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Consolidation

The process by which new
memories are stored after a
novel learning experience.

Retrieval

Return of a previously
established memory into
consciousness, resulting in
lability of the memory.

Memory trace

Refers to the memory, stored
as a result of the modification
of synapses.

Lability

Instability of a previously
consolidated memory, as
identified by its susceptibility
to manipulation.

Reconsolidation

The process by which
previously consolidated
memories are stabilized after
retrieval.
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reconsolidation

Molecular mechanisms of memory

Natalie C. Tronson and Jane R. Taylor

Memories for events, individuals, places, foods, motor
behaviours and emotions are extremely important for
the survival, well-being and adaptation of complex
organisms. As humans, we are often of the opinion that
memories shape our character and personality. It is not
surprising, therefore, that memory has been the focus of
much thinking and research in fields including philoso-
phy, psychology, anthropology, molecular biology and
neuroscience.

New memories are stabilized after an initial learn-
ing experience by a process called consolidation, and
consolidation theory proposes that memories are stable
once stored'. However, other data indicates that retrieval
of a memory trace can induce an additional labile phase
that requires an active process to stabilize memory after
retrieval®. Recently, this process has been named reconsoli-
dation, and is hypothesized to be an important component
of long-term memory processing®”’. Despite its name,
‘reconsolidation’ is not a simple reiteration of consolida-
tion; rather, it is thought that post-retrieval stabilization is
a process distinct from consolidation, although overlap in
both its function (storage) and underlying mechanisms
(protein synthesis) does exist*. Crucially, the classification
of reconsolidation as an independent process requires the
demonstration of memory modification in a retrieval-
dependent and time-limited fashion.

A cellular process that maintains memory after
retrieval is theoretically plausible given ongoing neuro-
plasticity®, which indicates that the concept of con-
solidation as a one-time process resulting in a rigid and
persistent long-term memory through the strengthening
and stabilization of synapses is insufficient. Instead, mem-
ory maintenance is likely to be a continuing, dynamic
process. In the past five years, the study of reconsolida-
tion has been extended to numerous species including

Abstract | Memory reconsolidation has been argued to be a distinct process that serves
to maintain, strengthen or modify memories. Specifically, the retrieval of a previously
consolidated memory has been hypothesized to induce an additional activity-dependent
labile period during which the memory can be modified. Understanding the molecular
mechanisms of reconsolidation could provide crucial insights into the dynamic aspects
of normal mnemonic function and psychiatric disorders that are characterized by
exceptionally strong and salient emotional memories.

crabs’, chicks', honeybees'!, Medaka fish'?, Lymnaea®,
humans' and rodents>*". Together, these data indicate
an evolutionarily conserved role of post-retrieval lability
for the induction of plasticity in old memories.

Reconsolidation theories are, however, controver-
sial. Although some studies have shown a post-retrieval
mechanism for the maintenance of memory to be a
crucial process in long-term memory, other studies
have either failed to disrupt memory after retrieval’s,
questioning the conclusion that retrieval results in a new
phase of stabilization, or have demonstrated only a tran-
sient disruption of memory'’-?' (TABLE 1), indicating that
in some cases the post-retrieval disruption of memory
might be an artefact of the experimental procedure, or
due to transient retrieval deficits. The debate on the
nature and longevity of post-reactivation modifications
of memory continues unresolved; however, negative
results might define conditions under which memories
are not susceptible to a permanent disruption, thereby
indicating determining factors for reconsolidation
(BOX 1).

In this article, we discuss methods used for the study
of reconsolidation and current hypotheses and contro-
versies. We review recent evidence that has lead to an
understanding of the molecular mechanisms of memory
reconsolidation and discuss its possible functional role.
Finally, we speculate on the theoretical implications of
such a process for mnemonic function and psychiatric
disorders.

How is reconsolidation studied?

Reconsolidation is a complex process, an understanding
of which requires a knowledge of both the underlying
molecular mechanisms and the psychological processes
involved. To experimentally demonstrate reconsolidation,
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Plasticity

Physical changes in neuronal
connections or morphology as
a result of external stimulation
that results in long-lasting
functional changes in
excitability in a system of
neurons. These physical
changes at synapses underlie
experience-dependent long-
lasting changes in behaviour
and memory.

Pavlovian conditioning
Procedure in which a stimulus
(conditioned stimulus) — such
as a tone — that elicits no
response on its own, is

paired with a biologically
relevant stimulus
(unconditioned stimulus) —
such as footshock — during
training. After consolidation,
the conditioned stimulus elicits
a conditioned response.

Reactivation

Cued retrieval of a memory
under experimental conditions.
In experiments on
reconsolidation, reactivations
are usually presentations of the
previously conditioned stimulus
or context. The length of the
reactivation can be modified by
changing the length of
exposure to the conditioned
stimulus or context.

or the role of a particular molecule in reconsolidation,
a memory must first be consolidated, then reactivated
(retrieved) contiguously with some form of manipu-
lation. Finally, modification of the memory must be
observed.

Reconsolidation is frequently studied using Paviovian
fear conditioning paradigms, and we shall use this as an
example to describe the procedure and control groups
required for studies of reconsolidation. Training is con-
ducted in the absence of any mnemonic manipulations
and consists of pairing a neutral stimulus (conditioned
stimulus; CS), such as a tone, with a reinforcing stimulus
(unconditioned stimulus; US), such as a footshock.

REVIEWS

Retrieval is induced in a reactivation session, which
occurs at least 24 hours after training and consists of
presentation of the CS (usually in the absence of the
US). The manipulation (such as protein synthesis inhi-
bition) is applied either prior to, or immediately after,
the reactivation session. The reactivation session serves
as both a retrieval cue and an initial test of memory
strength and baseline for responding. Finally, at least
24 hours after the reactivation session the memory is
tested by re-presenting the cues and measuring the con-
ditioned responding (in this case, fear elicited by the
CS) compared with animals in the non-manipulated
control group (FIC. 1).

