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The retrieval of a memory places it into a plastic state,
the result of which is that the memory can be disrupted
or even enhanced by experimental treatment. This
phenomenon has been conceptualised within a frame-
work of memories being reactivated and then reconso-
lidated in repeated rounds of cellular processing. The
reconsolidation phase has been seized upon as crucial
for the understanding of memory stability and, more
recently, as a potential therapeutic target in the treat-
ment of disorders such as post-traumatic stress and drug
addiction. However, little is known about the reactiva-
tion process, or what might be the adaptive function of
retrieval-induced plasticity. Reconsolidation has long
been proposed to mediate memory updating, but only
recently has this hypothesis been supported experimen-
tally. Here, the adaptive function of memory reconsoli-
dation is explored in more detail, with a strong emphasis
on its role in updating memories to maintain their
relevance.

Introduction

An introspective analysis of memory clearly suggests that
human memories are neither constant in content nor of
fixed strength. Memory retrieval is often triggered by a
similar experience that subsequently intermeshes with
and modifies future recollections. The reconstructive
nature of memory retrieval and memory malleability in
general is recognized within the domains of cognitive
psychology and neuroscience [1,2]. However, this cognitive
level of analysis is not immediately reconciled with the
molecular neurobiological understanding of learning and
memory. The interest generated by the study of synaptic
plasticity in both hippocampal slices and simpler invert-
ebrate models has led to a surge in knowledge at the
cellular level. Whereas mammalian behavioural studies
are equally plentiful, the neurobiological analysis has
largely been conducted within the theoretical framework
of memory consolidation and the time-dependent stabiliz-
ation of plasticity [3], an implicit assumption of which is
that memories are subsequently stable and fixed.

The phenomenon of ‘memory reconsolidation’ [4] has the
potential to bridge the divide between cellular and cogni-
tive accounts of long-term memory. I will not provide a
comprehensive review of the extensive literature on the
cellular and behavioural mechanisms of memory reconso-
lidation (reviews of this nature are relatively plentiful, e.g.
Refs [5-10]). Instead, I will focus on a particular viewpoint,
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namely that reconsolidation serves to enable the updating
of memories, ultimately to maintain their predictive and
adaptive relevance. Therefore, it is important to note that
reconsolidation does not simply represent an automatic
restabilization of a retrieved memory, but is a special
process that presents an opportunity for adaptive modifi-
cation. Moreover, the numerous negative findings in
relation to reconsolidation can be argued to result from
the use of experimental conditions that fail to engage a
memory updating process (thereby explaining the exist-
ence of boundary conditions on memory reconsolidation).
Given the emphasis on normal learning and memory pro-
cesses, it is also possible to integrate ideas on reconsolida-
tion and memory updating with traditional learning
theories, and I will focus on the potential role of surprise
and prediction error. Finally, I will conclude with the broad
implications of a memory updating hypothesis of reconso-
lidation, both in terms of how reconsolidation itself might
be viewed as an epiphenomenon, and the conclusion that
experimental amnesia must reflect storage impairments.

Reconsolidation and memory updating

The reconsolidation phenomenon is an increasingly stu-
died area in learning and memory and describes a funda-
mental finding that the retrieval (or ‘reactivation’) of a
previously stable memory renders that memory vulnerable
to the disruptive effects of amnestic agents. Thus, retrieval
returns memories to a plastic state. Although much has
been learned regarding the mechanisms of reconsolidation,
the search for an endogenous function of the process
remains a fundamental issue. As noted by Dudai [11],
reconsolidation might not serve any function, especially
given the remote chance of encountering in real life the
kinds of agents used experimentally to induce amnesia.
Nevertheless, interference is a potent cause of amnesia in
reconsolidation studies [12-14] and stress can also be
detrimental to reactivated memories [15,16], suggesting
that retrieval-induced plasticity does place a memory gen-
uinely at risk of disruption.

