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Memory reconsolidation is the process in which reactivated long-term memory (LTM)
becomes transiently sensitive to amnesic agents that are effective at consolidation. The
phenomenon was first described more than 50 years ago but did not fit the dominant para-
digm that posited that consolidation takes place only once per LTM item. Research on
reconsolidation was revitalized only more than a decade ago with the demonstration of
reconsolidation in a well-defined behavioral protocol (auditory fear conditioning in the
rat) subserved by an identified brain circuit (basolateral amygdala). Since then, reconsolida-
tion has been shown in many studies over a range of species, tasks, and amnesic agents, and
cellularand molecularcorrelates of reconsolidation have also been identified. In this review, I
will first define the evidence on which reconsolidation is based, and proceed to discuss some
of the conceptual issues facing the field in determining when reconsolidation does and does
not occur. Last, I will refer to the potential clinical implications of reconsolidation.

Learning and memory are commonly depict-
ed as going through a set of phases. There

is the learning or encoding phase, in which in-
formation is acquired, by stabilization phase,
in which specific mechanisms are engaged to
stabilize initially unstable new information
(referred to as synaptic consolidation) (Glick-
man 1961; McGaugh 1966), the “storage” or
maintenance phase, during which other mech-
anisms are involved to maintain the memory,
and the retrieval phase, in which specific mech-
anisms permit a memory to be retrieved (Miller
and Springer 1973; Spear 1973). For a long time,
from a neurobiological perspective, only acqui-
sition and memory stabilization (Martin et al.
2000; Kandel 2001; Dudai 2004) were consid-
ered to be active phases, in the sense that neu-
rons had to perform certain computations or
synthesize new RNA and proteins for these

phases of memory processing to be performed
successfully. After acquisition and stabilization,
all other phases were implicitly thought by
many to be passive readout of changes in the
circuits mediating the long-term memory
(LTM). However, the picture has now changed
and the maintenance of memory is portrayed as
an active process. One of the reasons for this
change is the demonstration that a consolidated
LTM can become susceptible to disruption and
restoration, a process termed “reconsolidation”
(Spear 1973; Nader et al. 2000; Sara 2000). There
are now detailed molecular and cellular models
of this time-dependent active memory phase.

This review will first describe the logic of the
findings that brought the existence of the con-
solidation process to light. I will then describe
how we concluded that a consolidated memory
undergoes reconsolidation in a well-defined be-
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havioral protocol (auditory fear conditioning in
the rat). I will then refer to the range of species,
tasks, and treatments in which reconsolidation
have been reported. One aspect of reconsolida-
tion that has attracted experimental attention
involves the finding that there seem to be con-
ditions that facilitate, inhibit, or even prevent
reconsolidation from occurring. I present an ap-
proach that could help to identify such con-
ditions. Last, I will discuss potential clinical
implications of reconsolidation.

CONSOLIDATION: THE DOMINANT
MODEL OF MEMORY STORAGE

Consolidation is the time-dependent stabiliza-
tion of newly acquired memory (Fig. 1Ai) (Eb-
binghaus 1885; Müller and Pilzecker 1900;
Glickman 1961; McGaugh 1966, Dudai 2004).
At the synaptic level of analysis, this process,
referred to as synaptic consolidation, is thought
to be a universal property of neurons that sub-
serve memory formation.

The evidence for the consolidation process
has been derived from various lines of evidence
demonstrating the presence of a postacquisi-
tion time interval during which new memories
are labile and sensitive to challenges (Fig. 1Ai).
First, performance can be impaired by amne-
sic treatments, such as electroconvulsive shock
(Duncan 1949), protein synthesis inhibitors
(PSIs) (Flexner et al. 1965), or by new learning
(Gordon and Spear 1973). Second, retention
can be enhanced by administration of certain
compounds, such as strychnine (McGaugh
and Krivanek 1970). Crucially, these manipula-
tions are only effective when administered
shortly after new learning, but not when given
after a few hours. These types of results led to the
conclusion that memory exists in two states.
When susceptible to enhancement or impair-
ment, memory resides in a labile state, but if it
is insensitive to these treatments, memory is sta-
ble and, by definition, consolidated (McGaugh
1966; Dudai 2004).

