of propranolol within the amygdala did not affect retrieval but did impair
memory on subsequent tests in line with an impairment of reconsolidation (Bernardi et al.
2009; Otis et al. 2013). Collectively these studies indicate that combining memory
reactivation with noradrenergic antagonists can reduce appetitive responses. It is less clear
whether alterations in memory are the result of impaired reconsolidation or whether other
mnemonic processes may also contribute to the attenuation of learned responses.

In summary, rodent studies have found that noradrenergic antagonists can attenuate
reactivated aversive and appetitive memories. Yet not all memory types appear equally
sensitive to reactivation-dependent flexibility. The dependence of memory on specific brain
regions and its change over time with systems consolidation (Alvarez and Squire 1994;
Frankland and Bontempi 2005; Marr 1971; Nadel and Moscovitch 1997; Squire 1992)
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appear to limit renewed flexibility. Further, noradrenergic antagonists may affect other
mnemonic processes that can also lead to attenuation of learned responses, such as retrieval
or extinction. Noradrenergic antagonists are at best indirect effectors of protein synthesis,
but a discussion of the molecular mechanisms through which noradrenergic antagonists may
assert their effects on reactivated memories is outside the scope of this chapter (for review,
see Otis et al. 2015).

4.3 Noradrenergic Manipulations Targeting Reconsolidation: Preclinical Human Studies

Most studies targeting reconsolidation using pharmacological manipulations in humans have
used the noradrenergic antagonist propranolol, as this is one of the few drugs used in non-
human animal studies targeting reconsolidation that is safe for use in humans. Mirroring
findings from non-human animals, human studies using propranolol to target reconsolidation
are finding that not all types of memories are affected equally. A complicating factor in
understanding how noradrenergic antagonists may alter reactivated memories in humans is
that in majority of studies, the drug propranolol has been given prior to memory reactivation
violating the second criterion to demonstrate reconsolidation. The reason for this is that
following oral administration of propranolol, it takes 60-90 min for the drug to take effect
and researchers have suggested that post-reactivation administration may miss the critical
window to affect memory flexibility. Because of this, the impact of the drug on retrieval
processes cannot be ruled out. Moreover, because propranolol is relatively long acting, no
study has assessed possible memory alterations shortly after reactivation of drug
administration (i.e. intact short-term memory), because the drug would still be active. Given
this, most of these studies do not meet the second and third criteria to demonstrate
reconsolidation described above. Nevertheless, an increasing body of work indicates that
combining reactivation with propranolol can diminish some learned threat-related responses
in humans.

The first indication that noradrenergic antagonists may attenuate reactivated memories in
humans came from a study using aversive threat conditioning (Miller et al. 2004). In this
study, three groups of subjects were conditioned to two visual stimuli of which one (CS+)
was occasionally followed by a mild electrical shock to the wrists (US) and the other visual
stimulus was never followed by a shock (CS-). Skin conductance responses (SCR), an
indication of autonomic arousal, served as an index of threat-related responses. A day later,
memory was reactivated by a single presentation of the CS+ and CS- and either followed by
administration of the noradrenergic antagonist propranolol or placebo. A third group did not
receive memory reactivation but did receive propranolol. When tested after 24 h, the group
that received memory reactivation and placebo showed greater SCR to the CS+ than CS- on
the first trial of the recovery test, whereas the group who received memory reactivation
followed by propranolol administration did not show differential responses to the CS+ and
CS- on the first trial of the test session. Although this result was encouraging, there are
several aspects of the data that were problematic. First, the group that did not receive
memory reactivation but was administered propranolol also did not show differential
responses to the CS+ and CS- on the first trial of the test session. Second, the absence of
differential responses in both propranolol groups was partially driven by increased responses
to the CS- at test. Third, the lack of differential responses was limited to the first trial at test
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and both drug groups showed greater responses to the CS+ than CS- on subsequent trials.
These results indicate not a general reduction in defensive responses but a temporary
inability to discriminate between two stimuli. Finally, this effect was only present in female
participants. These initial results indicate that while propranolol administered post-
reactivation in human may have some effect on later expression of learned defensive
responses, the effect is more limited than findings with non-human animals. It has been
suggested that one possible reason for the return of conditioned defensive responses in later
trials of the recovery test may be due to intact episodic knowledge of the CS-US
contingencies that can drive the expression of conditioned responses in humans without
reinforcement (Olsson and Phelps 2007; Phelps et al. 2001; Raio et al. 2012).

In a series of publications, Kindt and colleagues showed that administering propranolol
before or after memory reactivation can decrease threat-potentiated startle responses (Kindt
et al. 2009; Sevenster et al. 2012, 2013, 2014; Soeter and Kindt 2010, 2011, 2012). In these
studies, subjects learn that a cue is predictive of a mild electrical shock, while another cue is
never followed by a shock. Throughout the task, the startle eyeblink response to loud white
noise bursts is measured. As subjects learn which cue predicts the occurrence of the shock,
the magnitude of their eyeblink response to the noise burst is greater when the threatening
stimulus is also presented (Grillon et al. 1991). In addition, Kindt and colleagues measured
SCR and had subjects rate their expectancy of the occurrence of a shock on each trail as an
online measure of explicit knowledge of the contingencies. The combination of memory
reactivation and propranolol administration attenuated threat-potentiated startle responses 1
day later, but did not attenuate SCR or expectancy ratings. Propranolol without memory
reactivation or memory reactivation combined with placebo had no effects. Further, the
researchers were unable to reinstate the threat-potentiated startle responses (Kindt et al.
2009). In a follow-up study, the response was not found to spontaneously recover after
longer delays (Soeter and Kindt 2010). These results mirror findings in non-human animals,
but demonstrate that not all types of threat memory expression are equally affected by beta-
blockade at memory retrieval (Alberini 2011).

It is interesting to speculate on the reason why Miller and colleagues found that propranolol
temporarily attenuated reactivated aversive memory using SCR, but Kindt and colleagues
found that propranolol only reduced startle responses but left threat-related SCR and explicit
knowledge of the aversive events intact. It has been suggested that startle is a more direct
measure of amygdala-dependent memory than SCR, the latter being an index of more
explicit memory (Kindt et al. 2009). However, threat-conditioned SCR can be acquired even
in the complete absence of awareness of the predictive cues (Ohman and Soares 1994; Raio
et al. 2012; Schultz and Helmstetter 2010), rendering this explanation unlikely in our
opinion. Both threat-conditioned SCR and startle responses involve the human amygdala at
acquisition (Bechara et al. 1995; Klumpers et al. 2014; LaBar et al. 1998), and expression of
both is correlated with dorsomedial prefrontal cortical activity (Klumpers et al., online
prepublication). An important difference is that SCR is measured as an anticipatory response
in the absence of an aversive event, but startle is measured in response to an actual aversive
event (loud noise) that is enhanced by the anticipation of threat. Threat-potentiated startle
thus effectively measures an emotional enhancement of a response to threat itself, and
propranolol at reactivation eliminates the enhancement effect. Further, the simultaneous
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measurement of startle and SCR using long CS presentation times might not be optimal to
assess SCR. In threat-conditioning tasks, the SCR is a phasic response to the anticipation of
threat that initially occurs to the onset of a predictive cue but over learning shifts in time to
the offset of the cue when the shock is expected to occur. Often at the end of threat
conditioning, peak of the response occurs well after the onset of the cue and would be
overshadowed by the occurrence of noise bursts or shocks if those were present at the end of
a trial. Yet a study optimized to measure SCR and following the procedures of Kindt et al.
(2009) also found no effect of reactivation and propranolol on subsequent SCR although it
lacked an appropriate placebo control condition (Spring et al. 2015). Another important
difference may be that Kindt and colleagues use higher reinforcement rates than Miller and
colleagues did. In human threat conditioning, partial reinforcement rates are generally used
because higher reinforcement rates result in very rapid extinction learning if threat-
predictive cues are not reinforced in subsequent test sessions (Capaldi et al. 1970; LaBar et
al. 1998; Phelps et al. 2004). An additional difference is the explicitness of task instructions.
Whereas most human conditioning studies instruct subjects that ‘there is a relationship
between the cues and the shocks’, Kindt and colleagues instruct subjects that ‘one of the
cues will be followed by a shock in most of the cases, whereas the other cue would never be
followed by the shock’. In the latter case, based on explicit knowledge, learning which
stimulus predicts shock and which does not can be fully learned on the first reinforced trial.
Such rapid learning resulting from explicit knowledge may comprise a different neural
circuitry than that which supports reinforcement learning over multiple trials. Finally,
probing online expectancy judgement may affect autonomic threat-related responses
(Warren et al. 2014). Explicit knowledge of contingencies gained from episodic experience
or instructions affects both skin conductance and startle responses and may result in changes
in the involvement of the amygdala, hippocampus, and medial prefrontal cortex in threat-
related responses (Bechara 1995; Coppens et al. 2009; Funayama et al. 2001; Phelps et al.
2001; Tabbert et al. 2006). With this in mind, it is interesting that if the shock electrodes
were not attached at the time of memory reactivation, propranolol administration did not
reduce subsequent threat-potentiated startle responses (Sevenster et al. 2012). These findings
highlight the influence of episodic memory and explicit knowledge on the reactivation of
implicit sympathetic and startle responses in humans. From a clinical perspective, it is also
interesting that higher trait anxiety has been reported to limit the effectiveness of memory
reactivation and propranolol administration to attenuate threat-related responses, although
this was not replicated in a later study (Bos et al. 2014; Soeter and Kindt 2013). Which
differences between experiments contribute to the discrepancies in findings is unclear at the
moment; however, even Kindt and colleagues were not able to replicate their own findings in
two separate studies (Bos et al. 2014) highlighting that it is imperative to collectively
investigate these issues if we wish to reach translational applications for patients.

As mentioned earlier, memory reactivation and propranolol administration can diminish
some threat-related responses but leave an index of episodic memory intact (Kindt et al.
2009). It could be considered optimal only to reduce physiological threat responses in
patients, but leave patients’ episodic memory for the events of a traumatic experience intact.
However, if episodic memories contribute to the negative symptoms experienced by patients
or contribute to a potential return of physiological threat-related responses, one may also
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wish to alter episodic memories as well. Several studies have specifically targeted
reactivated episodic memories using propranolol (Kroes et al. 2010; Schwabe et al. 2012,
2013).