It has often been suggested that reconsolidation might
enable memories to be modified or updated [5,8,9,13,
17,18]. Memories are retrieved often in situations present-
ing additional complementary information. Thus, the
capacity for plastic changes in memory strength or content
following memory retrieval seems potentially adaptive in
terms of maintaining a memory’s relevance in guiding
future behaviour. Three studies are of direct relevance
to the hypothesis that reconsolidation mediates memory
updating (see Box 1 for brief experimental details of the

0166-2236/$ — see front matter © 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.tins.2009.05.002 Available online 27 July 2009 413


mailto:j.l.c.lee@bham.ac.uk
http://dx.doi.org/10.1016/j.tins.2009.05.002

Box 1. Some behavioural tasks commonly used in
reconsolidation studies

Fear conditioning

Rodents are trained that exposure to a discrete stimulus (e.g. a tone)
predicts the occurrence of an aversive footshock, in a manner
dependent upon the basolateral amygdala. Re-exposure to the tone
subsequently elicits the typical freezing response, whereby no
movement other than breathing can be detected [4]. Contextual fear
conditioning, a task dependent upon the hippocampus, assesses the
fear acquired by the environmental context. Thus, conditioning can
take place in the absence of any discrete stimuli (subjects being
shocked upon exposure to the context alone) [22]. Variants of this
procedure are used to condition fear in other species from the
medaka fish [48] to humans [32].

Inhibitory avoidance

Rodents are trained that if they step down off a platform onto a grid
floor they receive an aversive footshock. Subsequently, subjects
with intact memory will display a long latency to step down again
off the platform. Inhibitory avoidance memories depend upon the
hippocampus, but the basolateral amygdala also has a role [23,24].

Spatial memories

Typically tested with the use of a water maze, in which rodents are
trained to learn the location of a submerged invisible platform, the
location of which remains constant relative to the wider environ-
ment over several days of learning. The standard task can be
modified to a delayed non-mapping to sample version, in which the
location of the platform changes on a daily basis, with several
training trials per day. The reconsolidation of spatial memory in this
latter version of the task depends upon the hippocampus [36].

Taste memories

One way in which memories for taste can be assessed is via an
attenuation of neophobia paradigm. New tastants such as saccharin
generate a neophobic response of reduced consumption, which
declines over several days. This attenuation of neophobia reflects an
increasing memory for the taste, which is dependent upon the
insular cortex in rats [43]. Taste aversion memories can also be
assessed, whereby a tastant is associated with gastric malaise
(typically induced with lithium chloride), thus inducing a subse-
quent reduction in consumption. Such conditioned taste aversion
memories are also dependent upon the insular cortex [43,53].

Aversive memories in Chasmagnathus

In the crab Chasmagnathus, reconsolidation has been studied in an
aversive context-signal memory procedure [51]. Repeated exposure
to a visual danger stimulus (an opaque rectangle that passes
overhead) results in a change in behaviour from escape to freezing.
This change depends upon an association between the experi-
mental context and the visual danger signal.

Human episodic memory

List-learning procedures have been used to assess reconsolidation
in human episodic memory [13]. Subjects are instructed to
memorise a list of objects and on a subsequent day are primed to
recall the learning episode before memorising a second list. The
reconsolidation effect is manifested as a significant number of
intrusions from list 2 to list 1 in a subsequent memory test. Thus, list
1 has been updated to include some list 2 items.

following tasks). First, in human episodic memories, inter-
ference congruent with retrieval of a prior memory results
in an incorrectly updated memory for a list of items [13].
This finding is consistent with, although not directly
demonstrative of, a role of reconsolidation in updating
memories. Moreover, a prior study of inhibitory avoidance
learning in rats did not provide evidence that reconsolida-
tion is functionally involved in linking new information to a
reactivated memory [19]. Using the doubly dissociable
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mechanisms of inhibitory avoidance memory consolidation
and reconsolidation, Tronel et al. showed that second-order
conditioning recruited consolidation processes selectively
[19]. However, linking new information to an old memory
can be viewed simply as new learning based upon evoked
memories, which would be expected to necessitate conso-
lidation mechanisms rather than true memory updating
[5]. In a study designed to address directly the functional
role of memory reconsolidation, I similarly capitalised on
the doubly dissociable mechanisms of consolidation and
reconsolidation in hippocampal contextual fear memories.
A simple form of memory updating, namely strengthening
through a further learning episode, was dependent selec-
tively upon reconsolidation mechanisms [20]. Therefore,
memory reconsolidation might prove to be the mechanism
by which memories are updated through further experi-
ence, although it remains to be determined whether recon-
solidation has a similar functional role in other forms of
memory updating, such as memory weakening or changes
in memory content.