This same logic was used by Schafe and col-
leagues to test for the existence of a consolida-
tion process in the lateral and basal amygdala
(LBA) for auditory fear memory. When an

amnesic agent, the protein-synthesis inhibitor
anisomycin, is infused into the LBA, shortly af-
ter training, short-term memory (STM) is intact
but LTM is impaired (Fig. 1Aii) (Schafe and Le-
Doux 2000); however, LTM remains intact when
the infusion is delayed for 6 h. This pattern of
results conforms to the operational definition of
consolidation in the sense that the aspect of fear-
conditioning memory that requires protein
synthesis within the LBA is consolidated within
at most 6 h after learning. In addition, we as-
sume that the experimental manipulation-in-
duced amnesia for those computations that the
LBA supposedly mediates, that is, the associa-
tion between the conditioned stimulus (the
tone; CS) and the unconditioned stimulus (the
foot shock; US) (Rodrigues et al. 2009).

One of the tenets of the cellular consolida-
tion model is that learning induces changes in
synaptic efficacy, suggesting that the physiolog-
ical “unit” of cellular consolidation is the syn-
apse. Two main candidate cellular mechanisms
that were postulated to implement these chang-
es are long-term potentiation (LTP) and long-
term depression (LTD) (Malenka and Nicoll
1999; Martin et al. 2000). In parallel to the dis-
tinction of STM and LTM, with the latter being
consolidated by a protein-synthesis-dependent
process, LTP is also divided into an early tran-
sient phase (E-LTP) and a stabilized, RNA- and
protein-synthesis-dependent late phase (L-LTP)
(Goelet et al. 1986).

BEHAVIORAL EVIDENCE FOR A
RECONSOLIDATION PROCESS

The existence of a reconsolidation process in the
LBA for consolidated, that is, long-term audi-
tory fear memory was identified in a study (Na-
der et al. 2000) that in logic and design followed
those for consolidation as described in Schafe
and LeDoux (2000). One day after condition-
ing, at a time when, according to the results
from the consolidation study, memory should
be stabilized and immune to the amnesic agent,
we reminded animals of the conditioning ses-
sion by exposing them again to the CS, that is,
the tone (Nader et al. 2000). Anisomycin, at the
same dose, concentration, and rate as in the
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consolidation study (Schafe and LeDoux 2000)
was then infused into the LBA either immedi-
ately or 6 h after the memory retrieval. When
anisomycin was administered immediately, ani-
somycin-treated animals show intact postreac-
tivation STM (PR-STM) but impaired PR-LTM
(Fig. 1Bi), a pattern of results that is identical to
what is found when blocking consolidation
(Fig. 1Aii) (Schafe and LeDoux 2000). However,

if the postreactivation infusion was delayed by
6 h, anisomycin had no effect, demonstrating
that the reactivation-induced lability was tran-
sient. Importantly, animals that were not re-
minded before anisomycin infusions had intact
memory.

Staying strictly within the commonly ac-
cepted consolidation framework, and applying
only the rationale on which this framework is
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Figure 1. Conceptual model of time-dependent memory processes. (Ai) Textbook account of consolidation
demonstrating that memories consolidate over time into long-term memory (LTM). The critical point is to show
that once a memory is in LTM, it is thought to remain fixed or permanent (Glickman 1961; McGaugh 1966).
(Aii) A typical demonstration of a consolidation blockade (Schafe and LeDoux 2000)—intact short-term
memory (STM) and impaired LTM, a pattern of impairment that defines a consolidation impairment (Dudai
2004; McGaugh 2004). (Bi) A typical demonstration of a reconsolidation blockade. Intact postreactivation STM
(PR-STM) and impaired LTM (PR-LTM), meeting the definitions for a consolidation blockade (Dudai 2004;
McGaugh 2004). (Bii) An alternate model of memory that incorporates the findings of consolidation and
reconsolidation datasets proposed by Lewis (1979). Consolidation theory cannot explain the reconsolidation
dataset. New and reactivated memories are in an “active state” and then over time they stabilize and exist in an
“inactive memory state.” When a memory in an inactive memory state is remembered it returns to an active
memory state.
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based, the following four conclusions can be
drawn from the results of these experiments.
First, the observation that the memory was in-
sensitive to anisomycin when it was not reacti-
vated shows that it was “consolidated” 24 h after
training—at least with regard to the specific
amnesic treatment applied. Second, that only
the reactivated memory was sensitive to disrup-
tion shows that memory was in a labile state
after reactivation. Third, the observation that
the anisomycin-treated animals showed intact
STM and impaired LTM after reactivation im-
plies that a consolidation-like process is trig-
gered by reactivation. And finally, given the
amnesic treatment was ineffective 6 h after re-
activation, this postreactivation restabilization
process is, like consolidation, a time-dependent
process. Taken together, these four conclusions
yield the interpretation that reactivation of a
consolidated memory returns it again to a labile
state from which the memory has to undergo
stabilization (i.e., reconsolidate) over time (Na-
der et al. 2000).