Table 1| Requirements for protein synthesis in memory reconsolidation

Memory task Injection site Was reconsolidation disrupted?  References
Auditory fear Basolateral amygdala Yes 5,29,64,71,95
conditioning
Contextual fear Hippocampus Yes 96
selifloriing Hippocampus No 83
Hippocampus Recent memories only 81
Anterior cingulate No 81
ICV No 83
Systemic Transiently 20
Systemic Yes 9,12,24,97
Trace fear conditioning Hippocampus Yes 98
Medial prefrontal cortex No 99
Inactive avoidance Systemic Yes 10,30
ICV New memories 100
Hippocampus No 16,30,31
Basolateral amygdala No 16
Entorhinal cortex No 16
Conditioned taste Basolateral amygdala No 101
aversion Central amygdala No 101
Systemic Yes 12,102
Instrumental learning Systemic No 33
Nucleus accumbens No 32
Incentive learning Amygdala Yes 103
Morris water maze Systemic No 104
Hippocampus In limited conditions 23
Hippocampus Yes 25
Object recognition Ventromedial prefrontal cortex Yes 105
Hippocampus CA1 Yes 106
Eyelid conditioning Systemic Yes 107
Conditioned place Systemic Yes (two injections) 35
RIERIEL Basolateral amygdala No 108
Gill withdrawal Systemic Yes 109
Paired training event Systemic Yes 110
Auditory discrimination Auditory cortex No 111

The table lists experiments that have utilized protein synthesis inhibitors (PSls) to investigate reconsolidation processes. PSls
are administered after reactivation of a previously consolidated memory, and subjects are tested at least 24 hours later. ICV,

intracerebroventricular.
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Extinction

Refers either to the learning
process by which a cue (or
action) previously associated
with a reinforcer becomes
newly associated with no
outcome, leading to a decrease
in the previously established
conditioned response or to the
procedure by which a cue or
action previously paired with a
reinforcer is now paired with no
reinforcer.

Spontaneous recovery
Retrieval of a previously
extinguished memory, usually
after a long period of time
(weeks) after extinction, in the
absence of experimental
manipulation, retraining or
changes in context.

Reinstatement

Retrieval of an extinguished
memory after unpaired
exposure to the unconditioned
stimulus.

Demonstrating reconsolidation not only requires
evidence of modification of a previously consolidated
memory (FIG. 1a) but also evidence that, in the absence
of retrieval, the memory remains unmodified by the
experimental manipulation (FIG. 1b). It is also desirable
to demonstrate the limits of the post-retrieval time win-
dow during which the memory remains labile (FIC. 1¢),
the specificity of the manipulation to previously trained
stimuli or contexts (FIC. 1d.¢), and to rule out alternative
explanations of the effect, such as extinction (BOX 2; FIC. 1f.
Ideally, experimental manipulations are applied after
the reactivation session (for example, by drug infusion),
although genetic manipulations (such as transgenic
mice or viral vector-mediated gene expression) could
require induction prior to reactivation due to a slower
onset of peak activity, or the use of a constitutive genetic
knockout.

In addition to these fundamental control groups,
answering further questions might require modifica-
tion of these protocols and the use of additional control
groups. One pertinent example is the question of the
longevity of post-retrieval memory disruptions. The lon-
gevity of mnemonic changes is often determined at an
additional test session at some time after the reactivation
session. The commonly used time-point is two weeks
after the initial disruption. However, this is arbitrarily
chosen and some studies have shown that retrieval of the
original memory might occur only at later time points (for
example, 21 days®). The longevity of the post-retrieval
memory deficit has important ramifications for theo-
ries of reconsolidation: whereas long-term mnemonic
disruptions indicate erasure of memory and a storage-
like mechanism of reconsolidation (storage theory),

Box 1 | Boundary conditions: limits on reconsolidation

Conflicting findings on the existence of reconsolidation after retrieval have led to a
discussion of the limiting factors. Several such boundary conditions have been described.
The age of the memory (that is, time from training)’*!, memory strength (or amount

of training)!??* and the length of the reactivation trial®?*?42%% are important determinants
of whether reconsolidation or extinction occur after a reactivation trial. New and strong
memories are more susceptible to post-retrieval manipulations, and short reactivation

sessions are more likely to result in reconsolidation. The availability of new information
during reactivation might also be a boundary condition?*®828 initiating a ‘new encoding
state’ that might be necessary for reconsolidation to occur.

The rules, however, are not always simple, and boundary conditions also interact: for
example, long reactivation trials can induce reconsolidation in older memories?, and
well-trained (strong) auditory fear memories only become susceptible to protein
synthesis inhibitor disruption of reconsolidation after 30 days or more®. In addition, very
short reactivation sessions can result in incomplete disruption of reconsolidation and
transient mnemonic deficits®.

Identifying the molecular mechanisms that change as a result of age, memory strength
and length of reactivation will allow for an objective determination of what underlies a
boundary condition of memory reconsolidation. Some differences have already been
noted. Resistance to lability after retrieval in strong auditory fear memories is correlated
with NMDA (N-methyl-D-aspartate) receptor 2B expression®’. In contextual fear, short
reactivation sessions that trigger reconsolidation result in an increase in phosphorylated
cyclic AMP response element-binding protein, whereas long reactivation sessions that
initiate extinction do not®.

Other boundary conditions (for example, type of memory) have also been noted?*32#3,
and more will probably be described. The behavioural and molecular delineation of the
precise conditions under which reconsolidation occurs is required before debates on
memory reconsolidation can be resolved.

short-term deficits indicate that the memory remains
intact but transiently unavailable (retrieval theory).
The role of this ongoing debate in current research on
reconsolidation will be discussed below.

It is noteworthy that subtle changes in experimental
procedure can dramatically alter the outcome of the
experiment. Recently, the precise conditions under
which reconsolidation can be manipulated have been
conceptualized as boundary conditions of reconsolidation
(BOX 1). The delineation of these boundary conditions*-%,
although currently at an early stage, is crucial to our
understanding of the nature of memory reconsolidation.

Conceptualizations of reconsolidation

The initial conceptualization of reconsolidation occurred
after an account of the disruption of fear memory by
electroconvulsive shock (ECS) after retrieval was pub-
lished?. Together with subsequent studies, this result
introduced the concept of a retrieval-induced labile
period during which memory could be modified**’.
Although this was not termed reconsolidation, these
findings called into question the stability of long-term
memory. However, disruptions of old memories by
ECS or hypothermia after retrieval were often revers-
ible by re-presentation of the amnestic agent itself'”'%,
spontaneous recovery, or reinstatement by re-exposure
to a non-contingent USY, all leading to recovery of
the original memory. An important debate about the
nature of retrograde amnesia of old memories ensued:
was the initial decrease in performance attributable to
a loss of the memory itself (a storage deficit), or due to
retrieval failure? This unresolved controversy remains
an important issue in the current discussion on memory
reconsolidation.

To define the cellular and molecular mechanisms
of reconsolidation in a temporal and spatially specific
manner, recent studies have used various post-retrieval
manipulations previously used to delineate consolida-
tion. These studies have made important contributions
to the debate by providing evidence that the molecular
mechanisms of reconsolidation and consolidation are
similar, but not identical. This has been suggested to pro-
vide evidence in turn for a related role of reconsolidation
and consolidation in the storage of memory. Reopening
the reconsolidation debate is therefore an opportunity
to re-examine the meaning of consolidation and the
dynamic nature of long-term memory, although it
should be noted that hypotheses of reconsolidation and
consolidation theory might not be mutually exclusive.