As a result of this recent functional support for the
memory-updating role of reconsolidation, it is pertinent
to discuss whether the wider literature on the reconsolida-
tion phenomenon is similarly consistent. In particular,
does the process lend itself to the modification of memories,
and how can negative findings be accommodated into a
hypothesis that places reconsolidation in a central role for
memory persistence?

Reconsolidation is a special process and a special state
Much of the research into memory reconsolidation has
taken a comparative view, capitalising upon the wealth
of knowledge already gained about consolidation, and the
degree to which the molecular substrates of the two pro-
cesses overlaps is of importance. Indeed, although the
mechanisms of memory reconsolidation largely recapitu-
late those of initial consolidation, there are notable dis-
sociations between the two (see Ref. [6] for a
comprehensive review). In particular, there is evidence
that reconsolidation recruits specific mechanisms that
are not crucially involved in consolidation. The reconsoli-
dation, but not consolidation, of discrete fear memories is
vulnerable to B-adrenoceptor blockade [21]. Moreover, the
cellular mechanisms of memory consolidation and recon-
solidation for both contextual fear [22] and inhibitory
avoidance [23,24] are doubly dissociable. Such double dis-
sociations rule out simple quantitative or non-specific
factors, such as time or the absence of the highly motiv-
ating footshock reinforcer, as being the cause of differences
between the mechanisms of consolidation and reconsolida-
tion. Therefore, reconsolidation is a neurobiologically dis-
tinct memory process, which is beginning to be associated
with specific cellular mechanisms, such as the expression
of the immediate-early gene zif268 [22,25].

The existence of a reconsolidation process is largely
revealed by its absence. Typically, when amnesia for a
memory that is one or more days old is induced in a manner
that is dependent upon reactivation of that memory
through retrieval, reconsolidation is said to have been
impaired [4,17]. However, in common with other cognitive
functions, experimental treatments targeting memory



reconsolidation can also result in subsequent improve-
ments [26-30]. Gain-of-function findings are of particular
importance in refuting non-specific accounts of amnesia.
Moreover, the ability to improve a memory through post-
retrieval processing suggests a potentially adaptive func-
tion for the reconsolidation process.

Rather than simply being process that restabilizes a
memory following its retrieval, it represents a special
state, providing an opportunity for renewed memory
plasticity and modulation [11]. Notably, the aforemen-
tioned memory-enhancing interventions include naturalis-
tic phenomena such as water deprivation and the
administration of glucose [28,29]. Therefore, the capacity
to modify (e.g. strengthen) a previously acquired memory
in a potentially adaptive manner is not limited to exogen-
ous pharmacological treatment but is likely to be relevant
to naturalistic situations of memory updating.

Reconsolidation is common, but is it ubiquitous?

An understanding of when reconsolidation does and does
not occur is of primary importance in assigning potential
functional roles to the process. Reconsolidation has come to
be viewed as an almost universal memory process, with
reactivation-dependent amnesia indicative of memory
reconsolidation having been observed across a variety of
species, from C. elegans [31] to humans [12,13,32] (see Ref.
[10] for a comprehensive review). Moreover, the majority of
studies have been conducted in rodents, in which it has
been possible to investigate the reconsolidation of many
different memory types across several neural loci. Briefly,
both aversive [4,22] and appetitive [33,34] memories, as
well as non-emotional object recognition [15,35] and
spatial [36,37] memories undergo reconsolidation in
rodents. However, despite this apparent commonality of
reconsolidation across species and paradigms, it cannot
currently be claimed to be a universal process.