The first study had participants study neutral and emotional words (Kroes et al. 2010). On
day two, participants were given placebo or propranolol followed by memory reactivation by
presenting the word stems (first three letters) for a subset of the emotional and neutral words
and asked to recall the words. On Day 3, memory was assessed with a cued recall task in
which subjects were provided word stems and asked to remember the words. Subjects who
had received placebo showed a well-known emotional enhancement effect in that they were
able to correctly complete more stems of emotional words than neutral words. Interestingly,
propranolol abolished the emotional enhancement effect. Critically, propranolol did not
diminish memory completely but specifically abolished the beneficial contribution of
emotion to memory. Further, the researchers found that emotional words that were not
recalled in the presence of propranolol were also unlikely to be recalled the next day. In
contrast, emotional words that were correctly recalled, and thus supposedly reactivated, in
the presence of propranolol were likely to still be remembered the next day. Therefore, the
authors suggest that the attenuation of memory by propranolol may result from a sustained
retrieval impairment and/or new learning and not necessarily be the consequence of
reconsolidation disruption (Kroes et al. 2010). Two other studies studied the effect of
propranolol on the reactivation of memory for neutral and emotional pictures (Schwabe et al.
2012, 2013). Both studies also found that propranolol during memory reactivation abolished
the enhanced recognition of emotional pictures on day later. Propranolol without memory
reactivation had no effect. Interestingly, propranolol with memory reactivation was found to
specifically reduce the number of arousing pictures subjects indicated as ‘remembered” but
did not reduce the number of arousing pictures specified as ‘known’ (Schwabe et al. 2013).
With ‘remember’ responses, subjects denote that they consciously recollect having seen the
picture before, whereas ‘know’ responses indicate that they merely have a feeling of
familiarity. Remembering has been suggested to reflect hippocampus-dependent episodic
memory, whereas knowing or familiarity is proposed to rely more on parahippocampal
regions (Tulving 1985). Functional magnetic resonance imaging (fMRI) data indicated
amygdala and hippocampus involvement during memory reactivation in both the placebo
and propranolol groups (Schwabe et al. 2012). One day later, the propranolol group
displayed reduced amygdala and hippocampus responses during recognition of arousing
pictures. These studies indicate that beta-blockade at reactivation may attenuate the
emotional enhancement of episodic memory (Kroes et al. 2010; Schwabe et al. 2012, 2013),
but it is precarious to attribute these memory impairments as evidence for reconsolidation.

In conclusion, a growing body of studies indicated that propranolol administered at the time
of memory reactivation could result in a subsequent attenuation of threat-related responses
and aspects of episodic memory in humans. However, given the pharmacodynamics of
propranolol, it has been difficult to meet the critical criteria to demonstrate convincing
evidence for reconsolidation. All preclinical studies have investigated the effect of beta-
blockade on one-day-old memory. It is currently unclear whether propranolol at reactivation
has an effect on more remote memories. Furthermore, the effect of propranolol on episodic
memory seems to be limited to an attenuation of the emotional enhancement of episodic
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memory. Considering that threat-related defensive responses involve the amygdala (LeDoux
2000) and the emotional enhancement of memory is considered to result from the amygdala
modulating hippocampal processing (McGaugh 2002; Phelps 2004; Richardson et al. 2004)
via a beta-adrenergic mechanism (Cahill and McGaugh 1998; McGaugh 2004; Strange and
Dolan 2004), it could be that the effects of propranolol are limited to amygdala-dependent
memories. The exact mechanisms through which noradrenergic blockage may affect
reactivated memories will be an important question for future research. It is possible that
propranolol affects reconsolidation in humans, but it is also clear that retrieval and new
learning can be affected. In order to develop translational approaches, it is imperative to
dissociate these mnemonic processes and understand when and how each process is evoked
and how to target each process to yield optimal treatment outcomes for patients. Finally, so
far all preclinical human studies have focused on the effect of beta-blockade on negative
arousing memories and none on appetitive memories. Nevertheless, the findings that beta-
blockade can attenuate reactivated memories have encouraged researchers to start studies in
clinical populations that will be discussed next.

4.4 Noradrenergic Manipulations Targeting Reconsolidation: Studies in Clinical
Populations

Translational studies targeting reconsolidation of aversive and appetitive memories with
beta-blockers in clinical populations have had mixed, and limited, results. First, in a series of
studies, traumatic memories of post-traumatic stress disorder (PTSD) patients were
reactivated by creating a narrative script of patient’s own traumatic experiences and
combined with propranolol administration (Brunet et al. 2008, 2011, 2014). One week later,
patients were again presented with the trauma script and mentally imagined the experience.
Patients who had received propranolol had lower heart rates than those who had received
placebo to a level below that normally observed in PTSD patients in this task. Skin
conductance levels (note a measure reflecting overall conductance not differential responses)
were also reduced in patients who had received propranolol, but not below PTSD cut-off
levels. Electromyography, a third measure of arousal, was reduced in both the patients who
had received propranolol and placebo (Brunet et al. 2008). The following studies replicated
these results when reactivation and propranolol administration were repeated over six
weekly sessions. Patients also showed a reduction of PTSD symptoms over the course of
treatment and at a six-month follow-up and 70-90 % of the patients no longer meeting the
criteria indicative of PTSD (Brunet et al. 2011, 2014). Conducting exploratory studies in
clinical patients is demanding. Probably for this reason, the studies mentioned above were
open-label, lacked placebo controls, or used patients who refused treatment (and may thus
constitute a particular problematic clinical group) as comparison and did not include no
reactivation control groups. Furthermore, over three independent studies, the same research
group was not able to replicate the reduction in sympathetic measures or clinical symptoms
in PTSD patients due to memory reactivation and propranolol administration (Wood et al.
2015). Hence, studies investigating the possibility of combining memory reactivation with
propranolol to treat PTSD patients have had limited success.

Several studies have also investigated the effects of memory reactivation and propranolol on
appetitive-related responses in addiction patients. The first study had heroin addicts learn 10
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heroin-related positive words, 10 heroin-related negative words, and 10 neutral words (Zhao
et al. 2011). The next day, subjects received propranolol or placebo and memory was
reactivated by free recall of the words or memory was not reactivated. On the third day, in
the absence of drug, the patients who had received propranolol and memory reactivation
recalled less heroin-related positive and negative words, but similar numbers of neutral
words compared to the control groups. Hence, similar to preclinical human studies (Kroes et
al. 2010; Schwabe et al. 2012, 2013), propranolol and memory reactivation seem to reduce
the emotional enhancement of memory. Interestingly, the reduction of memory from the first
to the third day was comparable between the reactivation and propranolol administration
group and no reactivation group (Zhao et al. 2011). This could indicate that propranolol
blocked the enhancement of memory that can result from reactivation (Inda et al. 2011). Two
other studies investigated drug craving and drug-related sympathetic responses (Pachas et al.
2014; Saladin et al. 2013). In one study, memory was reactivated by presenting cocaine
addict with videos of drug paraphernalia (e.g. bags of drugs, mirrors, pipes) followed by
placebo or propranolol administration. One day later, the patients who had received
propranolol showed reduced blood pressure and reduced cravings, but no change in heart
rate and SCR to drug-related videos (Saladin et al. 2013). Furthermore, no change in drug
use was observed at follow-up on week later. In another study, nicotine addicts received
propranolol or placebo and memory was reactivated via personalized smoking scripts or
personal non-smoking scripts (Pachas et al. 2014). One week later, subject who had received
propranolol exhibited a reduction in craving but no change in sympathetic responses to
smoking scripts. However, no interaction between drug and memory reactivation was found
indicating a general effect of propranolol on the reduction of cravings. In sum, studies
investigating the possibility of combining memory reactivation with propranolol to treat
addiction patients have also had limited success.

To conclude, translational studies targeting reconsolidation of aversive and appetitive
memories with propranolol in clinical populations have had mixed and limited results.
Studies have targeted reconsolidation but have had difficulty implementing important
controls to meet the criteria to demonstrate reconsolidation and to demonstrate clinical
effectiveness. Although several studies have had success in attenuating responses, it is
unclear whether this is attributable to effects on reconsolidation or other mnemonic
processes, such as exposure or extinction. In concert with findings from non-human animal
and preclinical human studies, not all memory measures are equally affected by reactivation
and propranolol in clinical populations. Modification of arousal-related sympathetic
responses has been reported but not reductions of approach- or avoidance-related symptoms.
Furthermore, the effect of propranolol on episodic memory in patients may also be limited to
reducing the emotional enhancement effect. Again, this suggests that the brain regions that
support the specific memory assessment may influence the effectiveness of propranolol at
memory reactivation in patients. Psychiatric disorders such as PTSD and addiction are
multifaceted disorders, and distinct symptoms likely involve memories dependent on
different neural systems that vary in sensitivity to alteration following reactivation.
Furthermore, studies in patients aimed at reducing clinical symptoms are targeting very
remote memories that have had time to undergo systems consolidation. Preclinical human

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al. Page 14

studies have not addressed such remote memories, and this could be a significant limitation
to translational efficacy.

4.5 Noradrenergic Manipulations Targeting Reconsolidation: Conclusions

In conclusion, studies with non-human animals, in healthy human subjects, and in clinical
patient populations indicate that noradrenergic antagonists can attenuate reactivated aversive
and appetitive memories. However, translational studies targeting reactivated memories with
propranolol to treat symptoms of patients have had mixed and limited effects. Several
limiting factors have been discussed. Not all memory types appear equally affected by
reactivation and noradrenergic antagonist administration. The dependency of memories on
specific brain regions and their change over time with systems consolidation might limit the
possibility to alter memories. More specifically, it appears that amygdala-dependent
memories such as cue-conditioned arousal responses may be attenuated by noradrenergic
blockade following reactivation, but these effects are limited and difficult to replicate in
humans. The ability to alter hippocampus-dependent memories such as contextual
conditioned memories in non-human animals or episodic memory in humans might be
limited to the emotional enhancement of memory that is possibly the result of modulation of
the hippocampus by the amygdala. This could be either the consequence of intrinsic
qualities of distinct brain regions, or the result of the mechanisms of action of propranolol,
or a combination of both. Additionally, remote memories that have undergone systems
consolidation may be an important limiting factor to alter reactivated memories with
noradrenergic antagonists. Further, noradrenergic antagonists may affect reconsolidation but
can also have sustained effects by influencing other mnemonic processes such as retrieval or
new learning. Studies in humans have had particular difficulty in dissecting distinct effects
on different potential mnemonic processes. It will be important for future studies to critically
investigate the mechanisms and memory processes that can lead to alterations of reactivated
memories by noradrenergic antagonists if we wish to develop optimal translation
applications to treat patients.