Several modifications to traditional consolidation
theory have been proposed to account for a recon-
solidation-like process. First, as discussed above,
reconsolidation has been hypothesized to be a stor-
age mechanism, whereby retrieval of a long-term
memory results in an additional labile period requir-
ing reconsolidation, a process that is similar to, but
distinct from, consolidation®’. That reconsolidation is
a storage mechanism challenges the traditional con-
solidation hypothesis, which proposes a single consoli-
dation period immediately after learning that leads to
permanent storage of new memories.
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Training Reactivation Test
1 trial 1 trial 3 trials
Context A Context B Context B
24h 24h
a Short reactivation CS-US — —
Infusion
24h 24h
b No reactivation CS-Us — —-
Infusion
o 24h 6h 18h
¢ Delayed infusion CS-US — f_>
Infusion
24h 24h
d No training (immediate) —_— —_—
Infusion
24h 6h 18h
e rowongstnes (D] —2 e
Infusion
24h 24h
f Long reactivation Cs-Us —— —
Infusion

Figure 1| Experimental design for reconsolidation experiments. The first column
represents the training phase in which a novel conditioned stimulus (CS) is paired with an
unconditioned stimulus (US). The second column represents the reactivation phase, at
least 24 hours after conditioning. The third column represents behavioural tests,
conducted at least 24 hours after reactivation. a | Protocol used to study the basic
reconsolidation effect, showing what happens when a drug is infused after a short
reactivation trial. b—e | Control protocols used to demonstrate a specific effect of a drug
on a process initiated by retrieval and specific to the post-retrieval time point. b | A no-
reactivation control, which ensures that the drug affects a process that is initiated by
retrieval and not a long-lasting process in consolidation. ¢ | A delayed infusion control,
which demonstrates the time window after retrieval during which reconsolidation can
be manipulated. d,e | This no-training control is especially important in studies showing
an enhancement of memory after retrieval. It demonstrates that infusion of the drug does
not increase freezing to the US either by forming an association with the CS or by
increasing general cellular activity levels and responding. f | Long reactivation sessions
can be used to examine extinction. Using comparable procedures to examine
reconsolidation and extinction is important for determining the similarities and
differences in molecular mechanisms for each, as well as beginning to study the
processes involved in switching between these processes after memory retrieval.

The lingering consolidation hypothesis® attempts to
reconcile conflicting data with regards to the permanence
of disruptions by proposing that reconsolidation after
retrieval acts as a late phase of memory consolidation,
and continues to occur after retrieval until the memory
is fully consolidated. The important implication of this
theoretical stance is that memories will only become sus-
ceptible to disruption after retrieval for a limited period
of time after the initial learning experience. However, the
lingering consolidation hypothesis also conceptualizes
reconsolidation as a storage process.

A third possibility is that consolidation and recon-
solidation might involve both storage of the memory
and the formation of ‘retrieval links’ that allow retrieval
of the memory*®. Formation of new, or maintenance

REVIEWS

of old, retrieval links both during consolidation and
after reactivation of a previously established memory is
required to maintain the ability to retrieve memories in
the long term. The concept of retrieval links suggests that
‘retrievability’ and ‘storage’ are separable components of
the consolidation and reconsolidation processes.

These three hypotheses all suggest that memories
can be affected by events occurring after retrieval, and
that these post-retrieval mechanisms involve some
kind of storage process. In order to disambiguate the
first two theories, it is necessary to show whether
memories can be modified by post-retrieval manipu-
lations at any time after learning, or whether such
manipulations are only effective in a relatively short
period after learning. So far, there is evidence for both
hypotheses® (BOX 1); however, recent findings indicate
that failure to induce lability in older memories is
related to the strength of reactivation, and so the age of
memory is not a limiting factor on reconsolidation®.
The third hypothesis treads a line between the role of
reconsolidation in storage of memory and in the later
retrieval of memory. It provides a unique solution to
the storage versus retrieval debate, suggesting a way
in which the two mechanisms may be intertwined.
However, it is unclear how the existence of retrieval
links could be experimentally determined.

Of these modifications to consolidation theory,
current evidence most strongly supports reconsoli-
dation as a post-retrieval storage mechanism that is
independent of consolidation. It is important to note
that this does not require reconsolidation to be a
precise recapitulation of consolidation. In this article,
we would like to extend this hypothesis by proposing
that reconsolidation is a reiterative process required
for long-term strengthening and updating of useful
(retrieved) memories.

The conceptualization of reconsolidation as a stor-
age mechanism, together with technical advances
allowing for spatially and temporally specific genetic
and molecular manipulations during retrieval, has
renewed the debate on reconsolidation. The cellular
mechanisms that underlie consolidation have been
the focus of recent research, and understanding the
molecular cascades required for reconsolidation could
provide insight into the function and mechanism of
post-retrieval modifications of memory. Below, we
review the key cell signalling cascades resulting in gene
transcription, protein synthesis and cellular modifica-
tions involved in reconsolidation.

Molecular mechanisms of reconsolidation

Protein synthesis. De novo protein-synthesis is consid-
ered a hallmark of the consolidation process, required
to render structural cellular changes permanent. Post-
retrieval inhibition of protein synthesis has therefore
been used to investigate the nature of memory recon-
solidation. These studies have shown that the injection
of protein synthesis inhibitors (PSIs) after retrieval of a
previously consolidated memory can disrupt the origi-
nal memory”® (TABLE 1), and strengthen the assertion that
retrieval of a previously consolidated memory induces
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Box 2 | Reconsolidation and extinction: a balancing act

An additional complication of interpreting studies of reconsolidation is that extinction
can occur under similar conditions after memory retrieval. Extinction occurs after
repeated, non-reinforced presentations of the conditioned stimulus (CS), resulting in a
decreased conditioned response. It is usually defined as new learning®, and requires
mechanisms of consolidation. Behaviourally, reconsolidation and extinction can be
distinguished using short reactivation sessions or strong memories reconsolidation, and

long reactivation sessions or weak memories for extinction

6,12,22,24,61,82,86 H uman fea r

memories are also sensitive to the type of reactivation trial, and seem to undergo
extinction after long reactivation sessions but might be strengthened after short

retrieval sessions®®.

The ability to distinguish between reconsolidation and extinction by varying the length
of areactivation trial or the strength of a memory has indicated that a balance between
reconsolidation and extinction processes occurs after a non-reinforced retrieval trial.
The mechanisms underlying these processes could be the key to dissociating the
processes of reconsolidation and extinction®.