Consolidation and reconsolidation are, thus,
both deduced from the evidence of a transient
period of instability. In the case of consolida-
tion, this window is initiated after acquisition of
new information. In the case of reconsolidation,
it is initiated after reactivation of an existing,
consolidated memory representation. As is the
case for consolidation, only during the recon-
solidation phase can memory be enhanced by
“memory enhancers” (Gordon 1977b; Rodri-
guez et al. 1993, 1999; Horne et al. 1997), or
impaired by either amnesic treatments (Misa-
nin et al. 1968) or interference produced by new
learning (Gordon 1977a). These treatments are
ineffective when reconsolidation is complete,
which is also the case for consolidation.

The term “reconsolidation” was originally
introduced in the context of a discussion on
memory retrieval. Spear (1973) asked “. . . how
will the dynamic aspects of memory be handled,
that is, with successive learning trials or related
successive experiences does the entire memory
reconsolidate anew or merely the new informa-
tion?” As a consequence of the perceived inabil-
ity of the consolidation hypothesis to account
for reconsolidation, new memory models were

developed that treated new and reactivated con-
solidated memories in similar ways (Fig. 1Bii)
(Spear 1973; Lewis 1979).

In recent years, reconsolidation has been
shown across a variety of species, tasks, and am-
nesic treatments (Table 1). In light of this evi-
dence, it was therefore postulated that recon-
solidation represents a fundamental memory
process (Nader and Hardt 2009). One of the
most striking findings in this literature is a study
by Lee (2008), who devised specific tools to
block consolidation or reconsolidation mecha-
nisms. Most students of memory would assume
that presenting additional learning trials to a
consolidated memory would engage consolida-
tion mechanisms, which will make the memory
stronger. However, the evidence from the afore-
mentioned study suggests that a memory has
to undergo reconsolidation to be strengthened.
Moreover, memory strengthening by new learn-
ing was mediated by reconsolidation and not
consolidation mechanisms. This evidence sug-
gests that a recently acquired memory will be
mediated by consolidation mechanisms within
a time window of �5 h. However, for the rest of
the memory’s lifetime, the memory will engage
reconsolidation mechanisms (Lee 2009).

ALTERNATIVE INTERPRETATIONS

Reconsolidation, as we discussed above, has
been defined by applying the very standards that
define consolidation. Therefore, certain non-
specific interpretations of the reconsolidation
hypothesis pose the same challenges to the con-
solidation hypothesis, a consequence that is
rarely acknowledged. The complexity of the
data poses a problem for alternative interpreta-
tions, which should not merely provide new
explanations for the reconsolidation dataset,
but need to allow for predictions that are differ-
ent from those offered by the reconsolidation
model. For this reason, we will not address all
the previous alternative interpretations here. A
detailed discussion of these alternative interpre-
tations including facilitation of extinction, tran-
sient retrieval impairment, nonspecific effects,
state-dependent learning, and new learning is
presented in Nader and Hardt (2009).
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EVIDENCE FOR RECONSOLIDATION
ACROSS LEVELS OF ANALYSIS

Evidence for reconsolidation does not come
solely from the behavioral level of analysis. A
cellular phenomenon akin to reconsolidation
was shown for L-LTP (Fonseca et al. 2006). In
this study, the investigators report that when
anisomycin is added 2 h after the induction of
L-LTP, it has no effect on L-LTP maintenance. If,
however, the potentiated pathway is reactivated
by administering test pulses that inhibit protein
synthesis, the potentiation is intact shortly after
reactivation but becomes impaired over time.

This suggests that reactivation of stabilized L-
LTP returns its substrate to a labile state, in which
it can be disrupted by inhibiting protein synthe-
sis. Other evidence includes reports that recon-
solidation blockade reverses increases in field
potentials induced by fear conditioning in the
lateral amygdala (LA) in intact animals (Doyere
et al. 2007). In summary, this evidence suggests
the presence of a cellular correlate of the behav-
iorally shown reconsolidation impairment.

More recently, two papers using the classic
paradigm of Aplysia to study sensitization and
long-term facilitation (LTF) reported that re-
consolidation affects these kinds of processes.