5 Behavioural Interventions Targeting Reconsolidation: The Reactivation—
Extinction Paradigm

Although pharmacological manipulations are the most common techniques to alter
reconsolidation in animal models, the translation to humans to date has been limited due to
ethical/safety reasons, and as outlined above, the translation of drugs safe for human use has
had limited success. An alternative approach is to rely on behavioural techniques proposed
to influence reconsolidation, the most prominent being the reactivation—extinction paradigm.

The notion that behavioural interventions can influence reconsolidation is based on the
premise that a key function of reconsolidation might be to update older memories with new
information available at the time of retrieval, thus supporting the dynamic nature of memory.
The first demonstration of this effect was a study conducted in humans examining motor
sequence learning (Walker et al. 2003). In this study, participants learned a motor sequence
on the first day as indicated by decreased reaction time over trials. The following day, they
learned another motor sequence that was, or was not, proceeded by reactivation of the earlier
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acquired motor sequence. On the third day, memory of the first motor sequence was
assessed. It was found that reactivation of the first motor sequence prior to learning a second
motor sequence impaired its later retrieval relative to the no reactivation group. Importantly,
this study is one of the few studies in humans that meet all the criteria for targeting
reconsolidation described earlier and the first to demonstrate that behavioural techniques can
also be used to influence reactivated memory.

The extension of the behavioural interference of reconsolidation to threat memories resulted
in the reactivation—extinction paradigm. A common way to associate threatening cues with
safety is through extinction training, where the threat-conditioned cue is presented
repeatedly without the aversive outcome. This learning process creates a novel association of
the CS with no US, which is traditionally thought to compete for expression with the threat
association. If extinction training was sufficient, subsequent encounters with the CS would
not trigger defensive responses, but returning to the threatening context, stressful exposure to
threat or mere passage of time can trigger the expression of the initial threat association over
the extinction memory. But what if extinction training were to occur during reconsolidation?
Theoretically, the safety information learned through pairing the CS with the absence of a
US might be incorporated into the threat association during the reconsolidation process. This
is the rationale behind the retrieval extinction paradigm, a protocol that can prevent the
return of the conditioned defensive responses in animals and humans.

5.1 Reactivation—Extinction: Non-human Animal Studies

The first report of the post-retrieval extinction effect in rodents (Monfils et al. 2009) used a
threat-conditioning paradigm. On Day 1, rats were trained to associate a tone (CS) with
electric shock (US). A day later, the rats were exposed either to one presentation of the CS
without the US (reminder trial), or to the context only (no reminder). Extinction training
followed, either 10 min or 1 h after the reminder trial (during reconsolidation), or 6 or 24 h
after the reminder trial (when reconsolidation was complete). Another group had extinction,
but no reminder trial preceded. A day later, the rats were exposed again to the CS under
conditions that typically lead to the recovery of the threat memory following standard
extinction. Only rats that received a reminder trial prior to extinction but before
reconsolidation was complete (10 min or 1 h) did not show the recovery of the threat-related
defensive freezing response (CR). These rats also showed impaired reacquisition when
exposed to additional tone—shock pairings, suggesting that the original threat association was
not erased but rather changed its meaning from threat to safety.

This initial finding spurred dozens of follow-up studies attempting to replicate this finding
across species as well as to adapt the paradigm to reward and instrumental memories.
Reports have been mixed, with many successful replications but also null or even opposite
results. The vast parametric variation that these studies brought about outlines the probable
boundaries of the post-retrieval extinction phenomenon. Recognizing boundary conditions is
essential for the translation of these findings to clinical applications. One of the most
important mediating factors is the age of the memory. The majority of animal studies thus
far examined laboratory-made memaories that were one to three days old (for reviews, see
Auber et al. 2013; Flavell et al. 2013), whereas anxiety disorders often involve memories
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that are several months or years old. One study of post-retrieval extinction of remote
memories (Costanzi et al. 2011) examined a month-old contextual memory. In this study,
mice learned to associate context with a foot-shock. Approximately one month later, the
mice retrieved the memory when placed in the conditioning context for 3 min (no shock was
delivered) and 1 h later underwent a 30-min extinction session in the same context. The
memory test was conducted a day later by placing the mice back in the conditioning context
and measuring their levels of freezing. There were no differences between mice that
underwent post-retrieval extinction compared to mice that underwent extinction only,
indicating that post-retrieval extinction failed to attenuate remote hippocampus-dependent
memories that have had time to undergo systems consolidation.

A follow-up study investigated epigenetic mechanisms differentiating recent and remote
memories (Graff et al. 2014). Using cued context conditioning in mice, this study showed
that retrieval of recent memories induced a time-limited period of neuronal plasticity in the
hippocampus, mediated in part by epigenetic modification of gene expression involving
acetylation of histone proteins. By modifying chromatic compaction, histone acetylation
promotes gene transcription, thereby regulating long-lasting neuronal plasticity (Levenson
and Sweatt 2005). Graff and colleagues showed that retrieval of remote memories failed to
generate this temporary histone acetylation-mediated neuroplasticity in the hippocampus.
The pathway critical for this process is nitrosylation of histone deacetylase 2 (HDAC?2)
following memory retrieval, leading to dissociation of HDAC?2 from the chromatin. Using
HDAC inhibitors, Graff and colleagues were able to reinstate hippocampal plasticity during
post-retrieval extinction of remote memories and prevent the return of the conditioned
freezing responses. In the absence of memory retrieval, treatment with HDAC inhibitors had
no effect, suggesting that the original memory trace might have been modified. From a
clinical perspective, these findings suggest that at least for certain types of remote memories,
combining pharmacological with behavioural treatment might be more beneficial than either
approach alone.

These studies demonstrate that the translation of the post-retrieval extinction procedure into
clinical settings would require careful consideration of timing. In addition, the age of
memory, also the duration of the reminder, the time between the reminder and extinction,
and the time between post-retrieval extinction and memory test might significantly influence
memory attenuation. Previous studies have shown that long exposure to the CS or the
conditioned context would result in extinction rather than memory reactivation (Eisenberg et
al. 2003; Power et al. 2006; Suzuki et al. 2004). For example, post-retrieval extinction of
context conditioning in crabs (Perez-Cuesta and Maldonado 2009) failed to prevent the
return of conditioned responses when using a relatively long reminder session (15 min). As
for the time between the reminder and extinction, studies utilizing Pavlovian threat
conditioning found that reconsolidation lasts more than an hour, but less than 6 h, although
this window may depend on the type, strength, and age of the memory (Duvarci and Nader
2004).

Another potentially important factor for clinical treatment is the social environment. A
previous study that used the post-retrieval extinction effect showed memory enhancement
instead of attenuation (Chan et al. 2010). There were several parametric variations in this
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study compared to the original paradigm (Monfils et al. 2009), such as a different frequency
of the auditory CS and a different contextual modulation. One interesting difference, though,
was the housing conditions of the rats (Auber et al. 2013), which is usually overlooked. The
rats in the original study were housed individually, whereas Chan and colleagues housed the
rats in groups of eight. Previous studies have shown that animals respond to conspecific in
distress (Panksepp and Lahvis 2011). Observing a threatened cage mate might facilitate
threat learning (Knapska et al. 2010) and induce robust renewal of conditioned freezing in
extinction-trained mice (Nowak et al. 2013). Such social transmission might explain the
memory enhancement in the study of Chan and colleagues. Vicarious modulation of post-
retrieval extinction might be an intervening factor in clinical treatments, especially those
involving group dynamics.

The post-retrieval extinction paradigm has been successfully adapted to appetitive learning
with implications for drug addiction (Milton and Everitt 2010). Various protocols included
different positive reinforcers including sucrose (Flavell et al. 2013), grain pellets (Olshavsky
et al. 2013), alcoholic beer (Millan et al. 2013), morphine, and cocaine (Ma et al. 2012;
Sartor and Aston-Jones 2014; Xue et al. 2012). In contrast to Pavlovian conditioning of
threat, the appetitive paradigms often involve instrumental behaviour. For example, Xue et
al. (2012) trained rats to self-administer cocaine or heroin using nose poking. The drug
infusions were accompanied by a light cue and a buzzing tone. The reminder consisted of a
15-min exposure to the training context, where nose poking was associated with the light
and tone, but no drug was delivered. Ten minutes or 6 h later, or without the reminder, all
rats underwent a 180-min extinction session, conducted similar to the reminder session. The
rats repeated this retrieval extinction protocol daily for about two weeks, after which their
memory was reinstated using acute drug injection (non-contingent upon nose poking). Xue
and colleagues found that nose poking behaviour decreased only in rats that underwent
extinction sessions 10 min post-retrieval. The authors also examined drug-related Pavlovian
learning using conditioned place preference to a context associated with drug and found
more robust results. This suggests that Pavlovian memories are rendered labile more readily
than instrumental memories. A critical difference is that instrumental memories are usually
stronger due to more intense training. Although several studies have shown that strong
instrumental memories did not appear to undergo reconsolidation (e.g. Hernandez and
Kelley 2004), a recent study found that introducing unexpectedness during the reminder
session destabilizes a well-trained instrumental memory (Exton-McGuinness et al. 2015).
Similar observation was shown for Pavlovian threat memories where targeting
reconsolidation is difficult because of the strength of initial learning (Diaz-Mataix et al.
2013), consistent with the notion that some limitations of targeting reconsolidation may be
overcome with variations in reactivation protocols.

The neural mechanisms mediating updating through post-retrieval extinction are still largely
unknown (for reviews, see (Auber et al. 2013; Flavell et al. 2013). The working model
emerging from studies thus far suggests that learning induces persistently potentiated
synaptic strengthening in the lateral amygdala, by synaptic surface expression of calcium-
impermeable AMPA receptors (CI-AMPAr), which are more stable at the synapse compared
to the less stable calcium-permeable AMPA receptors (CP-AMPAr). Memory retrieval
engages NMDA receptor-induced exchange of CI-AMPAr to CP-AMPAr. This process of
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CI-AMPAR endocytosis followed by CP-AMPAR insertion causes an unstable state of
synaptic potentiation. The newly inserted CP-AMPARS appear to contribute to memory
updating following reactivation but are removed from the synapses over the course of post-
retrieval extinction (Clem and Huganir 2010; Hong et al. 2013; Monfils et al. 2009; Tedesco
et al. 2014). Further understanding of the neural mechanisms underlying the reactivation—
extinction paradigm may help to optimize its effectiveness in human studies.