This theoretical balance leads to the question of whether only one occurs at a time,
perhaps with the dominant process suppressing the weaker process, or whether both
occur in parallel, with only the dominant process being behaviourally expressed. Recent
evidence indicates that, at least in the basolateral amygdala, reconsolidation, but not
extinction, is disrupted by infusions of protein synthesis inhibitors after short
reactivation sessions, and after long-reactivation sessions in which extinction appears
dominant®. Indeed, this study indicates that reconsolidation and extinction are separate
processes that can coexist after non-reinforced presentations of an auditory fear CS.

The molecular dissection of these two processes should be an integral part of future
reconsolidation research, for the development of reconsolidation theory, the roles
of reconsolidation in ongoing maintenance of memory and for possible development of
appropriate retrieval-based therapies for psychiatric disorders such as post-traumatic

stress disorder.

Inactive avoidance

(IA). A fear conditioning
procedure in which an animal
has to learn to inhibit a
naturally occurring response
(for example moving from a
light area to a dark area) in
order to avoid an aversive
event (such as footshock).

Conditioned place
preference

(CPP). Behavioural test in which
an unconditioned stimulus is
paired with one distinctive
context, and a neutral event is
paired with a different context.
Preference is determined by
allowing the animal to move
between the two contexts, and
measuring the amount of time
spent in each context.

Double dissociation
Situation in which one
experimental manipulation
affects process A but not
process B, and a second
manipulation affects process B
but not process A. Meeting
both of these criteria for a
double dissociation is
considered strong evidence for
two separable processes.

a new labile period that requires an active process to
stabilize and maintain the memory for future retrieval.
PSIs have also been used to show a dissociation between
reconsolidation and extinction, as PSIs infused into the
amygdala disrupt the reconsolidation, but not extinc-
tion, of an auditory fear memory®.

However, not all reports using PSIs have demon-
strated disruption of reconsolidation. For example,
inactive avoidance (IA) memories were not disrupted by
hippocampal infusions of PSIs'****!. In addition, sponta-
neous recovery of a contextual fear memory 20 days after
post-retrieval disruption by PSI has been demonstrated®.
Similarly, appetitive, instrumental memories have not
been shown to be susceptible to post-retrieval PSIs*»*
(TABLE 1). These null results have fuelled the important
debate on the nature and existence of reconsolidation
and have initiated research on the boundary conditions
of reconsolidation (BOX 1). However, it should be noted
that, in some cases, technical issues such as infusion site
or PSI dose might influence the results. For example,
although hippocampal infusions of PSIs do not disrupt
reconsolidation of an IA memory'®**?!, systemic PSIs
do®*, indicating that IA memories can undergo recon-
solidation; in this case, reconsolidation is not identical
to consolidation and does not require the hippocampus.
Furthermore, it has been demonstrated that although a
single PSI injection led to only transient inhibition of
protein synthesis and transient performance deficits,
increasing the time during which protein synthesis is
inhibited after reactivation can lead to a more persistent
disruption (that is, at least four weeks) of a conditioned
place preference (CPP) memory®.

A limitation for studies of protein synthesis and
memory reconsolidation is that PSIs provide little infor-
mation on the specific cellular mechanisms underlying
plasticity after retrieval. For example, the fact that there
must be more than 90% inhibition before an effect is
observed with PSIs could reflect a non-specific effect of
PSIs in mnemonic disruption®. The use of PSIs in studies
of reconsolidation is also limited by the implicit assump-
tion that a failure to disrupt memory after retrieval
indicates the absence of a reconsolidation process. It is
possible, however, that failure to disrupt reconsolidation
by PSIs reflects the involvement of a protein synthesis-
independent process. Despite these limitations, findings
using PSIs in memory reconsolidation have indicated
that various cell signalling and transcriptional events
might be required for reconsolidation (TABLES 2,3).

Transcription factors. Several transcription factors
have been implicated in memory reconsolidation (FIC. 2;
TABLE 2). Targeted disruption of cyclic AMP-response
element binding protein (CREB) in the hippocampus,
amygdala and prefrontal cortex impairs reconsolida-
tion of both auditory fear and contextual fear memo-
ries”. A role for CREB in reconsolidation has also
been indicated by studies demonstrating increases in
CREB activity (for example, by measuring phosphor-
ylated CREB; pCREB) in the amygdala after exposure
to a discrete CS¥. CREB and the transcription factor
ELK1 are also activated within the nucleus accumbens
(NAC) core after retrieval of a place memory*. Another
plasticity-related transcription factor, nuclear factor-
kB (NF-xB), is also reported to be both required for
reconsolidation and activated after retrieval®®. The
roles of CREB, ELK1 and NF-xB in reconsolidation
are consistent with their previously demonstrated roles
in the initial consolidation of memory'>***, but differ
from reported decreases in CREB activation after
extinction® (BOX 1).

There are also notable differences in patterns of
transcription factor activation between consolidation
and reconsolidation. Within the hippocampus, a double
dissociation has been reported between the transcription
factor zinc finger 268 (ZIF268), which is selectively
required for reconsolidation, and brain-derived neuro-
trophic factor (BDNF), which is selectively required
for consolidation of contextual fear conditioning*'.
However, the dissociation between the role of ZIF268
in consolidation and reconsolidation does not extend
to studies of all memory types. For example, ZIF268
is required for object recognition tasks after both
initial training and memory retrieval®. Although these
two studies demonstrate a role of ZIF268 in memory
reconsolidation, the different requirements for ZIF268
in consolidation are probably due to a combination of
several factors. First, the two training protocols used
might require slightly different molecular pathways.
Second, two different methods of eliminating ZIF268
were used: acute, focal knockdown of ZIF268 (REF. 41)
can yield different results from constitutive knockout of
the gene*?, due to developmental effects and functional
compensation by similar proteins.
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Table 2 | Molecular mechanisms of reconsolidation, as described by gain- and loss-of-function studies

Molecule Task Infusion Required for reconsolidation? Refs

Neurotransmitters, receptors and ion channels

Glutamate Radial spatial maze Systemic Yes 91
Object recognition vmPFC Yes 105
Contextual fear Systemic Yes 22
mGluR Inactive avoidance Systemic Yes 112
AMPAR Auditory fear BLA No 92
NMDAR Auditory fear BLA Induces lability 92
Auditory fear BLA Yes* 60
Odour-reward Systemic Yes 93
Avoidance Systemic Yes 9
Dopamine Conditioned place preference Systemic Yes* 59
D1 Inactive avoidance Systemic Yes 113
B-AR Auditory fear BLA Yes 71
Spatial radial arm maze Systemic Yes 87,88
Conditioned place preference Systemic Yes 89
Instrumental learning Systemic Yes 90
CB1 Contextual fear Systemic No 22
Contextual fear BLA Yes 114
LVGCC Contextual fear Systemic No 22
Acetylcholine Inactive avoidance ICV Yes 115
Contextual fear BLA No 114
Hormones
Angiotensin |l Avoidance Systemic Yes 58
IEGs
ZIF268 Contextual fear Hippocampus  Yes 41
Drug-associated memory BLA Yes 43-45
Object recognition KO mice Yes 42
Growth factors
BDNF Contextual fear Hippocampus  No 41
Signalling molecules
PKA Auditory fear BLA Yes* 6
Conditioned taste aversion Amygdala Yes 49
Reward learning Systemic New memories only 50
ERK Auditory fear BLA Yes 46
Conditioned place preference NAC Yes 38
Conditioned place preference  Systemic Yes 48
Object recognition ICV Yes 47
ERK2 Auditory fear Systemic Yes 94
Transcription factors
CREB Contextual / auditory fear Forebrain Yes 15
NFkB Avoidance Systemic Yes 39
C/EBPB Inactive avoidance Hippocampus  No 30,34
Inactive avoidance BLA Yes 34