Two studies stand out as failing to observe reactivation-
dependent amnesia and, hence, memory reconsolidation
[38,39]. Biedenkapp and Rudy [38] showed that a pure
unemotional contextual memory, unlike contextual fear
memories, does not appear to undergo reconsolidation.
Giving rats an electric footshock immediately upon enter-
ing a novel environment, and before a contextual repres-
entation can be adequately encoded, results in no fear
memory being conditioned to that context. This immediate
shock deficit can be overcome by pre-exposing the rats to
the environment, thereby making it familiar. Therefore, an
intact pure contextual memory can be assessed by its
capacity to overcome the immediate shock deficit. Intra-
hippocampal administration of the protein synthesis
inhibitor anisomycin failed to impair the contextual mem-
ory when given immediately after re-exposure to the
familiar context. Therefore, there is no evidence to suggest
that pure contextual memories undergo reconsolidation.
Similarly, it is unclear whether instrumental memories for
food-reinforced lever pressing are also subject to reconso-
lidation processes. Hernandez and Kelley [39] failed to find
evidence that systemic protein synthesis inhibition follow-
ing instrumental memory retrieval impaired subsequence
performance, a finding that is consistent with several
studies in appetitive instrumental tasks, in which the
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pavlovian memories but not the instrumental components
were impaired by post-retrieval manipulations [25,40-42].
Thus, any theory of memory reconsolidation must account
either for why contextual and instrumental memories do
not undergo reconsolidation, or detail the reasons why the
aforementioned studies failed to find positive evidence for a
reconsolidation process.

Although it is possible that certain types of memories
might not undergo any reconsolidation process, the con-
clusion that reconsolidation is not ubiquitous is not
entirely compelling. Certainly, one could make the case
that pure contextual or spatial memories might benefit
from being invulnerable to change, and Hernandez and
Kelley [39] also suggest that it would be adaptive for
instrumental memories not to reconsolidate once they
are well learned and proficient. However, they acknowl-
edge that instrumental memories might reconsolidate ear-
lier on in learning [39]. These sentiments are consistent
with the notion that memory updating governs the recon-
solidation phenomenon. A well-learned instrumental
memory no longer benefits from further training, and
hence updating mechanisms are not engaged by additional
behavioural sessions. A strong prediction from this view is
that weakly trained instrumental memories should be
subject to modification and hence reactivation-dependent
amnesia (although the ability of both goal-directed and
habitual processes to support instrumental responding
presents a further challenge to the interpretation of instru-
mental memory studies; thus, apparent normal responding
could mask an amnestic effect on either the goal-directed or
habitual memory).

The same interpretation can also be applied to the
contextual memory paradigm of Biedenkapp and Rudy
[38]. The contextual pre-exposure that forms the basis
for the contextual memory consisted of six separate
exposures to the context, totalling 8 min 20 s, in a single
day. Whether this can be expected to result in a well-
learned contextual memory (i.e. near-asymptotic levels
of learning) is not clear, but it might be equally predicted
that a reduction in the level of pre-exposure would render
the contextual memory subject to updating/strengthening
processes and hence vulnerable to reactivation-dependent
amnesia. Indeed, the strength of prior training has been
shown previously to be an important factor determining
vulnerability to reactivation-dependent amnesia. In both a
taste memory attenuation of neophobia paradigm and a
spatial memory task, protein synthesis inhibition only
effected amnesia when applied early on in training, and
not once the memories were learned to asymptotic levels of
performance [43,44]. Therefore, it might not be unexpected
that the studies on relatively well-learned contextual and
instrumental memories failed to observe evidence for
reconsolidation.

The importance of the studies by Biedenkapp and Rudy
[38] and Hernandez and Kelley [39] lies in the fact that the
reconsolidation of memories for context and instrumental
responding remains unsubstantiated. Although this can be
taken to imply that reconsolidation is not ubiquitous [38],
the aforementioned reasoning suggests instead that recon-
solidation might be a universal property of memories,
given the necessity for all memories to be updated to
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maintain their relevance. Such universality should not be
taken to imply that reconsolidation occurs under all cir-
cumstances, merely that all memory systems should dis-
play reconsolidation phenomena under appropriate
conditions governed by the requirement for memory updat-
ing.

There are several other negative findings in relation to
memory reconsolidation, or specifically reactivation-de-
pendent amnesia [45,46]. However, these can be con-
trasted with positive results in similar paradigms. For
example, while Cammarota et al. [45] failed to observe
amnesia in an inhibitory avoidance task after protein
synthesis inhibition in the basolateral amygdala, Milekic
et al. [24] did observed reconsolidation impairment when
inhibiting the synthesis in the basolateral amygdala of the
specific protein C/EBP. It remains unclear whether para-
metric differences can account for such contrasting results,
and so it is possible that the negative findings might be
related to boundary conditions.