5.2 Reactivation—Extinction: Preclinical Human Studies

Evidence for reactivation—extinction effect was also demonstrated in humans using threat
conditioning (Schiller et al. 2010). Three groups of participants learned to associate one out
of two visual cues (CS+ and CS-) with an electric shock to the wrist. The index of threat
was SCR. A day later, all groups underwent extinction training. One group had regular
extinction with no reactivation of the memory. The two other groups were reminded of the
CS prior to extinction, one group had extinction 10 min post-retrieval (during
reconsolidation), and the other waited 6 h (after reconsolidation was presumably complete).
The return of conditioned SCR was tested a day later. The groups that had no reminder—
extinction or extinction 6 h after the reminder showed spontaneous recovery of the threat
memory. Only the participants that underwent post-retrieval extinction after 10 min showed
no evidence of threat memory. A follow-up session showed that the effect persisted about a
year later.

The vast majority of post-retrieval extinction studies in animals were conducted by
comparing between groups, as did the protocol above in humans, where only one simple
threat association was studied. Real-life memories, however, are much more complex and
likely include multiple memory traces. Schiller et al. (2010) also examined whether post-
retrieval extinction would influence only the memory that was retrieved but not other
memories formed during the same time and within the same context but were not
reactivated. To study this, the participants learned to associate two out of three visual stimuli
with shock. A day later, only one of the two CSs was reactivated, and 10 min later, all
stimuli were presented repeatedly without the shock in an extinction session. A day later, the
participants received 4 unsignaled shocks in order to reinstate the memory, and the test was
conducted 10 min later by presenting the stimuli without the shock. The results showed that
only the memory that was reactivated prior to extinction was not reinstated, suggesting that
post-retrieval extinction is not only effective in humans but also specific to memories that
return to a labile state upon retrieval.

The specificity of post-retrieval extinction is advantageous in preventing unwarranted
memory modification, but it could also be a disadvantage if we wish to modify complex
memories associated with traumatic events. To address this, Liu and colleagues (Liu et al.
2014) speculated that reactivating the memory using the US would modify all CSs
associated with this US. The participants underwent threat conditioning where they learned
to associate two visual stimuli with shock. A day later, the participants underwent US
reactivation using a weaker shock, 10 min later underwent extinction training, and were
tested a day later. Liu and colleagues found that US reactivation prevented the return of
conditioned threat response to both CSs. They further showed that this effect persisted at
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least 6 months and could also be achieved by extinguishing only one of the CSs. They also
demonstrated similar results with memories that were two weeks old. These findings suggest
that reactivating the central or ‘binding’ element of a memory might have a more
overarching effect on reconsolidation. The clinical implication of this study is that re-
exposure to a similar but milder adverse event might be beneficial under certain
circumstances (see next section for a potential real-life demonstration of this effect).

Additional studies in humans demonstrated the post-retrieval extinction effect using a
different modality of CS [auditory cue instead of visual; (Oyarzun et al. 2012)], as well as 7-
day-old memories (Steinfurth et al. 2014), and in adolescents (Johnson and Casey 2015).
Moreover, Agren et al. (2012b) suggested that individual differences in serotonin- and
dopamine-related polymorphisms influenced post-retrieval extinction. Specifically, carriers
of the short allele of the serotonin transporter length polymorphism (5-HTTLPR), and val
allele homozygotes in the dopamine-related COMT Val158Met polymorphism showed
enhanced reacquisition only if extinction training was performed outside, but not during, the
reconsolidation window. In contrast, met allele and long-allele homozygotes did not show
reacquisition regardless of reconsolidation conditions, suggesting that different allele
carriers might have different reconsolidation windows. To fully assess genetic variations in
reconsolidation, additional studies on sufficiently large populations are required.

Although several laboratories have reported that the reactivation—extinction paradigm
persistently diminished the CR, other studies using different parameters were unable to find
this effect, which might outline the boundary conditions of this phenomenon in humans (for
reviews, see Agren 2014; Auber et al. 2013; Schiller and Phelps 2011). Some of these
conditions include the use of CSs that were not initially neutral but rather innately frightful,
such as images of spiders and snakes (Soeter and Kindt 2011). Threat conditioning to
innately scary cues might induce stronger conditioning but could also engage a different
neural mechanism altogether. Understanding the effect of fear-relevant stimuli might have
important implications for anxiety disorders, which often involve memories that are both
strong and innate, such as specific phobias (Mineka and Ohman 2002). Another important
factor is the use of online expectancy ratings (Warren et al. 2014), as described in the
previous paragraph. Again, it is possible that attention to the CS— US contingency during
conditioning engages other neural mechanisms such as prefrontal circuits, which might
diminish the impact of the reconsolidation processes within the amygdala on persistently
attenuating threat responses.

Two recent studies (Agren et al. 2012a; Schiller et al. 2013) examined the neural
mechanisms of the reactivation—extinction effect in the human brain using functional
magnetic resonance imaging (fMRI). These studies suggest that reduction in conditioned
threat responses following reactivation—extinction was coupled with reduction in amygdala
reactivity to the CS (Agren et al. 2012a). Following extinction, the ventromedial prefrontal
cortex (vmPFC) is thought to inhibit the amygdala and the expression of the CR enabling the
expression of the extinction memory. Interestingly, unlike in standard extinction, with
extinction during reconsolidation, less vmPFC involvement was detected. Furthermore, the
amygdala and vmPFC were coactivated during standard extinction, but not when extinction
occurred during reconsolidation (Schiller et al. 2013). These studies point to the possibility
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that post-retrieval extinction might circumvent extinction-related pre-frontal processes,
which might lead to threat memory updating within the amygdala.

5.3 Reactivation—Extinction: Studies in Clinical Populations

Persistently altering threat memories with the reactivation—extinction procedure is a
promising avenue for noninvasive treatments of PTSD, but currently there are no published
studies proactively examining the efficacy of a retrieval extinction approach in PTSD
patients. A recent retroactive study (Weems and Graham 2014) might support the ecological
validity of the reactivation—extinction paradigm in humans. This study examined the course
of traumatic memories in youth from New Orleans that survived both hurricane Katrina in
2005 and hurricane Gustav in 2008. One month after hurricane Gustav, some participants
recalled fewer negative memories of hurricane Katrina and had a reduction in PTSD
symptoms induced by hurricane Katrina (Weems and Graham 2014). Those participants had
a milder exposure to hurricane Gustav, which was significantly less devastating than
hurricane Katrina. The authors found parallels between these observations and the
reactivation—extinction paradigm. Exposure to hurricane Gustav may have served as a
reminder for Katrina memories, similar to the US reactivation that Liu and colleagues used
(described above; (Liu et al. 2014), and the experience of a milder storm may have led to the
update of hurricane Katrina memories. The consequence of this sequence of events is
reminiscent of the hypothesis that reactivation may serve as an update mechanism. However,
this interpretation is speculative. Nevertheless, perhaps forms of treatment that mimic re-
exposure to the trauma in a milder form (guided imagery, narrative rescripting, etc.) can
capitalize on a reactivation update mechanism. The link between existing therapies and
reconsolidation remains to be scientifically validated.

As outlined earlier, reconsolidation may also be harnessed to diminish maladaptive
appetitive memories that underlie addiction. Drug-associated cues could trigger conditioned
responses even after long periods of abstinence. The post-retrieval extinction procedure was
recently adapted for drug addiction (Xue et al. 2012). In this study, inpatient detoxified
heroin addicts underwent the following procedure: On Day 1, baseline measures of cue-
induced heroin craving, including heart rate, blood pressure, and the visual analogue scale,
were taken. On Days 2 and 3, the participants were divided into three groups: one group was
reminded of the drug memory using a 5-min presentation of videotaped heroin cues. Ten
minutes later, they underwent 1 h of extinction training comprised of four consecutive
sessions of repeated exposures to three different heroin-related cues. The second group
underwent a similar procedure but had a 6-h break following the reminder, and the third
group had the 1-h extinction training without the reminder (they were shown 5 min of a
neutral video). Change in craving compared to baseline level was assessed during Day 4, as
well as approximately one month and six months later. The only group that showed
significant attenuation in craving that persisted at least six months was the group had
extinction training 10 min after the drug cue reminder. These findings are an encouraging
first step towards implementing reconsolidation update mechanisms in drug addiction
interventions and prevention of relapse and are the only clinical support of the reactivation—
extinction paradigm to date.
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5.4 Reactivation—Extinction: Conclusions

Taken together, the evidence from non-human animal and preclinical human studies
indicates that the reactivation—extinction paradigm might be a promising avenue for the
development of noninvasive techniques to modify threat- and drug-related memories. Again,
the strength and age of memories as well as the type of memory may be limiting factors to
flexibility. But animal and human studies suggest that the chance of inducing renewed
flexibility at reactivation can be increased through specific pharmacological manipulations
or by reactivating the binding element of a memory and introducing a degree of
unexpectedness. The mnemonic mechanism through which the reactivation—extinction
paradigm exerts its effects is not entirely clear. Modification via reconsolidation is one
option, but reactivation could also allow more optimal integration between an old memory
and new information through new learning. Initial neuroimaging evidence indicates that the
reactivation— extinction paradigm does cause a substantial alteration of functioning within
the brain network that supports threat and safety memory. Further understanding of these
underlying neural mechanisms could aid optimization of the effectiveness of the paradigm. It
remains to be seen whether post-retrieval extinction would prove effective in modifying real-
life memories, which are typically older, stronger, and multifaceted. Yet, the first study in a
clinical population provides validity to further develop the paradigm for clinical use.

6 Conclusion, Limitations, and Future Directions

Targeting reconsolidation holds great clinical promise as it allows the modification of
specific memories and may prevent the return of learned responses and memories that
contribute to maladaptive behaviour. Here, we have discussed translational efforts aimed at
altering memories by targeting reconsolidation using biological treatments (electrical
stimulation, noradrenergic antagonists) or behavioural interference (reactivation—extinction
paradigm). Both approaches have been used successfully to modify aversive and appetitive
memories in non-human animals, in healthy human subjects, and in clinical populations. Yet
not all studies have been efficacious, and the exact mnemonic mechanisms that have been
affected by the different studies are not always clear. Reconsolidation depends on de novo
protein synthesis (Nader and Hardt 2009), and noradrenergic antagonists, or reactivation—
extinction, are indirect effectors of protein synthesis at best. We are convinced that
increasing understanding of the mechanism and limitations of memory flexibility upon
reactivation can help optimize efficacy of treatments for psychiatric patients. This requires
translational approaches from non-human animals, to healthy human subjects and clinical
populations that take into account the translational limitations across species and study
populations.