The table shows studies using pharmacological or genetic inhibition and activation of molecular pathways after (or during)
reactivation to determine the roles of specific signalling molecules and pathways in memory reconsolidation. *Indicates
bidirectional modulation of memory: agonists enhance reconsolidation and inhibitors disrupt reconsolidation. fIndicates
pathway can be activated, resulting in enhanced reconsolidation. B-AR, B-adrenergic receptor; AMPAR, o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptor; BDNF, brain-derived neurotrophic factor; BLA, basolateral amygdala; CB1,
cannabinoid receptor type 1; C/EBPB, CCAAT enhancer-binding protein-3; CREB, cyclic AMP response element-binding protein;
D1, dopamine receptor type 1; ERK, extracellular signal-regulated kinase; ICV, intracerebroventricular, IEGs, immediate-early
genes; KO, knockout; LVGCC, L-type voltage-gated calcium channel; mGluR, metabotropic glutamate receptor; NAC, nucleus
accumbens; NF-kB, nuclear factor-kB; NMDAR, N-methyl-D-aspartate receptor; PKA, protein kinase A; vmPFC, vetromedial
prefrontal cortex; ZIF268, zinc finger 268.
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A role for ZIF268 in reconsolidation is not restricted
to hippocampal-dependent memories. Indeed, it has
also been shown to be crucial within the basolateral
amygdala (BLA) for reconsolidation of auditory fear
memory and drug-associated memories**. Whether
there is a dissociation of the role of ZIF268 in recon-
solidation and consolidation in these tasks has not yet
been shown.

A second dissociation between transcription factor
involvement in consolidation and reconsolidation
has been shown with the CCAAT-enhancing binding
protein-f3 (C/EBP). Within the hippocampus, C/EBP3
is required for consolidation, but not for reconsolidation
of inactive avoidance (IA) learning™. In the amygdala,
the opposite pattern has been observed, with C/EBPf
being required for reconsolidation but not consolidation
of an IA memory*’. The discrepancy between the hippo-
campus and amygdala in the consolidation and recon-
solidation of IA memories indicates the possibility that
inhibitory avoidance requires fundamentally different

systems and patterns of activation for reconsolidation
than other forms of fear conditioning. However, not all
studies of IA memories have demonstrated this disso-
ciation. Indeed, several studies have shown no evidence
of reconsolidation using IA procedures with either
hippocampal or BLA infusions of PSI'®. This dissocia-
tion between the effects seen using PSIs and C/EBPJ in
the BLA could be due to slight differences in procedure.
However there is also the possibility that memory recon-
solidation might be more sensitive to targeted molecular
manipulations than to PSIs.

Kinases. Transcription factors are phosphorylated by
upstream kinases. Two kinases, extracellular signal-
regulated kinase (ERK) and protein kinase A (PKA),
have been of particular interest due to their well-
established roles in consolidation through transcription
factors such as CREB, ELK1 and NF-kB (FIG. 2).
ERK is required for reconsolidation of auditory
fear memories*, object recognition memories*” and

Table 3 | Signalling cascades, receptors and immediate early genes activated by memory retrieval

Molecule

ZIF268

c-Fos

JunB
c-Jun, JunD
SGK3
NGFI-B
GluR1

MAPK

ELK1
CREB

Task Brain region activated Exposure time Activation by Refs
memory retrieval
Auditory fear Amygdala 8 min Yes 51
Contextual fear Hippocampus CA1 8 min Yes 51
Contextual fear Anterior cingulate 8 min Yes 52
Contextual and auditory fear Nucleus accumbens core 8 min Yes 52
Contextual fear Nucleus accumbens shell 8 min Yes 52
Conditioned place preference Nucleus accumbens core 15 min Yes 38
Auditory fear Amygdala 8 min Yes 37
Contextual fear Hippocampus CA1 5min Yes 53
Olfactory task Habenula 2-5min Yes 54
Olfactory task Amygdala 2-5min No 54
Olfactory task Prefrontal cortex 2-5min No 54
Contextual fear Hippocampus CA1 5min Yes 53
Contextual fear Hippocampus CA1 5min No 53
Contextual fear Hippocampus 5min Yes 55
Contextual fear Hippocampus 5min No 55
Conditioned place preference Nucleus accumbens 18 min Yes 48
Conditioned place preference Dorsal striatum 18 min Yes 48
Conditioned place preference Prefrontal cortex 18 min No 48
Object recognition Dentate gyrus 5min Yes 47
Object recognition Entorhinal cortex 5min Yes 47
Conditioned place preference Nucleus accumbens core 15 min Yes 38
Conditioned place preference Nucleus accumbens 18 min Yes 48
Conditioned place preference Dorsal striatum 18 min Yes 48
Conditioned place preference Prefrontal cortex 18 min Yes 48
Conditioned place preference Nucleus accumbens core 15 min Yes 38
Conditioned place preference Nucleus accumbens core 15 min Yes 38
Auditory fear Amygdala 8 min Yes 37
Fear potentiated startle Amygdala 30 presentations of 3.7s CS Activity reduced 40