Boundary conditions on reconsolidation

Even in paradigms with well-established demonstrations
of reactivation-dependent amnesia, there are conditions
under which reconsolidation does not take place. There-
fore, there exist certain boundary conditions, which, for the
purposes of this review, are considered simply to be a
description of the boundaries around which reconsolida-
tion might or might not be observed. Boundary conditions
are important in the context of the current discussion as it
will be argued that the engagement of reconsolidation
mechanisms is crucially dependent upon whether a mem-
ory is being updated. Hence, memory updating might
provide the underlying explanation for boundary con-
ditions on reconsolidation.

Other than the impact of memory strength, several
boundary conditions exist. The first among these is
temporal in nature. In inhibitory avoidance in rats [47],
as well as in fear conditioning in the medaka fish [48], 14-
day-old memories did not display reactivation-dependent
amnesia, whereas younger memories did show evidence of
reconsolidating. However, this is by no means a universal
finding, with contextual fear and appetitive cocaine-
related memories reconsolidating up to a month after
learning [42,49]. Nevertheless, it remains possible that
all memories do display an age-dependent sensitivity to
reconsolidation impairment, but with different time-
courses not yet revealed by the current literature. Alter-
natively, given that there is an interaction between
memory age and duration of stimulus re-exposure required
successfully to reactivate a contextual fear memory [50], it
is also possible that all memories undergo reconsolidation
regardless of their age, but that previous studies have
failed to use sufficiently intense memory reactivation con-
ditions for older memories. However, if the age of a memory
does indeed represent a limit on the engagement of recon-
solidation mechanisms, this might speculatively fit in with
an updating hypothesis. Perhaps the passage of time,
under certain circumstances, results in new experiences
being more likely to be encoded separately from the
original memory. A prediction of this view would be that
updating an old memory should engage consolidation-
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specific mechanisms (e.g. brain-derived neurotrophic fac-
tor [BDNF1] in the hippocampus for contextual fear mem-
ories [22]). Moreover, selective interference with these
mechanisms should affect only the new updating infor-
mation, thus resulting not in amnesia, as would be
expected if reconsolidation mechanisms were being
engaged and disrupted, but in a failure to modify the
memory.

The issue of whether a new experience updates an
existing memory or triggers new memory formation might
also underlie the established constraint that extinction
places on reconsolidation. Memory reactivation protocols
typically involve short extinction sessions. However, leng-
thier non-reinforced stimulus exposure reverses the
impact of amnestic treatment. Thus, for contextual fear
memories, protein synthesis impairs reconsolidation to
reduce fear when the context re-exposure is short, but
disrupts extinction to maintain high levels of fear when
the duration of context re-exposure is more prolonged [50].
This pattern of results has been replicated in cued fear
memories [27] as well as in contextual aversive learning in
the crab Chasmagnathus [51], although it appears that
extinction does not always prevent reconsolidation from
taking place [52]. It is not simply the level of extinction
training, but its relation to initial learning that governs the
interaction between reconsolidation and extinction.
Protein synthesis inhibition during the same reactiva-
tion/extinction) parameters produced opposing effects
when the strength of initial training on a conditioned taste
aversion task was varied [53]. This has previously been
conceptualised as a trace dominance process, whereby the
dominant trace engaged by reactivation/extinction) is that
which is impacted upon by experimental treatment [53].
However, rather than appealing to competition between
traces, the extent of extinction training relative to con-
ditioning might determine whether or not a new inhibitory
memory is formed. This argument states that if stimulus
exposure is sufficient to engage extinction learning, this
would not concomitantly modify the original excitatory
memory. More limited exposure, by contrast, would trigger
memory updating in the absence of new inhibitory learn-
ing. Perhaps in support of this interpretation is the recent
finding in Chasmagnathus that the transcription factor
nuclear factor-«B (NF-kB) reflects a molecular switch be-
tween reconsolidation and extinction [54]. Inhibiting NF-
kB both impairs reconsolidation [55] and enhances extinc-
tion [54] under the appropriate conditions. Consequently,
short memory reactivation induces a functional upregula-
tion of NF-kB, whereas more prolonged extinction results
in a functional inhibition. If we make the assumption that
NF-«B activity is reflective of a reconsolidation/updating
process, the extinction-induced inhibition would be con-
sistent with a suppression of memory updating in favour of
new extinction learning.