Table 1. Some of the paradigms in which reconsolidation has been reported

Experimental
paradigm

Habituation (Rose and Rankin 2006)
Auditory fear conditioning (Nader et al. 2000)
Contextual fear conditioning (Debiec et al. 2002)
Instrumental learning (Sangha et al. 2003; but see Hernandez and Kelley 2004)
Inhibitory avoidance (Anokhin et al. 2002; Milekic and Alberini 2002)
Conditioned aversion learning (Eisenberg et al. 2003)
Motor sequence learning (Walker et al. 2003)
Incentive learning (Wang et al. 2005)
Object recognition (Kelly et al. 2003)
Spatial memory (Suzuki et al. 2004; Morris et al. 2006)
Memory for drug reward (Lee et al. 2005; Miller and Marshall 2005; Valjent et al. 2006)
Episodic memory (Hupbach et al. 2007)

Treatment Protein-synthesis inhibition (Nader et al. 2000)
RNA synthesis inhibition (Sangha et al. 2003)
Inhibition of kinase activity (Kelly et al. 2003; Duvarci et al. 2005)
Anesthesia (Eisenberg et al. 2003)
Protein-knockout mice (Bozon et al. 2003)
Antisense (Taubenfeld et al. 2001; Lee et al. 2004)
Inducible knockout mice (Kida et al. 2002)
Receptor antagonists (Przybyslawski et al. 1999; Debiec and Ledoux 2004; Suzuki et al. 2004)
Interference by new learning (Walker et al. 2003; Hupbach et al. 2007)
Potentiated reconsolidation by increase in kinase activity (Tronson et al. 2006)

Species Aplysia (Cai et al. 2012; Lee et al. 2012)
Nematodes (Rose and Rankin 2006)
Honeybees (Stollhoff et al. 2005)
Snails (Sangha et al. 2003)
Sea slugs (Child et al. 2003)
Fish (Eisenberg et al. 2003)
Crabs (Pedreira et al. 2002)
Chicks (Anokhin et al. 2002)
Mice (Kida et al. 2002)
Rats (Nader et al. 2000), rat pups (Gruest et al. 2004)
Humans (Walker et al. 2003; Hupbach et al. 2007; Kindt et al. 2009; Schiller et al. 2010)

Examples from various experimental paradigms, treatments, and species for studies reporting evidence for a reconsolidation

process since the year 2000.
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Indeed, when reconsolidation was blocked, the
sensory-motor synaptic enhancement typically
observed after LTF was reversed (Cai et al. 2012;
Lee et al. 2012).

At the molecular level, interfering with re-
consolidation can, in a time-dependent man-
ner, remove molecular correlates of memory
induced by learning and subsequent consolida-
tion. Miller and Marshall (2005) showed that
place-preference learning activates the extracel-
lular signal-regulated kinase (ERK) in the nu-
cleus accumbens. Blocking the activated ERK
in the nucleus accumbens after reactivation
results in intact PR-STM but impaired PR-
LTM. In these amnesic animals, this also leads
to the absence of ERK and its downstream tran-
scription factors in the nucleus accumbens (see
also Valjent et al. 2006, who show a reduction
in ERK and GluA1 phosphorylation using a
similar procedure). Studying mechanisms of
long-term habituation in Caenorhabditis ele-
gans, Rose and Rankin (2006) showed that ad-
ministering heat-shock or the non-N-methyl-
D-aspartate (NMDA) glutamatergic antagonist,
DMQX, after reactivation of a consolidated
memory dramatically returns expression of a-
amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic (AMPA) receptors in the mechanosensory
neuron to a level typical for naı̈ve animals
(Rose and Rankin 2006). Importantly, the re-
consolidation effects in all of these studies were
contingent on memory reactivation—in the
absence of a reminder the amnesic treatments
were ineffective.

Another study described the biochemical
process that destabilizes a consolidated memory
and the subsequent reconsolidation process
at the level of postsynaptic AMPA receptors.
Learning is thought to lead to AMPA receptor
trafficking: calcium-permeable AMPA recep-
tors are inserted into the postsynaptic density
(PSD), then over time replaced by calcium-im-
permeable receptors (Rumpel et al. 2005).
Hong et al. (2013) asked what the AMPA recep-
tor dynamics would be when a memory is de-
stabilized and then reconsolidated. They found
that memory destabilization is associated with
calcium-permeable AMPA receptors. Indeed,
blocking the introduction of calcium-perme-

able AMPA receptors into the PSD prevented
the memory from being apparently unstored.
Thus, they found that the replacement of calci-
um-permeable AMPA receptors by calcium-im-
permeable AMPA receptors mediated the pro-
cess of reconsolidation.

These studies are only examples of the data-
set that provides strong evidence for the exis-
tence of a transient postreactivation period of
memory plasticity, that is, memory reconsoli-
dation, on the behavioral, physiological, and
molecular levels of analysis.

CAN MECHANISMS MEDIATING
PRESYNAPTIC PLASTICITY UNDERGO
RECONSOLIDATION?