6.1 Limitations

Several limitations to memory flexibility at reactivation are becoming apparent. The
dependency of memories on specific brain regions and their change over time with systems
consolidation might limit the possibility to alter memories. It seems that both recent and
remote memories that depend on the amygdala, such as arousal-related responses, can be
altered upon reactivation. Operant behaviours that involve the striatum appear less flexible.
Hippocampus-dependent memories such as contextual and episodic memories may become
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less sensitive to reactivation-dependent flexibility as memories undergo systems
consolidation and become to depend more on cortical regions. As maladaptive memories in
patients are often old and hippocampus-dependent memories may play a more prominent
role in humans than rodents, this could be an important limiting factor to translational
efforts.

Further, the effectiveness of noradrenergic antagonists to affect reactivated episodic
memories may be limited to eliminating the emotional enhancement effect that involves
amygdala-dependent modulation of the hippocampus via a beta-adrenergic mechanism. At
this point, it is unclear whether this is a limitation of flexibility of memory is due to intrinsic
qualities of distinct brain regions, or the result of the mechanisms of action of propranolol,
or a combination of both. As episodic memories contribute to the aetiology and maintenance
of maladaptive behaviours in patients, it will be critical to develop methods that can
overcome this limitation to translational approaches.

Not all memory retrievals result in memory reactivation and flexibility. Brief reminder
exposures trigger reconsolidation, whereas longer or repeated exposures result in extinction,
although this may depend on the initial learning circumstance (Eisenberg et al. 2003;
Pedreira and Maldonado 2003; Suzuki et al. 2004). In addition, the reminder cue can
determine which specific memory becomes flexible and which does not (Debiec et al. 2006;
Muravieva and Alberini 2010; Schiller et al. 2010). More broad memory flexibility might be
induced by reactivation of a “‘binding element’ (Liu et al. 2014), and flexibility may require
the expression of a to-be-modified response at reactivation (Sevenster et al. 2012). The
reactivation of a memory thus requires the reactivation cue to be similar to the learning
situation. Yet several studies also suggest that there has to be some form of mismatch
between the expectation and outcome at the time of reactivation for memory flexibility to be
induced (Diaz-Mataix et al. 2013; Morris et al. 2006; Sevenster et al. 2013; 2014). Thus, the
conditions of reactivation can determine whether memory becomes flexible and which
specific behavioural responses can be modified. The identification of the reactivation
conditions that lead to the most optimal treatment outcome for a specific patient will thus be
critical to overcome limitations of memory flexibility.

Several interindividual differences may also be limiting factors to translational efficacy of
approaches targeting memory flexibility. One report suggested that propranolol only had an
effect on reactivated aversive memories in women (Miller et al. 2004). Sex may thus be a
determining factor in memory flexibility, or this effect could be due to a difference in
metabolic rate or dose sensitivity. Further, individual differences in genetics may be a
limiting factor to memory flexibility (Agren et al. 2012b). Sex and genetics are important
considerations for translational efforts considering that almost all studies in rodents are
performed in males only and given that these animals are genetically nearly identical. Future
studies in non-human animals will have to address these issues.

Learned maladaptive responses to innately dangerous stimuli or innately non-nocuous
stimuli (e.g. arachnophobia versus anthophobia) may also affect the ability to modify
reactivated memories. To date, this topic has not received much attention.
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6.2 Future Directions

Future studies will have to address limiting factors to reactivation-dependent memory
flexibility to develop more optimal translational approaches. Further, reconsolidation is not
the only process that can be triggered at memory retrieval. Many studies have had difficulty
meeting the critical criteria to demonstrate reconsolidation, especially in humans (for review,
see Schiller and Phelps 2011). Not meeting the criteria to demonstrate reconsolidation leaves
open the possibility of alternative explanations for memory alterations such as retrieval
impairments, or new learning processes such as extinction or secondary encoding. It is
important to realize that initial learning does not happen on a tabula rasa either. Memory is
adaptive, and reconsolidation is one of several processes supporting memory flexibility
(Kroes and Fernandez 2012; McKenzie and Eichenbaum 2011). Critically assessing the
mnemonic processes that support memory alterations following retrieval is imperative. Such
understanding will allow developing control over these processes and developing the most
effective strategies to yield optimal treatment outcomes for patients.

Here, we discussed noradrenergic antagonists as a pharmacological approach targeting
reconsolidation. The development of other pharmacological approaches that are safe for use
in humans may allow effectiveness to extend beyond arousal symptoms and emotional
enhancement of explicit memory. Such developments include drugs targeting the cortisol-
GR-BDNF system (Abrari et al. 2008; Chen et al. 2012; Pitman et al. 2011; Schwabe and
Wolf 2010; Taubenfeld et al. 2009; Tronel and Alberini 2007) and might involve targeting
neuron—glia interactions (Suzuki et al. 2011), methods to increase the chance of memory
destabilization at reactivation using D-cycloserine (Lee et al. 2009; Wood et al. 2015) or
HDAC inhibitors (Graff et al. 2014), or potentially even dietary interventions such as the use
of curcumin (Monsey et al. 2015). Repeating memory reactivation and treatment over
several sessions might also optimize clinical outcomes, but efficacy might be limited to a
limited number of sessions (Brunet et al. 2011, 2014).

As we have discussed, treatments targeting reconsolidation seem most effective in altering
amygdala-dependent learned responses reflecting hyperarousal. Maladaptive memaories in
psychiatric disorders are multifaceted, and beyond hyper-arousal symptoms include
approach and avoidance behaviours and cognitive ruminations. Future research will have to
develop translational approaches to target these behaviours as well. Finally, altering
reactivated memaories can contribute to the treatment of psychiatric disorders but is not a
magical cure. Patients have often over many years adjusted their delay life to their disorder
and can, for example, suffer from feelings such as guilt that are not solved by modifying
memories. Yet altering reactivating memories holds the promise to contribute to more
optimal treatment methods and help patients break the chains of maladaptive behaviours and
work towards a healthier future.

References

Abrari K, Rashidy-Pour A, Semnanian S, Fathollahi Y. Administration of corticosterone after memory
reactivation disrupts subsequent retrieval of a contextual conditioned fear memory: dependence
upon training intensity. Neurobiol Learn Mem. 2008; 89(2):178-184. [PubMed: 17702613]

Agren T. Human reconsolidation: a reactivation and update. Brain Res Bull. 2014; 105:70-82.
[PubMed: 24397965]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 24

Agren T, Engman J, Frick A, Bjorkstrand J, Larsson E-M, Furmark T, et al. Disruption of
reconsolidation erases a fear memory trace in the human amygdala. Science. 2012a; 337(6101):
1550-1552. [PubMed: 22997340]

Agren T, Furmark T, Eriksson E, Fredrikson M. Human fear reconsolidation and allelic differences in
serotonergic and dopaminergic genes. Transl Psychiatry. 2012b; 2:e76. [PubMed: 22832813]

Alberini CM. Mechanisms of memory stabilization: are consolidation and reconsolidation similar or
distinct processes? Trends Neurosci. 2005; 28(1):51-56. [PubMed: 15626497]

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]

Alberini CM, LeDoux JE. Memory reconsolidation. Curr Biol (CB). 2013; 23(17):R746-R750.
[PubMed: 24028957]

Alvarez P, Squire LR. Memory consolidation and the medial temporal lobe: a simple network model.
Proc Natl Acad Sci USA. 1994; 91(15):7041-7045. [PubMed: 8041742]

Ambrogi Lorenzini CG, Baldi E, Bucherelli C, Sacchetti B, Tassoni G. Role of ventral hippocampus in
acquisition, consolidation and retrieval of rat’s passive avoidance response memory trace. Brain
Res. 1997; 768(1-2):242-248. [PubMed: 9369321]

Ambrogi Lorenzini CG, Baldi E, Bucherelli C, Sacchetti B, Tassoni G. Neural topography and
chronology of memory consolidation: a review of functional inactivation findings. Neurobiol
Learn Mem. 1999; 71(1):1-18. [PubMed: 9889069]

Auber A, Tedesco V, Jones CE, Monfils MH, Chiamulera C. Post-retrieval extinction as
reconsolidation interference: methodological issues or boundary conditions? Psychopharmacology.
2013; 226(4):631-647. [PubMed: 23404065]

Bechara A. Double dissociation of conditioning and declarative knowledge relative to the amygdala
and hippocampus in humans. Science. 1995; 269:1115. [PubMed: 7652558]

Bechara A, Tranel D, Damasio H, Adolphs R, Rockland C, Damasio AR. Double dissociation of
conditioning and declarative knowledge relative to the amygdala and hippocampus in humans.
Science. 1995; 269(5227):1115-1118. [PubMed: 7652558]

Bernardi R, Lattal KM, Berger SP. Postretrieval propranolol disrupts a cocaine conditioned place
preference. NeuroReport. 2006; 18(17):1443-1447.

Bernardi RE, Ryabinin AE, Berger SP, Lattal KM. Post-retrieval disruption of a cocaine conditioned
place preference by systemic and intrabasolateral amygdala p2- and a.1-adrenergic antagonists.
Learn Mem. 2009; 16(12):777-789. [PubMed: 19940038]

Bos MGN, Beckers T, Kindt M. Noradrenergic blockade of memory reconsolidation: a failure to
reduce conditioned fear responding. Front Behav Neurosci. 2014; 8:412. [PubMed: 25506319]

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(6):503-506. [PubMed: 17588604]

Brunet A, Poundja J, Tremblay J, Bui E, Thomas E, Orr SP, et al. Trauma reactivation under the
influence of propranolol decreases posttraumatic stress symptoms and disorder: 3 open-label trials.
J Clin Psychopharmacol. 2011; 31(4):547-550. [PubMed: 21720237]

Brunet A, Thomas E, Saumier D, Ashbaugh AR, Azzoug A, Pitman RK, et al. Trauma reactivation
plus propranolol is associated with durably low physiological responding during subsequent script-
driven traumatic imagery. Can J Psychiatry. 2014; 59(4):228-232. [PubMed: 25007116]

Cahill L, McGaugh JL. Mechanisms of emotional arousal and lasting declarative memory. Trends
Neurosci. 1998; 21(7):294-299. [PubMed: 9683321]

Capaldi EJ, Ziff DR, Godbout RC. Extinction and the necessity or non-necessity of anticipating reward
on nonrewarded trials. Psychonomic Sci. 1970; 18(1):61-63.