A further boundary condition on memory reconsolida-
tion has recently been termed the ‘predictability of the
reactivation stimulus’ [10]. This reflects the findings emer-
ging primarily from the Chasmagnathus literature that a
mismatch between expected and actual events during
reactivation triggers reconsolidation. Pedreira et al. [56]
found that reconsolidation only took place, and thus could
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Figure 1. Schematic representation of the different hypotheses regarding the
function of memory reconsolidation. Filled circles connected by solid lines depict
idealised data points on a learning curve (i.e. behaviour observed). Dotted lines
represent the hypothesized action of reconsolidation, with the lowest edge
showing the impact of disrupting the reconsolidation process. (a)
Reconsolidation might serve progressively to stabilize an acquired memory. As
part of a longer consolidation process, memory reactivation and reconsolidation
probably occur repeatedly to stabilize further the memory, with no necessity for
qualitative or quantitative change to the memory. What the figure does not depict
is the temporal limitation on this process, in that reconsolidation only occurs for a
certain period following acquisition. This hypothesis presumably does not
distinguish between memories acquired through a single trial (as shown), or
over several trials, and does not propose a specific role for reconsolidation in
memory strengthening/modification. (b) Reconsolidation might be a consolidation
of updating information. A major purpose of reconsolidation is to enable the
integration of updating information without suffering the deleterious impact of
interference. Reconsolidation does not invoke the complete destabilization of the
previously consolidated memory, and so disruption of reconsolidation entails little
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only be disrupted, when the predictive context terminated
in the unexpected absence of the aversive outcome. It is not
simply that memory reactivation must differ in some
manner to conditioning, as there are numerous instances
where reconsolidation impairments have been observed
when the reactivation session is operationally identical
to training (e.g. using reinforced reactivation procedures
in fear conditioning [48,57], and in many [35,58], but not all
[59] studies of object recognition memories). Instead,
reconsolidation is triggered by a violation of expectation
based upon prior learning, whether such a violation is
qualitative (the outcome not occurring at all) or quantitat-
ive (the magnitude of the outcome not being fully pre-
dicted). It is predicted, then, that more extended initial
training of fear or object memories will render those mem-
ories resistant to reconsolidation impairments with the use
of reactivation sessions that are identical to training. This
interpretation, therefore, partially reduces to the prior
discussion of memory strength, in that incompletely, but
not fully, learned memories are subject to reconsolidation
because of the requirement for memory updating to opti-
mise further the predictive accuracy of the memory.

Reconsolidation and memory updating: relation to
existing theories

The prior sections argue that currently identified boundary
conditions on memory reconsolidation, as well as prior
failures to demonstrate reconsolidation in contextual
and instrumental memories, are consistent with a hypoth-
esis emphasizing the memory-updating properties of the
reactivation experience. Thus, reconsolidation might be
viewed as a fundamental process in the ongoing modifi-
cation and storage of memories.

Several positions have been advanced regarding the role
of reconsolidation in wider memory processes. Two of these
[6,8] have used the apparent temporal boundary condition
to argue that reconsolidation plays a part in an extended
process of memory stabilization. Specifically, Alberini [6]
suggests that repeated reactivations (which might be
implicit during sleep) gradually increase memory stability
as part of a lengthy consolidation process, such that when
sufficient time has elapsed a memory can no longer be
disrupted, but it can be added to or modified. Dudai and
Eisenberg [8] similarly integrate reconsolidation within a
‘lingering consolidation’ process, whereby the reactivation
and reconsolidation cycle progressively stabilizes a mem-
ory (Figure 1a). In contrast to these emphases on reconso-
lidation enhancing memory stability, the present focus on
memory updating does not require that reconsolidation
has an endogenous part to play in the ongoing processing of
a memory that requires no further modification. Indeed,
the reverse might be suggested, in that a memory will

or no loss to the existing memory (for clarity, the figure shows only the theorised
reconsolidation process on the 2nd and 3rd trials; reconsolidation itself mediates
the strengthening of the memory [curved dotted lines], in the absence of which the
memory remains relatively constant in strength [straight dotted lines]). (¢) Memory
updating involves destabilization and reconsolidation. To strengthen a memory,
that memory must be fully destabilized such that the updating information can be
added or integrated into a modified unitary memory trace. Thus, each updating of
the memory involves destabilization that places the memory at risk of disruption if
the reconsolidation process is impaired. Equally, memories only reconsolidate
when the memory is being updated (i.e. not when fully learned).
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persist in a stable and fixed form only if reconsolidation is
not engaged, precisely because reconsolidation is the
mechanistic instantiation of memory updating. Thus,
reconsolidation only plays a part in enhancing memory
stability if such enhancement is dependent upon modifi-
cation of the memory.