Both post- and presynaptic mechanisms are
posited to contribute to synaptic plasticity and
memory (Finnie and Nader 2012; Kandel et al.
2014). One theory on the locus of memory pos-
its that presynaptic changes are critical for LTM
and L-LTP (Bliss and Collingridge 1993). These
presynaptic changes are thought to increase the
probability of vesicle release.

In studies that examined cellular or molec-
ular correlates of consolidation or reconsolida-
tion, blocking the respective memory processes
were reported to reverse the learning-induced
molecular/cellular correlates. For example, Bai-
ley and Kandel (1993) reported that the block-
ade of consolidation in Aplysia with a protein-
synthesis inhibitor prevented the increase in the
number of synapses following sensitization to
the point where this number of synapses was
comparable to the level of synapses in naı̈ve
animals. The same pattern of results has been
shown in reconsolidation studies, as can be seen
in the previous section.

Tsvetkov et al. (2002) have shown that audi-
tory fear conditioning induces predominantly
presynaptic enhancements in both inputs to the
LA thought to mediate fear learning. Recently,
this group assessed what would happen to these
learning-induced presynaptic enhancements af-
ter blocking reconsolidation with rapamycin, a
protein-synthesis inhibitor. They reported that
these presynaptic enhancements were not re-
duced, but that a reduction in postsynaptic
AMPA receptors correlated with the behavioral
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impairments (Li et al. 2013). This finding sug-
gests that the postsynaptic mechanisms detect
how much potential exists on the presynaptic
terminals and adjusts the postsynaptic AMPA
receptors accordingly.

There are two theoretical implications of
these findings for reconsolidation. First, per-
haps, presynaptic mechanisms of long-term
plasticity are independent of reconsolidation.
This would entail that only the postsynaptic
mechanisms of LTM could be susceptible to re-
consolidation blockade. The second possibility
is that presynaptic mechanisms are affected
by reconsolidation, but the amnesic treatment
used, a PSI, was not appropriate to target the
presynaptic mechanisms mediating reconsoli-
dation. We know that presynaptic enhancements
are not affected by PSIs. Therefore, a tool tran-
siently challenging the mechanisms mediating
long-term presynaptic efficacy would be needed
to test this hypothesis.

RECONSOLIDATION IS NOT UNIVERSAL

The fact that memory reconsolidation has been
found across levels of analysis does not imply
that reconsolidation is universal, that is, ob-
served under any circumstance. Another varia-
tion of the theme that reconsolidation is not a
universal property of memory is the concept
of constraints on this phenomenon, or “boun-
dary conditions.” These are conditions of a phys-
iological, environmental, or psychological na-
ture, in which memory that normally would
reconsolidate no longer does. Several boundary
conditions have been proposed, such as the
dominance of the association over behavior (Ei-
senberg et al. 2003), competition with extinc-
tion (Eisenberg et al. 2003; Pedreira and Maldo-
nado 2003; Suzuki et al. 2004), memory age
(Milekic and Alberini 2002; Eisenberg and Du-
dai 2004; Suzuki et al. 2004), predictabilityof the
reactivation stimulus (Pedreira et al. 2004; Mor-
ris et al. 2006), and training intensity (Suzuki
et al. 2004). Others, however, have not identified
similar boundary conditions in other proto-
cols for extinction (Stollhoff et al. 2005; Duvarci
et al. 2006), old memories (Debiec et al. 2002;
Lee et al. 2005), predictability of the reactivation

stimulus (Pedreira et al. 2002; Bozon et al.
2003; Sangha et al. 2003; Valjent et al. 2006), or
strength of training (Debiec et al. 2002; Lee et al.
2005). Whether additional parameters moder-
ate boundary conditions remains to be seen.

The observed inconsistencies in the identi-
fication of the boundary conditions might be
caused by the absence of agreed-on, standard
experimental parameters required to test the
presence of such boundary conditions. For ex-
ample, if memory disruption is not observed
within a set of experimental parameters, then
it is concluded that the memory does not un-
dergo reconsolidation under those conditions.
A number of reports, however, have shown that
a memory may undergo reconsolidation only
under specific reactivation conditions (De
Vietti and Holiday 1972; Bozon et al. 2003; Su-
zuki et al. 2004). The implication of these find-
ings is that it is difficult to conclude, based on
behavioral studies, that a memory never under-
goes reconsolidation. Therefore, the question
remains whether the negative effects on which
the boundary conditions are based imply that a
given memory never undergoes reconsolidation
under those inferred conditions, or that same
memory is still capable of undergoing reconsol-
idation with a different reactivation protocol
that still includes the same inferred boundary
conditions (Figs. 2 and 3). Given that the pa-
rameter space of possible reactivation proce-
dures is essentially infinite, a generalized boun-
dary condition may be difficult to prove at the
behavioral level. This may explain part of the
inconsistency in the field of boundary condi-
tions of reconsolidation (Dreyfuss et al. 2009).