CREB, cyclic AMP response element-binding protein; CS, conditioned stimulus; GluR1, glutamate receptor type 1; MAPK, mitogen-activated protein kinase;
NGFI-B, nerve growth factor-inducible gene B; SGK3, serum- and glucocorticoid-induced kinase 3; ZIF268, zinc finger 268.
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Figure 2 | Key molecular mechanisms of memory reconsolidation. Many individual molecules have been identified as
being required for memory reconsolidation; however, few papers have put together schematic models for the pathways
involved. This figure integrates findings from several studies. Of particular focus have been the molecular cascades
previously demonstrated to be important in memory consolidation and those downstream of therapeutically relevant
neurotransmitter targets including B-adrenergic receptors (3-AR)77187-%0 and NMDARs*%°91-%3 (N-methyl-D-aspartate
receptors). Molecular signalling cascades downstream of these receptors have been implicated in reconsolidation. Small
GTPases such as Ras, Raf and Rap activated by Ca?* influx activate the extracellular signal-regulated kinase pathway
(ERK)?846-894 Protein kinase A (PKA)®*9%js activated by cyclic AMP (cAMP) and acts directly, or indirectly through ERK and
ribosomal protein S6 kinase (RSK), to activate transcription factors including cAMP response element-binding protein
(CREB)*3738 zinc finger 268 (ZIF268) (REFS 41-45,51,52) and ELK1 (REF. 38), which then initiate gene transcription. The
immediate-early genes c-Fos and JunB***%*** are activated during, and CCAAT-enhancing binding protein-f3 (C/EBPf)****
is required for, memory reconsolidation. Integrating all the available data aims to identify logical pathways to examine
next. For example, a role for the calcium/calmodulin (CaM)-CaM-dependent protein kinase kinase (CaMKK)-CaMKIV

cascade in memory reconsolidation might be inferred from NMDAR activity; however, the involvement of this pathway has
not directly been examined. AP1, activator protein complex 1 (a complex of c-Fos and c-JUN); CBP, CREB binding protein;
MEK, mitogen-activated protein kinase/ERK kinase; SRE, serine response element; SRF, serum response factor; TATA, box
required for transcription. Figure modified, with permission, from Nature Reviews Neuroscience REF. 76 © (2001) Macmillan

Publishers Ltd.

conditioned place preference®*.

PKA is also required for reconsolidation of auditory
fear memories. Inhibition of PKA in the BLA by infu-
sions of Rp-cAMPS, a PKA inhibitor, after memory
retrieval disrupts auditory fear memories® (FIC. 3) or
conditioned taste aversion memories®. Moreover, post-
reactivation activation of PKA by injections of the PKA
activator 6-BNZ-cAMP in the BLA enhances reconsoli-
dation of an auditory fear memory?®. Unlike its involve-
ment in memory reconsolidation, amygdalar PKA does
not seem to be involved in extinction of fear, indicat-
ing differential molecular or anatomical mechanisms
in these two co-occurring processes®. However, PKA
is not always involved in reconsolidation in every spe-

cies; a recent study showed that retrieval of a memory
shortly (6 hours) — but not 24 hours — after train-
ing triggers PKA-dependent reconsolidation®. At
both times reconsolidation is PSI-dependent. This
study extends previous models that have shown that
older memories are more resistant to reconsolidation
to suggest that, in addition, different processes are
involved in reconsolidation of older than newer mem-
ories. Whether such differential involvement of PKA
in memories at different times after training is true in
mammalian models, or other types of memory, is as
yet unknown.

Immediate-early genes. Molecular events in reconsolida-
tion have also been examined by imaging cellular activ-
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Figure 3 | Bidirectional plasticity after memory retrieval modulated by PKA. Inhibition of protein kinase A (PKA) after
retrieval disrupts reconsolidation of auditory fear memory, whereas activation of PKA after retrieval enhances this process.
All rats were conditioned with a single tone-shock pairing on day 1 (not shown). Intensity of the red colour of each rat
indicates the intensity of fear responses — represented in the graphs as percentage of time that rats spent freezing: more
red indicates greater fear. a| 24 hours after training, subjects were placed in a novel context for 5 minutes before
presentation of the tone conditioned response (conditioned stimulus (CS); reactivation session 1). Immediately after the
reactivation trial, the PKA inhibitor Rp-cAMPS or phosphate buffered saline (PBS) vehicle was infused through previously
implanted cannulae in the basolateral amygdala (BLA). 24 hours later, subjects were placed into the reactivation context
and presented with the tone CS (reactivation session 2). Inhibition of PKA after retrieval disrupted reconsolidation of an
auditory fear memory. In the absence of memory retrieval, Rp-cAMPS did not disrupt memory (not shown). b | 24 hours after
training, subjects were placed in a novel context for 5 minutes before presentation of the tone CS. Immediately after the
reactivation trial, the PKA activator 6-BNZ-cyclic AMP (cAMP) or PBS vehicle was infused through previously implanted
cannulae in the BLA. This procedure was repeated on four consecutive days (reactivation sessions 1-4). 72 hours later,
animals were given a final test (reactivation session 5). Post-retrieval activation of PKA in the BLA enhanced reconsolidation
of an auditory fear memory, and increased fear to the tone CS. In the absence of memory retrieval, activation of PKA did not
affect reconsolidation (data not shown). Figure modified, with permission, from Nature Neuroscience REF. 6 © (2006)

Macmillan Publishers Ltd.

ity after retrieval. Post-retrieval activity can be assayed
using immunohistochemistry techniques to stain for
proteins, such as immediate-early genes (IEGs) that are
expressed in active cells. However, it is important to note
that this activity might reflect several coincident psycho-
logical processes including reconsolidation, retrieval and
extinction. Nevertheless, imaging IEGs after retrieval has
provided important information on the brain regions
activated after retrieval of a previously consolidated
memory (TABLE 2). ZIF268 and c-Fos are activated in
the amygdala and nucleus accumbens after retrieval
of a cued fear memory, and ZIF268 in the hippocam-
pus and prefrontal cortex is activated by retrieval of
a contextual fear memory®*2. Within the CA1 region
of the hippocampus, c-Fos and JunB, but not c-Jun or

JunD, are activated after retrieval of contextual fear
memory>.

Cellular imaging as an index of activity has also
shown an overlapping pattern of brain regions activated
after retrieval and after an initial training trial (TABLE 3).
The lateral habenula shows significant c-Fos expression
after the retrieval of or training in an odour-reward task,
but in the amygdala and prefrontal cortex this is seen
only after training®. Other IEGs also show incomplete
overlap between roles in reconsolidation and con-
solidation. Of two IEGs specific to learning associative
memories (serum- and glucocorticoid-induced kinase
3 (SGK3) and nerve growth factor inducible gene B
(NGFI-B)), only SGK3 is activated after retrieval of the
memory, thereby being implicated in reconsolidation of
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Second-order conditioning
Procedure in which a
previously conditioned
stimulus is used as the
reinforcer for conditioning a
second stimulus.

the memory®. Cellular imaging has had an extremely
important role in identifying molecular mechanisms
and brainloci that might differ between reconsolidation and
consolidation, and in beginning to extend the list of
molecular events potentially involved in reconsolida-
tion to include those not required for consolidation. The
identification of events occurring after retrieval could
be extended to examine gene regulation and protein
changes, using proteomic and gene array technologies.
If applied to memory reconsolidation, these approaches
could identify novel targets for further investigation.

Ultimately, understanding the molecular mechanisms
of reconsolidation will aid the theoretical discussion of
the role of reconsolidation in ongoing memory main-
tenance and its relation to other memory processes,
including consolidation and extinction.