Rather than focussing on parametric factors in the
constraint of reconsolidation, Morris et al. [36] argue for
a mode-based explanation. Namely it might be the dual
activation of retrieval and encoding states that drives
reconsolidation processes. This model is well suited to
account for situations in which new experiences result in
profound changes to the memory; a change in the location
of an escape platform in a water maze being the example
used for the delayed non-mapping to place task [36].
However, it is not clear either how it might be adapted
to conditions of more minor memory modifications (such as
strength), or whether the activation of an ‘encoding mode’
is sufficient to trigger reconsolidation. For example, extinc-
tion training clearly involves memory retrieval as well as
new memory encoding, but under such circumstances
reconsolidation is not obviously engaged [27,50,51,53].
Moreover, the mode requirement appears to be an
additional, rather than alternative, boundary condition
to those discussed previously. A hypothesis based upon
memory updating, by contrast, both incorporates the prin-
ciples of the dual state proposal (in that a requirement for
updating depends upon the same conditions as those pro-
posed to engage an encoding state), and can potentially
account for other boundary conditions.

Boundary conditions on memory reconsolidation also
influence a further hypothesis of memory updating that is
superficially similar to that advanced here. Rodriguez-
Ortiz and Bermudez-Rattoni [60] conceive of reconsolida-
tion as an ‘updating consolidation’ mechanism (Figure 1b).
As well as showing that fully learned memories are not
subject to reactivation-dependent amnesia, these authors
observed in both spatial and taste memories that when
learning had reached near-asymptotic levels, only partial
amnesia resulted from reactivation and protein synthesis
inhibition [43,44]. This partial amnesia is inferred to
reflect only the partial destabilization of the existing mem-
ory trace to enable updating. As such, this idea is not
dissimilar to Alberini’s suggestion that old memories can
be updated, but not disrupted [6]. Moreover, Rodriguez-
Ortiz and Bermudez-Rattoni suggest that reconsolidation-
associated response decrements do not reflect memory loss
for the original consolidated memory but, rather, result
from a failure to integrate new learning, leading to inter-
ference. However, such an interpretation cannot account
for my recent results in contextual fear memories [20]. If
reconsolidation impairments result from new learning
interfering with the stable old memory trace, disruption
of the new learning itself should result in an unchanged
memory. This is not what was observed when the conso-
lidation-specific protein BDNF was knocked down in the
hippocampus during memory strengthening/updating.
Instead, while knocking down BDNF had no impact on
memory strengthening, the modification of the old memory
was completely dependent upon the reconsolidation-selec-
tive upregulation of zif268. Furthermore, interfering with
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memory destabilization both protected against the disrup-
tive effects of protein synthesis inhibition and fixed the
memory at the same strength despite further learning [20].
Therefore, memory updating requires the destabilization
of the original memory in order in integrate new infor-
mation. As a result, impairment of the restabilization
process (e.g. through protein synthesis inhibition) affects
not only the new information but also the reactivated
memory, thus leading to amnesia (Figure 1c).

A strong interpretation of the current memory updating
hypothesis presented is that reconsolidation, as a process
that restabilizes retrieved memories, is actually an epi-
phenomenon. In fact, the hallmark reactivation-dependent
amnesia is revealed only through artificial interference
with the memory updating process. Few naturalistic
phenomena have been shown to disrupt memories follow-
ing their reactivation. Whereas stress can impair retrieved
memories [15,16], mild arousal can be memory enhancing
[61]. Moreover, interference-based procedures only pro-
duce amnesia in an operational sense. Such impairments
(e.g. intrusions of items between lists in human episodic
memory [13]) can equally be viewed as normal and poten-
tially adaptive updating in an artificial setting. Therefore,
based upon current evidence, there is little risk entailed in
a system that is proposed to update memories through
making the existing memory trace labile. As such, any
behavioural experience that has the effect of updating an
existing memory, subject to the conditions discussed pre-
viously, renders the trace vulnerable to disruption pre-
cisely because this is the mechanism by which the memory
is updated to remain adaptively relevant. Interruption of
the updating process results in amnesia, operationally
defined as a reactivation-dependent memory impairment,
thereby revealing the reconsolidation phenomenon. Thus,
reconsolidation does not simply restabilize a reactivated
memory, but instead is revealed through the experimental
targeting of the updating process. Perhaps, just as con-
solidation can be defined as the post-acquisition stabiliz-
ation of a memory, reconsolidation should be viewed as the
mechanistic implementation of memory updating rather
than a process in its own right.