An understanding of how boundary con-
ditions are mediated across levels of analysis
is critical because targeting reconsolidation of
traumatic memories has been proposed to be a
potential treatment for posttraumatic stress dis-
order (PTSD) (Przybyslawski and Sara 1997;
Debiec et al. 2002; Schiller et al. 2010). Specif-
ically, blocking the reconsolidation of traumatic
memories might weaken the long-term mainte-
nance of these traumatic memories, in turn,
reducing PTSD pathology. However, if strong
aversive experiences act as boundary conditions
on reconsolidation (Suzuki et al. 2004), then
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this would suggest that the traumatic memories
in PTSD patients may be resistant to undergo-
ing reconsolidation thereby negating reconsoli-
dation as a potential therapeutic target. There-
fore, understanding boundary conditions, such
as strength of training, is critical to ensure we
know whether it is possible to target reconsoli-
dation of very strong fear memories and, if so,
what the optimal conditions are to allow an
extremely strong fear memory to undergo re-
consolidation.

To this end, Wang et al. (2009) found that
strong auditory training produced memories
that initially did not undergo reconsolidation
but they did so over time on the order of
1 mo. This suggests that the boundary condi-
tion induced by strong training is transient (Fig.
4A). This in itself is striking, as the implicit
assumption is that once a memory stops under-
going reconsolidation it will never begin again.
This was the first demonstration that a putative
boundary condition could be transient (Wang
et al. 2009).

Wang et al. (2009) hypothesized that one
principle that could mediate boundary condi-
tions is to down-regulate the mechanisms that
allow memories to undergo reconsolidation
(Fig. 5). What could the molecular mechanism
be that inhibit reconsolidation of strong mem-
ories for up to 30 d after training in the LBA?

Ben Mamou et al. (2006) showed the NMDA
receptor antagonists for the NR2B subunits are
necessary in reactivation-induced destabiliza-
tion, but that this destabilization does not get
expressed at the behavioral level. Specifically,
prereactivation administration of ifenprodil (an
NR2B antagonist) prevented the memory from
being impaired by postreactivation anisomycin;
however, the ifenprodil itself had no effect on
the expression of freezing (Fig. 6). New strong
memories show similar properties: normal ex-
pression of freezing during reactivation but
insensitivity to postreactivation anisomycin.
The investigators reasoned that strong training
may down-regulate NR2B expression in the
LBA, thereby making the memory insensitive
to postreactivation anisomycin infusions but
capable of being expressed normally. The in-
vestigators suggest that NR2B expression in
the LBA should be reduced under conditions
when memories did not undergo reconsolida-
tion but should remain normal when memories
underwent reconsolidation (Fig. 7). That was
indeed observed. NR2B levels were normal
when the memory underwent reconsolidation,
but drastically reduced under the conditions in
which the memory did not undergo recon-
solidation (Fig. 4B). The reduction was sub-
unit-selective, with NR1 subunits constant at
all time points.
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Figure 2. The number of articles published with reconsolidation in the abstract (based on data in Nader et al.
2000).
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The suggested role of the NR2B subunits in
regulating when fear memory in the LBA will
undergo reconsolidation may not generalize to
all memory systems or types of memory. Cur-
rently, there are several studies that have exam-
ined the mechanisms involved in transforming
a consolidated memory to a labile state. Al-
though the NR2B subunit is critical for memo-
ries to return to a labile state within the LBA for
fear conditioning (Ben Mamou et al. 2006),
NMDA receptors in the hippocampus and
within the amygdala for appetitive memories
are thought to play a direct role in the restabili-

zation process following the reactivation of the
memory (Milton et al. 2008; Suzuki et al. 2008).
In the hippocampus, voltage-gated calcium
channels (VGCCs) (Suzuki et al. 2008) and pro-
tein degradation (Lee et al. 2008) are critical for
a memory to return to a labile state.