Functional roles of reconsolidation

Enhancing memory after retrieval. Reports indicating that
memory reconsolidation might result in more persistent
or stronger memories suggest a role for reconsolidation
in the ongoing maintenance of long-term memories.
Previous research has shown that re-exposure to con-
ditioned cues or contexts can prevent the decrease in
response due to forgetting’***’, and reverse a decrease
due to partial extinction®. More recently, manipulations
including water deprivation and angiotensin II prior
to memory reactivation have been shown to prolong
memory maintenance at least 24 hours longer than in
vehicle-treated groups®. Several reports also suggest
that post-retrieval manipulations, including PKA acti-
vation’, strychnine”, amphetamine® (N.C.T. and JR.T,
unpublished observations) and p-cycloserine (DCS)®,
can actively strengthen memories.

Importantly, enhancements of reconsolidation®”*"*<
that maintain or strengthen memory after retrieval support
the crucial role for specific mechanisms implicated by loss
of function studies and support the hypothesis that recon-
solidation is a storage process. Indeed, without assuming
additional updating mechanisms, retrieval theory does
not predict enhancements of memory strength after reac-
tivation, and cannot easily account for both disruptions
and enhancements of memory in a consistent manner.
The ability to enhance memory after retrieval evokes an
important philosophical question: can the original mem-
ory trace really become stronger without incorporating
more information? With this in mind, enhancements of
memory after retrieval highlight an additional possible
conceptual role for reconsolidation: that reconsolidation
is required for the incorporation of new information into
a previously consolidated memory.

Updating old memories. After memory retrieval, several
additional learning processes are likely to co-occur. For
example, sensory and emotional information about
the CS and contextual cues might be incorporated into the
original memory trace. There is some evidence that mem-
ories can be updated after retrieval; however, whether
such updating of memories is due to consolidation
or reconsolidation processes remains controversial. An
experimental study of reconsolidation indicated that pro-
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tein synthesis-dependent reconsolidation occurs only in
conjunction with the incorporation of new information®'.
A recent study® supports this idea, and also suggests that
the availability of new information during reactivation
triggers a ‘new encoding state’ that is required for mem-
ory reconsolidation. A role for reconsolidation in updat-
ing memories is consistent with the ability to strengthen
memories after retrieval®”**-*. Updating memories might
involve the incorporation of new information (such as
context)?*, or simply reinforce the fact that the memory
is still relevant, but the role of reconsolidation in this
process is unclear.

One method for examining the role of reconsolida-
tion in updating memories is to identify differential
mechanisms of reconsolidation and consolidation.
Tronel et al.** demonstrated that in an inhibitory avoid-
ance procedure, modifications of the context initiated
mechanisms of both reconsolidation and consolidation,
but that only the original memory was impaired after
inhibition of amygdalar C/EBP (that is, a reconsolida-
tion-specific pathway), whereas only the new contextual
information was impaired by disruption of hippocampal
C/EBP (that is, a consolidation-specific pathway). They
concluded that consolidation, but not reconsolidation, is
required for updating old IA memories*. However, it
is unclear whether a second-order memory (one indi-
rectly associated with the US) is an updated old memory,
or a new and independent association. Second-order con-
ditioning is usually considered to be the acquisition of a
new memory, where a previously trained CS serves as a
reinforcer in the new associative memory. Supporting
this assertion, it was recently shown that retrieval of
second-order memories does not induce lability of the
original trace, indicating that second-order associations
are new memories, not modifications of the first-order
association®. Therefore, it remains unclear whether the
procedure used by Tronel et al.* resulted in ‘updating’
the original trace, or in the formation of a new, linked,
second-order association.

Several important questions arise from a conceptual
role of reconsolidation in updating memories. First,
if reconsolidation processes act to add or modify the
original memory, is this the same as new consolidation,
or is it a reconsolidation process? Second, is updating
required for reconsolidation to occur? It is important
to note that these are the first studies investigating the
role of reconsolidation in updating memory, so these
theoretical questions may remain unresolved for some
time to come.

Permanence versus transience. The permanence or
transience of reconsolidation manipulations remains a
fundamental question for theories of reconsolidation.
A problem for the theory of reconsolidation as a post-
retrieval storage process is whether these changes in
memory or performance are permanent, which would
support the notion of permanently altered memory,
or temporary, which would be suggestive of an altered
retrieval of a trace that remains intact and unchanged.
Many recent studies have found that the deficits of
memory after post-retrieval manipulations can last for at
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Long-term potentiation
(LTP). The prolonged
strengthening of synaptic
communication, which is
induced by patterned input
and is thought to be involved in
learning and memory
formation.

Long-term depression

(LTD) A persistent reduction of
synaptic transmission in
response to weak, poorly-
correlated input.

least 14 days (30 days in some studies), and studies utiliz-
ing localized infusions often report long-lasting memory
decrements>****¢*, This pattern of results indicates that
localized disruption of molecular pathways and pro-
tein synthesis results in permanent memory loss, and
supports the hypothesis of reconsolidation as a storage
mechanism.

The use of performance — which relies on both the
presence of an intact memory and its retrieval — as an
index of memory means that an objective test that can
answer the ‘storage or retrieval’ question does not yet
exist. Although often framed as a question of permanence
(storage deficits) versus transience (retrieval deficits), it is
unclear that this division is appropriate. Retrieval could
be permanently disrupted even though the memory is
still stored. Conversely, if only a part of a memory, such as
a subset of a hypothetical distributed network encoding
the memory, is permanently destroyed by a disruption
of a post-retrieval storage mechanism, the remainder of
this network might be sufficient to allow retrieval
of the memory at a later time, and memory disruption
could therefore seem to be transient. The interrelation
of storage and retrieval, and our inability to distinguish
between the molecular mechanisms of each, make this
issue one of the most challenging and interesting of the
reconsolidation debate.

At this point, we lack the necessary experimental
tools to conclusively distinguish between an inability to
retrieve a memory because it is erased (storage hypoth-
eses) or because later retrieval of the intact memory is
impaired. One novel method for further examination of
the synaptic properties of reconsolidation comes from
electrophysiological models of plasticity, including long-
term potentiation (LTP) and long-term depression (LTD).
The use of cellular activity as a measure of plasticity
circumvents the psychological processes involved in
memory processes and might provide important addi-
tions to previous findings. A recent, elegant study®
begins to do just this, demonstrating that re-stimulation
during the maintenance phase can re-sensitize LTP to
PSI. Development of electrophysiological models of
reconsolidation''* might lead to novel ways to theorize
about post-retrieval plasticity, further investigation of the
hypothesis that reconsolidation is a storage mechanism,
and the suggestion of new directions for pharmaco-
logical, genetic and behavioural studies of post-retrieval
manipulations of memory. Developing multiple
approaches for reconsolidation research not only aids
understanding the mechanisms of normal dynamic
memory processes, but will also provide insights into
the nature and development of pathological memories
and psychiatric disorders.