Chan WYM, Leung HT, Westbrook RF, McNally GP. Effects of recent exposure to a conditioned
stimulus on extinction of Pavlovian fear conditioning. Learn Mem. 2010; 17(10):512-521.
[PubMed: 20884753]

Chen DY, Bambah-Mukku D, Pollonini G, Alberini CM. Glucocorticoid receptors recruit the
CaMKIlI[alpha]-BDNF-CREB pathways to mediate memory consolidation. Nat Neurosci. 2012;
15(12):1707-1714. [PubMed: 23160045]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 25

Clem RL, Huganir RL. Calcium-permeable AMPA receptor dynamics mediate fear memory erasure.
Science. 2010; 330(6007):1108-1112. [PubMed: 21030604]

Coppens E, Spruyt A, Vandenbulcke M, Van Paesschen W, Vansteenwegen D. Classically conditioned
fear responses are preserved following unilateral temporal lobectomy in humans when concurrent
US-expectancy ratings are used. Neuropsychologia. 2009; 47(12):2496-2503. [PubMed:
19410584]

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(8):508-518. [PubMed: 21764847]

Davis M, Whalen P. The amygdala: vigilance and emotion. Mol Psychiatry. 2001; 6:13-34. [PubMed:
11244481]

Debiec J, Ledoux JE. Disruption of reconsolidation but not consolidation of auditory fear conditioning
by noradrenergic blockade in the amygdala. Neuroscience. 2004; 129(2):267-272. [PubMed:
15501585]

Debiec J, Doyere V, Nader K, LeDoux JE. Directly reactivated, but not indirectly reactivated,
memories undergo reconsolidation in the amygdala. Proc Natl Acad Sci USA. 2006; 103(9):3428—
3433. [PubMed: 16492789]

Debiec J, Bush DEA, LeDoux JE. Noradrenergic enhancement of reconsolidation in the amygdala
impairs extinction of conditioned fear in rats—a possible mechanism for the persistence of
traumatic memories in PTSD. Depress Anxiety. 2011; 28(3):186-193. [PubMed: 21394851]

Diaz-Mataix L, Ruiz Martinez Raquel C, Schafe Glenn E, LeDoux Joseph E, Doyeére V. Detection of a
temporal error triggers reconsolidation of amygdala-dependent memories. Curr Biol (CB). 2013;
23(6):467-472. [PubMed: 23453952]

Diergaarde L, Schoffelmeer ANM, De Vries TJ. B-adrenoceptor mediated inhibition of long-term
reward-related memory reconsolidation. Behav Brain Res. 2006; 170(2):333-336. [PubMed:
16600394]

Do Monte FH, Souza RR, Wong TT, Carobrez Ade P. Systemic or intra-prelimbic cortex infusion of
prazosin impairs fear memory reconsolidation. Behav Brain Res. 2013; 244:137-141. [PubMed:
23380678]

Dudai Y. The neurobiology of consolidations, or, how stable is the engram? Annu Rev Psychol. 2004;
55(1):51-86. [PubMed: 14744210]

Dudai Y, Eisenberg M. Rites of passage of the engram: reconsolidation and the lingering consolidation
hypothesis. Neuron. 2004; 44(1):93-100. [PubMed: 15450162]

Duncan C. The retroactive effect of electroshock on learning. J Comp Physiol Psychol. 1949; 42:32—
44, [PubMed: 18111554]

Duvarci S, Nader K. Characterization of fear memory reconsolidation. J Neurosci. 2004; 24(42):9269—
9275. [PubMed: 15496662]

Eisenberg M, Kobilo T, Berman DE, Dudai Y. Stability of retrieved memory: inverse correlation with
trace dominance. Science. 2003; 301(5636):1102-1104. [PubMed: 12934010]

Everitt BJ. Neural and psychological mechanisms underlying compulsive drug seeking habits and drug
memories—indications for novel treatments of addiction. Eur J Neurosci. 2014; 40(1):2163-2182.
[PubMed: 24935353]

Everitt BJ, Robbins TW. Neural systems of reinforcement for drug addiction: from actions to habits to
compulsion. Nat Neurosci. 2005; 8(11):1481-1489. [PubMed: 16251991]

Exton-McGuinness MTJ, Lee JLC, Reichelt AC. Updating memories—the role of prediction errors in
memory reconsolidation. Behav Brain Res. 2015; 278:375-384. [PubMed: 25453746]

Fanselow MS, Poulos AM. The neuroscience of mammalian associative learning. Annu Rev Psychol.
2005; 56(1):207-234. [PubMed: 15709934]

Fendt M, Fanselow MS. The neuroanatomical and neurochemical basis of conditioned fear. Neurosci
Biobehav Rev. 1999; 23(5):743-760. [PubMed: 10392663]

Flavell CR, Lambert EA, Winters BD, Bredy TW. Mechanisms governing the reactivation-dependent
destabilization of memories and their role in extinction. Front Behav Neurosci. 2013; 7:214.
[PubMed: 24421762]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 26

Frankland PW, Bontempi B. The organization of recent and remote memories. Nat Rev Neurosci.
2005; 6(2):119-130. [PubMed: 15685217]

Fricks-Gleason AN, Marshall JF. Post-retrieval p-adrenergic receptor blockade: effects on extinction
and reconsolidation of cocaine-cue memories. Learn Mem. 2008; 15(9):643-648. [PubMed:
18772251]

Funayama ES, Grillon C, Davis M, Phelps EA. A double dissociation in the affective modulation of
startle in humans: effects of unilateral temporal lobectomy. J Cogn Neurosci. 2001; 13(6):721-
729. [PubMed: 11564317]

Fuster JM. Cortex and memory: emergence of a new paradigm. J Cogn Neurosci. 2009; 21(11):2047-
2072. [PubMed: 19485699]

Gamache K, Pitman RK, Nader K. Preclinical evaluation of reconsolidation blockade by clonidine as a
potential novel treatment for posttraumatic stress disorder. Neuropsychopharmacology. 2012;
37(13):2789-2796. [PubMed: 22871915]

Gazarini L, Stern CAJ, Carobrez AP, Bertoglio LJ. Enhanced noradrenergic activity potentiates fear
memory consolidation and reconsolidation by differentially recruiting a1- and p-adrenergic
receptors. Learn Mem. 2013; 20(4):210-219. [PubMed: 23512937]

Gerard. Physiology and psychiatry. Am J Psychiatry. 1949; 106:161-173. [PubMed: 18136685]

Glickman S. Perseverative neural processes and consolidation of the memory trace. Psychol Bull.
1961; 28:218-233.

Graff J, Joseph NF, Horn ME, Samiei A, Meng J, Seo J, et al. Epigenetic priming of memory updating
during reconsolidation to attenuate remote fear memories. Cell. 2014; 156(1-2):261-276.
[PubMed: 24439381]

Grillon C, Ameli R, Woods SW, Merikangas K, Davis M. Fear-potentiated startle in humans: effects of
anticipatory anxiety on the acoustic blink reflex. Psychophysiology. 1991; 28(5):588-595.
[PubMed: 1758934]

Hebb, D. The organization of behavior. Wiley; New York: 1949.

Henke K. A model for memory systems based on processing modes rather than consciousness. Nat
Rev Neursci. 2010; 11(7):523-532.

Hernandez PJ, Kelley AE. Long-term memory for instrumental responses does not undergo protein
synthesis-dependent reconsolidation upon retrieval. Learn Mem. 2004; 11(6):748-754. [PubMed:
15537740]

Herry C, Johansen JP. Encoding of fear learning and memory in distributed neuronal circuits. Nat
Neurosci. 2014; 17(12):1644-1654. [PubMed: 25413091]

Hong I, Kim J, Kim J, Lee S, Ko H-G, Nader K, et al. AMPA receptor exchange underlies transient
memory destabilization on retrieval. Proc Natl Acad Sci USA. 2013; 110(20):8218-8223.
[PubMed: 23630279]

Inda MC, Muravieva EV, Alberini CM. Memory retrieval and the passage of time: from
reconsolidation and strengthening to extinction. J Neurosci. 2011; 31(5):1635-1643. [PubMed:
21289172]

Izquierdo I, Quillfeldt JA, Zanatta MS, Quevedo J, Schaeffer E, Schmitz PK, et al. Sequential role of
hippocampus and amygdala, entorhinal cortex and parietal cortex in formation and retrieval of
memory for inhibitory avoidance in rats. Eur J Neurosci. 1997; 9(4):786-793. [PubMed: 9153585]

Johnson DC, Casey BJ. Extinction during memory reconsolidation blocks recovery of fear in
adolescents. Sci Rep. 2015; 5

Kindt M, Soeter M, Vervliet B. Beyond extinction: erasing human fear responses and preventing the
return of fear. Nat Neurosci. 2009; 12(3):256-258. [PubMed: 19219038]

Klumpers F, Kroes MC, Heitland I, Everaerd D, Akkermans SEA, Oosting RS, et al. Dorsomedial
prefrontal cortex mediates the impact of serotonin transporter linked polymorphic region genotype
on anticipatory threat reactions. Biol Psychiatry. (online prepublication).

Klumpers F, Morgan B, Terburg D, Stein DJ, van Honk J. Impaired acquisition of classically
conditioned fear-potentiated startle reflexes in humans with focal bilateral basolateral amygdala
damage. Soc Cogn Affect Neurosci. 2014

Knapska E, Mikosz M, Werka T, Maren S. Social modulation of learning in rats. Learn Mem. 2010;
17(1):35-42. [PubMed: 20042480]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 27

Kroes MCW, Fernandez G. Dynamic neural systems enable adaptive, flexible memories. Neurosci
Biobehav Rev. 2012; 36(7):1646-1666. [PubMed: 22874579]

Kroes MCW, Strange BA, Dolan RJ. p-Adrenergic blockade during memory retrieval in humans
evokes a sustained reduction of declarative emotional memory enhancement. J Neurosci. 2010;
30(11):3959-3963. [PubMed: 20237266]

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(2):204-206. [PubMed: 24362759]

LaBar KS, Gatenby JC, Gore JC, LeDoux JE, Phelps EA. Human amygdala activation during
conditioned fear acquisition and extinction: a mixed-trial fMRI study. Neuron. 1998; 20(5):937.
[PubMed: 9620698]

Lattal KM, Abel T. Behavioral impairments caused by injections of the protein synthesis inhibitor
anisomycin after contextual retrieval reverse with time. Proc Natl Acad Sci USA. 2004; 101(13):
4667-4672. [PubMed: 15070775]

LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. 2000; 23(1):155-184. [PubMed:
10845062]

Lee JLC, Gardner RJ, Butler VJ, Everitt BJ. D-cycloserine potentiates the reconsolidation of cocaine-
associated memories. Learn Mem. 2009; 16(1):82-85. [PubMed: 19144966]

Levenson JM, Sweatt JD. Epigenetic mechanisms in memory formation. Nat Rev Neurosci. 2005;
6(2):108-118. [PubMed: 15654323]