DOES RECONSOLIDATION IMPLY
RECAPITULATION OF CONSOLIDATION

An important but somewhat neglected aspect of
this debate is that the protocols used to study
reconsolidation are different from those used
to study consolidation, which renders compar-
ison of results problematic. For example, in au-
ditory fear conditioning, both CS and US are
presented, leading to activation of afferents
that relay auditory and pain information to the
amygdala. Neurons that are thought to be the
site of plasticity in the LBA are proposed to re-
ceive concurrent activation by these afferents
(Blair et al. 2001). As a consequence, a series of
second messenger systems are activated that are
thought to lead to transcription and translation
of proteins required for consolidation (Maren
2001; Schafe et al. 2001). In reconsolidation
studies, however, typically only the CS is pre-
sented to reactive and induce plasticity in con-
solidated memory. Thus, consolidation studies
examine the neurobiological changes after a CS
and US are presented together, although re-
consolidation studies examine neurobiological
changes that happen after presentation of a CS
alone. For this reason, at the brain systems/cir-
cuits and molecular level, consolidation and re-
consolidation must be different, as only the for-
mer directly activates the pathways that relay
US information to the amygdala, which are
not directly activated in reconsolidation studies.
Therefore, the demonstration of differences in
brain regions or circuits mediating consolida-
tion and reconsolidation may be rather trivial
(Nader et al. 2005). It remains unclear which of
the reported differences between consolidation
and reconsolidation reflect genuine differences
between the two processes as opposed to differ-
ences in the protocols used to induce them. A
study in which differences between reconsolida-
tion and consolidation were not attributable to
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Figure 3. Possible functions describing the con-
straints on reconsolidation. It is still an open question
whether the functions are linear or exponent. Differ-
ent experimental conditions may produce different
functions. The experimental space to the left of the
curve is determined by examples in which the mem-
ory undergoes reconsolidation as shown in the sche-
matic behavioral impairment. The evidence for con-
straints on reconsolidation is derived from negative
findings as shown in the schematic on the right. That
is a logical limitation of the behavioral approach to
this issue. Therefore, we suggested that a complemen-
tary approach to help resolve this issue would be to
identify a molecular correlate for the absence of re-
consolidation. This would act as positive evidence for
the existence of the constraint.
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differences in the protocols is the first to shed
some light on this issue (Lee et al. 2004). These
investigators reported a double dissociation,
separating the mechanisms mediating consoli-
dation from those that mediate reconsolidation
(Lee et al. 2004; see also von Hertzen and Giese
2005).

POTENTIAL CLINICAL IMPLICATIONS

The finding that consolidated memories return
to a labile state and have to be restored has sig-
nificant potential implications for a number of

clinical conditions, such as PTSD, addiction,
obsessive-compulsive disorder (OCD), or delu-
sions/hallucinations. An understanding of the
mechanisms mediating reconsolidation could
provide the basis for developing new or refining
old therapeutic tools to successfully manage
some of these conditions. As an example of
how this could be applied, imagine a patient
with PTSD whose symptoms were resistant to
therapy. A new way of treating this condition
could be to reactivate the patient’s traumatic
memory and block its reconsolidation. Theoret-
ically, this may lead to a rapid “cure.”
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Figure 4. Conceptual diagram showing how boundary conditions could inhibit memories from undergoing
reconsolidation across memory types and memory systems. (A) Under experimental conditions when a memory
undergoes reconsolidation, the mechanisms allowing a memory to be transformed from a consolidated to a
labile active state (AS), must be present and functional at the synapse (“?” in the figure). These mechanisms, of
course, will involve more than surface receptors and will likely include a number of molecular processes that have
yet to be identified. (B) Experimental conditions that begin to inhibit memories from undergoing reconsoli-
dation may lead to a partial reduction in a mechanism that is critical for the induction of reconsolidation. The
partial reduction might be sufficient to prevent the induction of reconsolidation when a standard protocol is
used. However, there may still be sufficient amounts of this mechanism to permit the memory to undergo
reconsolidation when a stronger reactivation is used. (C) Under conditions in which the memory does not
undergo reconsolidation, a boundary condition, a necessary mechanism for the induction of reconsolidation, is
reduced to the point that alternative reactivation protocols cannot induce the memory to undergo reconsoli-
dation. AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic; IS, inactive state.
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Early evidence suggests that this may work.
Rubin et al. (1969) and Rubin (1976) treated
patients suffering from either hallucinations,
delusions, major depression, or OCD with elec-
troconvulsive therapy (ECT). In contrast to oth-
er studies that administered ECT when the sub-
jects were anaesthetized, Rubin and colleagues
kept the patients awake and directed them to
focus on the objects of their compulsions or
hallucinations. This experimental procedure
was thought to reactivate the neural mecha-
nisms mediating those memories when the
ECT was delivered. All of the subjects were
reportedly “cured” of their condition, even
though some had had up to 30 previous ECT
treatments while under anesthesia. The major-
ity remained symptom-free for the 2-yr period
between the treatment and the publication of
the manuscript. The fact that ECT was effective
only when the memories were presumed to be
reactivated, but not when the memory reactiva-
tion was omitted (i.e., when the patient was
anesthetized), suggests, in principle, that recon-
solidation occurs in humans. Furthermore, this
study provides evidence that the possibility of

curing someone by removing a memory in a
single session may not be so remote.