Relevance to psychiatric disorders

One important direction for reconsolidation research
is the unequivocal demonstration of memory recon-
solidation after retrieval in humans. A recently con-
solidated motor sequence was shown to be disrupted
by learning a sequence immediately after retrieval of
the old memory™. This demonstration of retrograde
interference after retrieval of an established memory in

a motor learning task indicates a selective reconsolida-
tion disruption in humans. Retrieval of a word list might
also trigger memory reconsolidation®. By contrast, one
previous study failed to find disruption of old, episodic
memories after retrieval, using ECS as the amnes-
tic agent®. As previously discussed, the discrepancy
between such studies might be due to several procedural
differences including the type (motor versus episodic)
or age (recent versus old) of the memory, the type of
reactivation trial (performance versus self-retrieval),
or the manipulation under study (retrograde interfer-
ence versus ECS). Interestingly, neither study examined
emotional memory, which has been extensively studied
in animal models. Additional studies are required before
any strong conclusions can be drawn.

The storage hypothesis of reconsolidation makes
several important predictions for psychiatric disorders.
Pathological memories made labile by reactivation
could be susceptible to disruptions (that is, treatment).
If memories can enter into a labile state regardless of age,
then interventions to disrupt memory could be effective
at any time after onset of the disorder. Finally, enhance-
ments of reconsolidation might be a component of nor-
mal mnemonic function that could also contribute to the
aetiology of psychiatric disorders involving abnormally
persistent memories.

If memory can be disrupted during a retrieval-
induced labile period, there is the possibility that
disruption of reconsolidation could be particularly
efficacious in the treatment of strong, intrusive memo-
ries in disorders such as post-traumatic stress disorder
(PTSD), phobias and drug addiction®®**. Indeed, given
that it is often not possible to administer a consolida-
tion-blocking agent at an initial trauma or triggering
event, the possibility of later eliminating the traumatic
memory by pharmacologically blocking reconsolidation
is particularly clinically relevant® . The B-adrenergic
receptor antagonist propranolol has previously been
utilized in human patients with PTSD® after a traumatic
experience, and might be a specific and effective disrup-
tor of reconsolidation of fear memories in PTSD”*"",
Other anxiolytic and amnestic agents might also be
useful in eliminating fear memories after retrieval; for
example, benzodiazepines have recently been shown
to disrupt reconsolidation of contextual fear in rats’.
Understanding the cellular and molecular mechanisms
required, and the boundary conditions of reconsolida-
tion (BOX 1), will be increasingly important for the devel-
opment of drugs targeted for therapeutic disruption of a
specific memory after retrieval.

The demonstration that memory can be enhanced
after retrieval®”***% also illustrates an important caveat
for types of extinction therapy. The use of exposure to
cues to retrieve and extinguish memories could, under
some circumstances, actually result in strengthening of
the memory’. This factor is especially important when
an enhancing agent such as DCS is used to facilitate
extinction”. Consistent with the ability of this drug to
enhance acquisition of memories™, DCS has been shown
to enhance reconsolidation of fear memories under some
conditions®, potentially strengthening already maladap-
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tive memories after retrieval.

Evidence for enhanced memory reconsolidation
raises the possibility that dysfunctional reconsolida-
tion processes might also be involved in the aetiology
of disorders such as PTSD, depression and addiction.
Here, continuing to update and strengthen maladap-
tive memories after retrieval, repeated over long periods
of time, could lead to strong, intrusive memories. One
potential mechanism for such aberrant reconsolida-
tion mechanisms could be long-lasting drug-induced
adaptations, including long-lasting upregulation of
activity of cell signalling pathways such as cAMP, and
downstream transcription factors such as CREB
and AFosB””77. Additionally, memory retrieval-related
increases in cAMP might also be important in the
development of PTSD. An increase in noradrenaline
activation is integral to the hyper-arousal that surrounds
retrieval of traumatic memories in patients with PTSD.
Noradrenaline also acts through cAMP and down-
stream pathways including ERK and CREB, and acti-
vating these pathways might enhance reconsolidation of
traumatic memories after retrieval. The reiterative and
cumulative nature of reconsolidation could thereby lead
to stronger, more extinction-resistant memories over a
period of time.

The future of reconsolidation research

In discussing and reviewing current findings on the
molecular mechanisms of reconsolidation, it is impor-
tant to note a systematic bias. Not surprisingly, studies
of reconsolidation have taken the manipulations that are
known to affect consolidation as a starting point, and
examined their effects on reconsolidation. This approach
has had much success in identifying multiple points of
convergence and divergence between these memory
processes. Expanding the focus from targeted molecu-
lar approaches to include structural changes induced
by memory reconsolidation will probably identify
unique cellular and molecular mechanisms and crucial
anatomical loci. These structural changes may include
receptor trafficking and cytoskeletal rearrangement,
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which are involved in neural plasticity and memory
storage. These events, however, are yet to be examined
in reconsolidation. There are several possible questions
to be answered: first, does reactivation induce plasticity-
associated changes in cytoskeletal conformation or
receptor trafficking? Second, are the persistent structural
changes induced by consolidation reversed by disruptions
of reconsolidation? Only one published study so far has
pursued this line of reasoning, and showed that alterations
in glutamate receptor levels after training are reversed
by disruption of reconsolidation’. Expanding the search
for molecular mechanisms of reconsolidation from cell
signalling pathways to structural changes is a novel
way to examine the functional role of reconsolidation
in long-term memory.

The study of memory reconsolidation is also con-
strained by the lack of conceptual roles for post-retrieval
memory lability under normal conditions. So far, only
two roles have been proposed — that reconsolidation
acts to maintain and strengthen retrieved memories,
or that it acts to update them. These roles can also be
interpreted in two different ways: a mechanism that is
required to return memories into storage, or a mecha-
nism that actively strengthens memories after retrieval.
The former indicates that reconsolidation is a by-product
of stimulation-induced lability, whereas the latter sug-
gests that retrieval could be a biologically useful time
point at which to strengthen, update or modify previ-
ously established memories. It should also be noted that
the role of reconsolidation might differ between types
of memory, as could the specific processes involved.
Conceptually, reconsolidation might be more fruitfully
studied within the context of dynamic maintenance of
long-term memories and with a focus on how attentional
mechanisms during retrieval shift the balance between
reconsolidation and extinction. Disentangling possible
roles for reconsolidation and specifying the links between
molecular mechanisms and psychological processes
should be a focus of psychiatric neuroscience.
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