Lewis DJ. Sources of experimental amnesia. Psychol Rev. 1969; 76:461-472. [PubMed: 4900729]

Lewis DJ, Maher B. Neural consolidation and electroconvulsive shock. Psychol Rev. 1965; 72:225—
239. [PubMed: 14324559]

LiuJ, Zhao L, Xue Y, Shi J, Suo L, Luo Y, et al. An unconditioned stimulus retrieval extinction
procedure to prevent the return of fear memory. Biol Psychiatry. 2014; 76:895-901. [PubMed:
24813334]

Ma X, Zhang JJ, Yu LC. Post-retrieval extinction training enhances or hinders the extinction of
morphine-induced conditioned place preference in rats dependent on the retrieval-extinction
interval. Psychopharmacology. 2012; 221(1):19-26. [PubMed: 22048130]

Marr D. Simple memory: a theory for archicortex. Philos Trans R Soc Lond B Biol Sci. 1971,
262(841):23-81. [PubMed: 4399412]

McGaugh JL. Time-dependent processes in memory storage. Science. 1966; 153(3742):1351-1358.
[PubMed: 5917768]

McGaugh JL. Memory—a century of consolidation. Science. 2000; 287(5451):248-251. [PubMed:
10634773]

McGaugh J. Amygdala modulation of memory consolidation: interaction with other brain systems.
Neurobiol Learn Mem. 2002; 78(3):539-552. [PubMed: 12559833]

McGaugh JL. The amygdala modulates the consolidation of memories of emotionally arousing
experiences. Annu Rev Neurosci. 2004; 27:1-28. [PubMed: 15217324]

Mcintyre CK, Power AE, Roozendaal B, McGaugh JL. Role of the basolateral amygdala in memory
consolidation. Ann NY Acad Sci. 2003; 985(1):273-293. [PubMed: 12724165]

McKenzie S, Eichenbaum H. Consolidation and reconsolidation: two lives of memories? Neuron.
2011; 71(2):224-233. [PubMed: 21791282]

Millan EZ, Milligan-Saville J, McNally GP. Memory retrieval, extinction, and reinstatement of alcohol
seeking. Neurobiol Learn Mem. 2013; 101:26-32. [PubMed: 23305621]

Miller, MM., Altemus, M., Debiec, J., Le Doux, JE., Phelps, EA. Propranolol impairs reconsolidation
of conditioned fear in humans; Neuroscience 34th annual meeting; San Diego, CA. 2004.

Milton AL, Everitt BJ. The psychological and neurochemical mechanisms of drug memory
reconsolidation: implications for the treatment of addiction. Eur J Neurosci. 2010; 31(12):2308-
2319. [PubMed: 20497475]

Milton AL, Lee JLC, Everitt BJ. Reconsolidation of appetitive memories for both natural and drug
reinforcement is dependent on p-adrenergic receptors. Learn Mem. 2008; 15(2):88-92. [PubMed:
18235109]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 28

Mineka S, Ohman A. Phobias and preparedness: the selective, automatic, and encapsulated nature of
fear. Biol Psychiatry. 2002; 52(10):927-937. [PubMed: 12437934]

Misanin JR, Miller RR, Lewis DJ. Retrograde amnesia produced by electroconvulsive shock after
reactivation of a consolidated memory trace. Science. 1968; 160(3827):554-555. [PubMed:
5689415]

Monfils M-H, Cowansage KK, Klann E, LeDoux JE. Extinction-reconsolidation boundaries: key to
persistent attenuation of fear memories. Science. 2009; 314(5929):951-955.

Monsey M, Gerhard D, Boyle L, Briones M, Seligsohn M, Schafe G. A diet enriched with curcumin
impairs newly acquired and reactivated fear memories. Neuropsychopharmacology. 2015; 13(40):
1278-1288.

Morris RG, Inglis J, Ainge JA, Olverman HJ, Tulloch J, Dudai Y, et al. Memory reconsolidation:
sensitivity of spatial memory to inhibition of protein synthesis in dorsal hippocampus during
encoding and retrieval. Neuron. 2006; 50(3):479-489. [PubMed: 16675401]

Morrison FG, Ressler KJ. From the neurobiology of extinction to improved clinical treatments.
Depress Anxiety. 2014; 31(4):279-290. [PubMed: 24254958]

Muller GE, Pilzecker A. Experimentelle beitrage zur lehre vom gedachtnis. Z Psychol. 1900; (Suppl
1):1-300.

Muravieva EV, Alberini CM. Limited efficacy of propranolol on the reconsolidation of fear memories.
Learn Mem. 2010; 17(6):306—313. [PubMed: 20516209]

Nadel L, Land C. Commentary—reconsolidation: memory traces revisited. Nat Rev Neursci. 2000;
1(3):209-212.

Nadel L, Moscovitch M. Memory consolidation, retrograde amnesia and the hippocampal complex.
Curr Opin Neurobiol. 1997; 7(2):217-227. [PubMed: 9142752]

Nader K, Hardt O. A single standard for memory: the case for reconsolidation. Nat Rev Neurosci.

2009; 10(3):224-234. [PubMed: 19229241]

Nader K, Schafe GE, LeDoux JE. Fear memaories require protein synthesis in the amygdala for
reconsolidation after retrieval. Nature. 2000; 406(6797):722—726. [PubMed: 10963596]

Nowak A, Werka T, Knapska E. Social modulation in extinction of aversive memories. Behav Brain
Res. 2013; 238:200-205. [PubMed: 23103405]

Ohman A, Soares JJF. “Unconscious anxiety”: phobic responses to masked stimuli. J Abnorm Psychol.
1994; 103:231-240. [PubMed: 8040492]

Olshavsky ME, Song BJ, Powell DJ, Jones CE, Monfils MH, Lee HJ. Updating appetitive memory
during reconsolidation window: critical role of cue-directed behavior and amygdala central
nucleus. Front Behav Neurosci. 2013; 7:186. [PubMed: 24367304]

Olsson A, Phelps EA. Social learning of fear. Nat Neurosci. 2007; 10(9):1095. [PubMed: 17726475]

Otis JM, Mueller D. Inhibition of B-adrenergic receptors induces a persistent deficit in retrieval of a
cocaine-associated memory providing protection against reinstatement.
Neuropsychopharmacology. 2011; 36(9):1912-1920. [PubMed: 21544069]

Otis JM, Dashew KB, Mueller D. Neurobiological dissociation of retrieval and reconsolidation of
cocaine-associated memory. J Neurosci. 2013; 33(3):1271-1281. [PubMed: 23325262]

Otis JM, Fitzgerald MK, Mueller D. Inhibition of hippocampal [beta]-adrenergic receptors impairs
retrieval but not reconsolidation of cocaine-associated memory and prevents subsequent
reinstatement. Neuropsychopharmacology. 2014; 39(2):303-310. [PubMed: 23907403]

Otis JM, Werner CT, Mueller D. Noradrenergic regulation of fear and drug-associated memory
reconsolidation. Neuropsychopharmacology. 2015; 40(4):793-803. [PubMed: 25315025]

Oyarzun JP, Lopez-Barroso D, Fuentemilla L, Cucurell D, Pedraza C, Rodriguez-Fornells A, et al.
Updating fearful memories with extinction training during reconsolidation: a human study using
auditory aversive stimuli. PLoS One. 2012; 7(6):e38849. [PubMed: 22768048]

Pachas G, Gilman J, Orr S, Hoeppner B, Carlini S, Loebl T, et al. Single dose propranolol does not
affect physiologic or emotional reactivity to smoking cues. Psychopharmacology (Berl). 2014:1—
10.

Panksepp JB, Lahvis GP. Rodent empathy and affective neuroscience. Neurosci Biobehav Rev. 2011;
35(9):1864-1875. [PubMed: 21672550]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 29

Pavlov, IP. Conditioned reflexes: an investigation of the physiological activity of the cerebral cortex.
Oxford University Press; London: 1927.

Pedreira ME, Maldonado H. Protein synthesis subserves reconsolidation or extinction depending on
reminder duration. Neuron. 2003; 38:863. [PubMed: 12818173]

Perez-Cuesta LM, Maldonado H. Memory reconsolidation and extinction in the crab: mutual exclusion
or coexistence? Learn Mem. 2009; 16(11):714-721. [PubMed: 19875505]

Phelps EA. Human emotion and memory: interactions of the amygdala and hippocampal complex.
Curr Opin Neurobiol. 2004; 14(2):198-202. [PubMed: 15082325]

Phelps EA, O’Connor KJ, Gatenby JC, Gore JC, Grillon C, Davis M. Activation of the left amygdala
to a cognitive representation of fear. Nat Neurosci. 2001; 4(4):437-441. [PubMed: 11276236]

Phelps EA, Delgado MR, Nearing KI, LeDoux JE. Extinction learning in humans: role of the
amygdala and vmPFC. Neuron. 2004; 43(6):897-905. [PubMed: 15363399]

Pitman RK, Milad MR, Igoe SA, Vangel MG, Orr SP, Tsareva A, et al. Systemic mifepristone blocks
reconsolidation of cue-conditioned fear; propranolol prevents this effect. Behav Neurosci. 2011,
125(4):632-638. [PubMed: 21688892]

Power AE, Berlau DJ, McGaugh JL, Steward O. Anisomycin infused into the hippocampus fails to
block “reconsolidation” but impairs extinction: the role of re-exposure duration. Learn Mem.
2006; 13(1):27-34. [PubMed: 16452651]

Przybyslawski J, Sara SJ. Reconsolidation of memory after its reactivation. Behav Brain Res. 1997;
84:241-246. [PubMed: 9079788]

Przybyslawski J, Roullet P, Sara SJ. Attenuation of emotional and nonemotional memories after their
reactivation: role of B adrenergic receptors. J Neurosci. 1999; 19(15):6623-6628. [PubMed:
10414990]

Raio CM, Carmel D, Carrasco M, Phelps EA. Nonconscious fear is quickly acquired but swiftly
forgotten. Curr Biol. 2012; 22(12):R477-479. [PubMed: 22720676]

Ribot, T. Diseases of memory. Appleton; New York: 1882.