Reconsolidation integrated into learning theory

Given that an updating hypothesis places reconsolidation
in a central role in memory persistence, it should be
possible to integrate reconsolidation into existing theories
of learning and memory. As a salient example, I will focus
briefly on only one such area: the role of surprise in learn-
ing.

Rescorla and Wagner [62] formalised the role of surprise
in their model of learning that places crucial emphasis on
prediction error. That is, the amount of learning generated
on a particular trial depends wupon, among other
parameters, the discrepancy between the total asymptotic
amount of learning the outcome is able to support, and the
amount of learning already acquired by the training
stimuli. Therefore, learning only occurs when there is
informational value present within a given trial. This
restriction of learning as a function of informational value
is overtly similar to the position advanced here in relation
to the engagement of reconsolidation only when memories



require updating. Thus, following the very first training
trial, reconsolidation might be argued to be the primary
mechanism by which learning takes place, because mem-
ory modifications, including those apparent in a standard
learning curve, engage the updating mechanism that
reconsolidation is proposed to subserve. Such a view
anticipates that the existence of a prediction error signal
might be a crucial pre-requisite for reconsolidation to be
triggered. Little is known about the mechanisms of mem-
ory reactivation, but they include signalling at NMDA and
CB; cannabinoid receptors and L-type voltage-gated
calcium channels (LGVCCs) [63,64], as well as synaptic
protein degradation [65]. Perhaps the source of the signal
transduced by these mechanisms is the aforementioned
prediction error. This would provide, therefore, a neuro-
biological mechanism by which the principle of reconsoli-
dation being governed by updating operates. To give one
concrete example, the absence of prediction error when
learning reaches asymptotic levels also means that the
memory is not destabilized and hence reconsolidation is
not engaged, thereby accounting for the observed boundary
condition of memory strength.

Reconsolidation updates memory storage

It has been fiercely debated whether experimentally
induced consolidation and reconsolidation impairments
reflect a storage deficit or an inability to retrieve the
memory normally [66]. While there is no conclusive evi-
dence to favour either view, the retrieval account is incon-
sistent with the proposed action of reconsolidation to
modify the strength and even content of a memory. An
initial novel finding, making use of positive predictions of
the storage view, strongly indicates that consolidation
deficits do indeed reflect storage impairments [67], but
as yet has not been extended to reconsolidation settings.
However, there are instances of reconsolidation impair-
ments being phenomenologically different to consolidation
deficits, particularly with respect to recovery from amnesia
[68,69], although the importance of such differences
remains to be determined. A clear prediction of the pro-
posed view is that reactivation-dependent amnesia should
reflect an impairment in memory storage rather than
retrieval, and this will be a crucial test of the memory-
updating hypothesis of reconsolidation.

Conclusion

Memory reconsolidation is a rapidly expanding field of
research, which is becoming widely accepted as a funda-
mental process in long-term memory. Although advances
are continually being made in terms of the pharmacological
and cellular mechanisms of reconsolidation, these do not
address the fundamental question of the role of memory
reconsolidation in memory persistence. In this review, I
have proposed that the function of memory reconsolidation
might be to mediate the updating of a memory to maintain
its adaptive relevance. This memory updating hypothesis
of reconsolidation has the potential to account for when
reconsolidation does and does not take place. Indeed, I
suggest both that reconsolidation is, in fact, a universal
property of memories and that it is engaged specifically
under conditions of memory updating. A major question

Trends in Neurosciences Vol.32 No.8

that emerges is that of how memory reactivation is deter-
mined at the mechanistic level depending on whether a
memory should be updated.
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