Richardson MP, Strange BA, Dolan RJ. Encoding of emotional memories depends on amygdala and
hippocampus and their interactions. Nat Neurosci. 2004; 7(3):278. [PubMed: 14758364]

Robbins TW, Ersche KD, Everitt BJ. Drug addiction and the memory systems of the brain. Ann NY
Acad Sci. 2008; 1141(1):1-21. [PubMed: 18991949]

Robinson MJF, Franklin KBJ. Central but not peripheral beta-adrenergic antagonism blocks
reconsolidation for a morphine place preference. Behav Brain Res. 2007; 182(1):129-134.
[PubMed: 17604134]

Robinson MJF, Franklin KBJ. Reconsolidation of a morphine place preference: Impact of the strength
and age of memory on disruption by propranolol and midazolam. Behav Brain Res. 2010; 213(2):
201-207. [PubMed: 20457186]

Robinson MJF, Ross EC, Franklin KBJ. The effect of propranolol dose and novelty of the reactivation
procedure on the reconsolidation of a morphine place preference. Behav Brain Res. 2011; 216(1):
281-284. [PubMed: 20713093]

Rubin, R., Fried, R., Franks, C. New application of ECT. In: Rubin, R., Franks, C., editors. Advances
in behavioral therapy. Vol. 1968. Academic Press; New York: 1969. p. 37-44.

Saladin M, Gray K, McRae-Clark A, LaRowe S, Yeatts S, Baker N, 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(4):
721-737. [PubMed: 23460266]

Sandrini M, Brambilla M, Manenti R, Rosini S, Cohen LG, Cotelli M. Noninvasive stimulation of
prefrontal cortex strengthens existing episodic memories and reduces forgetting in the elderly.
Frontiers Aging Neurosci. 2014; 6:289.

Sandrini M, Censor N, Mishoe J, Cohen LG. Causal role of prefrontal cortex in strengthening of
episodic memories through reconsolidation. Curr Biol. 2013; 23(21):2181-2184. [PubMed:
24206845]

Sara SJ, Hars B. memory of consolidation. 2006; 13:515-521.

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 30

Sartor GC, Aston-Jones G. Post-retrieval extinction attenuates cocaine memories.
Neuropsychopharmacology. 2014; 39(5):1059-1065. [PubMed: 24257156]

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

Schiller D, Monfils M-H, Raio CM, Johnson DC, LeDoux JE, Phelps EA. Preventing the return of fear
in humans using reconsolidation update mechanisms. Nature. 2010; 463(7277):49-53. [PubMed:
20010606]

Schiller D, Kanen JW, LeDoux JE, Monfils M-H, Phelps EA. Extinction during reconsolidation of
threat memory diminishes prefrontal cortex involvement. Proc Natl Acad Sci USA. 2013;
110(50):20040-20045. [PubMed: 24277809]

Schultz DH, Helmstetter FJ. Classical conditioning of autonomic fear responses is independent of
contingency awareness. J Exp Psychol Anim Behav Process. 2010; 36(4):495-500. [PubMed:
20973611]

Schwabe L, Wolf OT. Stress impairs the reconsolidation of autobiographical memories. Neurobiol
Learn Mem. 2010; 94(2):153-157. [PubMed: 20472089]

Schwabe L, Nader K, Wolf OT, Beaudry T, Pruessner JC. Neural signature of reconsolidation
impairments by propranolol in humans. Biol Psychiatry. 2012; 71(4):380-386. [PubMed:
22129757]

Schwabe L, Nader K, Pruessner JC. beta-Adrenergic blockade during reactivation reduces the
subjective feeling of remembering associated with emotional episodic memories. Biol Psychol.
2013; 92(2):227-232. [PubMed: 23131614]

Sevenster D, Beckers T, Kindt M. Retrieval per se is not sufficient to trigger reconsolidation of human
fear memory. Neurobiol Learn Mem. 2012; 97(3):338-345. [PubMed: 22406658]

Sevenster D, Beckers T, Kindt M. Prediction error governs pharmacologically induced amnesia for
learned fear. Science. 2013; 339(6121):830-833. [PubMed: 23413355]

Sevenster D, Beckers T, Kindt M. Prediction error demarcates the transition from retrieval, to
reconsolidation, to new learning. Learn Mem. 2014; 21(11):580-584. [PubMed: 25320349]
Soeter M, Kindt M. Dissociating response systems: erasing fear from memory. Neurobiol Learn Mem.

2010; 94(1):30-41. [PubMed: 20381628]

Soeter M, Kindt M. Disrupting reconsolidation: pharmacological and behavioral manipulations. Learn
Mem. 2011; 18(6):357-366. [PubMed: 21576515]

Soeter M, Kindt M. Stimulation of the noradrenergic system during memory formation impairs
extinction learning but not the disruption of reconsolidation. Neuropsychopharmacology. 2012;
37(5):1204-1215. [PubMed: 22169947]

Soeter M, Kindt M. High trait anxiety: a challenge for disrupting fear memory reconsolidation. PLoS
ONE. 2013; 8(11):e75239. [PubMed: 24260096]

Spear NE. Retrieval of memory in animals. Psychol Rev. 1973; 80(3):163-193.

Spring JD, Wood NE, Mueller-Pfeiffer C, Milad MR, Pitman RK, Orr SP. Prereactivation propranolol
fails to reduce skin conductance reactivity to prepared fear-conditioned stimuli.
Psychophysiology. 2015; 52(3):407-415. [PubMed: 25224026]

Squire LR. Memory and the hippocampus: a synthesis from findings with rats, monkeys, and humans.
Psychol Rev. 1992; 99(2):195-231. [PubMed: 1594723]

Squire LR, Slater PC, Chace PM. Reactivation of recent or remote memory before electroconvulsive
therapy does not produce retrograde amnesia. Behav Biol. 1976; 18(3):335-343. [PubMed:
1016174]

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(7):338-341. [PubMed: 24934333]

Strange BA, Dolan RJ. B-Adrenergic modulation of emotional memory-evoked human amygdala and
hippocampal responses. Proc Natl Acad Sci USA. 2004; 101(31):11454-11458. [PubMed:
15269349]

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(20):4787-
4795. [PubMed: 15152039]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroes et al.

Page 31

Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al. Astrocyte-neuron
lactate transport is required for long-term memory formation. Cell. 2011; 144(5):810-823.
[PubMed: 21376239]

Tabbert K, Stark R, Kirsch P, Vaitl D. Dissociation of neural responses and skin conductance reactions
during fear conditioning with and without awareness of stimulus contingencies. Neuroimage.
2006; 32(2):761-770. [PubMed: 16651009]

Taubenfeld SM, Riceberg JS, New AS, Alberini CM. Preclinical assessment for selectively disrupting
a traumatic memory via postretrieval inhibition of glucocorticoid receptors. Biol Psychiatry.
2009; 65(3):249-257. [PubMed: 18708183]

Tedesco V, Roquet RF, DeMis J, Chiamulera C, Monfils MH. Extinction, applied after retrieval of
auditory fear memory, selectively increases zinc-finger protein 268 and phosphorylated
ribosomal protein S6 expression in prefrontal cortex and lateral amygdala. Neurobiol Learn
Mem. 2014; 115:78-85. [PubMed: 25196703]

Tronel S, Alberini CM. Persistent disruption of a traumatic memory by postretrieval inactivation of
glucocorticoid receptors in the amygdala. Biol Psychiatry. 2007; 62(1):33-39. [PubMed:
17207472]

Tulving, E. Episodic and sementic memory. In: Tulving, E., Donaldson, W., editors. Organization of
memory. Academic Press; London: 1972. p. 381-403.

Tulving E. Memory and consciousness. Can Psychol. 1985; 26:1-12.

Vervliet B, Craske MG, Hermans D. Fear extinction and relapse: state of the art. Annu Rev Clin
Psychol. 2013; 9(1):215-248. [PubMed: 23537484]

Walker MP, Brakefield T, Allan Hobson J, Stickgold R. Dissociable stages of human memory
consolidation and reconsolidation. Nature. 2003; 425(6958):616—620. [PubMed: 14534587]

Warren VT, Anderson KM, Kwon C, Bosshardt L, Jovanovic T, Bradley B, et al. Human fear
extinction and return of fear using reconsolidation update mechanisms: the contribution of on-
line expectancy ratings. Neurobiol Learn Mem. 2014; 113:165-173. [PubMed: 24183839]

Weems CF, Graham RA. Resilience and trajectories of posttraumatic stress among youth exposed to
disaster. J Child Adolesc Psychopharmacol. 2014; 24(1):2-8. [PubMed: 24200122]

WHO. The world health report. 2011

Williams KL, Harding KM. Repeated alcohol extinction sessions in conjunction with MK-801, but not
yohimbine or propranolol, reduces subsequent alcohol cue-induced responding in rats. Pharmacol
Biochem Behav. 2014; 116:16-24. [PubMed: 24269546]

Wood NE, Rosasco ML, Suris AM, Spring JD, Marin M-F, Lasko NB, et al. Pharmacological blockade
of memory reconsolidation in posttraumatic stress disorder: three negative psychophysiological
studies. Psychiatry Res. 2015; 225(1):31-39. [PubMed: 25441015]

Wouda JA, Diergaarde L, Riga D, Van Mourik Y, Schoffelmeer ANM, De Vries TJ. Disruption of
long-term alcohol-related memory reconsolidation: role of B-adrenoceptors and NMDA
receptors. Front Behav Neurosci. 2010; 4:179. [PubMed: 21152256]

Xue Y-X, Luo Y-X, Wu P, Shi H-S, Xue L-F, Chen C, et al. A memory retrieval-extinction procedure
to prevent drug craving and relapse. Science. 2012; 336(6078):241-245. [PubMed: 22499948]

Zhao LY, Sun LL, Shi J, Li P, Zhang Y, Lu L. Effects of beta-adrenergic receptor blockade on drug-
related memory reconsolidation in abstinent heroin addicts. Drug Alcohol Depend. 2011; 118(2—
3):224-229. [PubMed: 21531091]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2017 October 18.



	Abstract
	1 Introduction
	2 Discovering Reconsolidation
	3 Criteria to Demonstrate Reconsolidation
	4 Biological Interventions Targeting Reconsolidation
	4.1 Electrical Stimulation
	4.2 Noradrenergic Manipulations Targeting Reconsolidation: Non-human Animal Studies
	4.3 Noradrenergic Manipulations Targeting Reconsolidation: Preclinical Human Studies
	4.4 Noradrenergic Manipulations Targeting Reconsolidation: Studies in Clinical Populations
	4.5 Noradrenergic Manipulations Targeting Reconsolidation: Conclusions

	5 Behavioural Interventions Targeting Reconsolidation: The Reactivation–Extinction Paradigm
	5.1 Reactivation–Extinction: Non-human Animal Studies
	5.2 Reactivation–Extinction: Preclinical Human Studies
	5.3 Reactivation–Extinction: Studies in Clinical Populations
	5.4 Reactivation–Extinction: Conclusions

	6 Conclusion, Limitations, and Future Directions
	6.1 Limitations
	6.2 Future Directions

	References