More recent candidate treatments tend to be
less intrusive than ECT (Kroes et al. 2014). For
example, b-adrenergic antagonists, such as pro-
pranolol, have few side effects and were reported
to block reconsolidation of aversive and appeti-
tive memories preferentially stored in the amyg-
dala. However, behaviorally updating or extin-
guishing the reactivated memory during the
time window of reconsolidation in the absence
of drug treatment, or the use of sensory distrac-
tors, may also be used to block reconsolidation
in potential treatment protocols in humans
(Schiller et al. 2010; Schiller and Phelps 2011;
Gray and Liotta 2012).

The first attempt to target reconsolidation
with a b-blocker in patients with enduring
PTSD symptoms reported a reduction in the
strength of traumatic memories after a 15-min
intervention (Brunet et al. 2008). It is important
to note that some of these patients had been
suffering from these PTSD symptoms for close
to 30 yr. Furthermore, it is remarkable that a
single reactivation seems to cause an old and
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Figure 5. Strong memories undergo reconsolidation at 30 and 60, but not 7 d after training. The top panel of each
subfigure represents the behavior protocol. Separate groups of animals were lateral and basal amygdala (LBA)-
cannulated and trained with 10-tone foot-shock pairings. The memory was reactivated at 7, 30, or 60 d after
training. The freezing ration was computed as postreactivation long-term memory (PR-LTM)—PR short-term
memory (STM)/(PR-STM)x�100%. Intra-LBA anisomycin infusion impaired the PR-LTM only when the
strong memory was reactivated at 30- and 60-d after training. The asterisks (�) indicate significant group
differences. (From Wang et al. 2009; reproduced, with permission, from the authors.)
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consolidated memory to become labile again.
Drug craving (Xue et al. 2012; Saladin et al.
2013) and PTSD (Brunet et al. 2008; Menzies
2012) are two clinical conditions, in which it has
been reported that targeting their underlying
maintaining mechanisms through reconsolida-

tion can lead to some clinical improvement
(Nader et al. 2013). However, the results of other
studies indicate that the practical usefulness of
blocking reconsolidation in the treatment of
trauma requires further exploration (Spring
et al. 2015; Wood et al. 2015).
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Figure 6. NR2B-subunit levels, assessed by immunohistochemistry (IHC), are inversely related to the ability
of the strong memories to undergo reconsolidation over time. (A) Animals received 10-tone foot-shock
pairings (10P), one pairing (1P), or one foot shock followed by an unpaired tone (UP). They were killed 2 d
after training, a time when the memory does not undergo reconsolidation, and their brains were later
processed for IHC. The left panel represents the actual staining in regions of interest (ROI) in lateral and
basal amygdala (LBA) in individual groups (n ¼ 4/group). The graph shows the quantification of NR2B-
positive cell numbers in each ROI. Although 1P and UP animals showed similar level of NR2B-immuno-
stained cells, 10P animals showed significantly less stained cells in either lateral amygdala (LA) or basal
amygdala (BA). The asterisks (�) indicate significant group differences. (B) Animals received either 10P or 1P.
They were killed 60 d after training, a time when the memory does undergo reconsolidation, and their brains
were later processed for IHC. Both groups show similar level of NR2B-positive cells in LA and BA. All
pictures in the left panel are in the same scale. Each data point is represented as mean + S.E.M. Scale bar,
80 mm.
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CONCLUSION

Reconsolidation indicates that the maintenance
of memory over time is active rather than pas-
sive. The evidence for reconsolidation comes
from a spectrum of species, amnesic agents,
and reinforcers, spanning all levels of analysis
from the molecular and physiological to the be-
havioral levels, thereby suggesting that that it is a
fundamental property of memory.

Reconsolidation remains a topic of intensive
research. One area of investigation that is being
studied involves the identification of boundary
conditions in reconsolidation. I have suggested
that identifying a molecular or cellular indicator
when memories undergo reconsolidation is a
complementary approach that can alleviate
some of the problems inherent in attempts to
identify boundary conditions on reconsolida-
tion.

There is a growing interest in utilizing re-
consolidation blockage as a potential therapeu-
tic tool in several clinical conditions, most im-
portantly PTSD. The use of reconsolidation
protocols for clinical purposes must, however,
await further exploration.
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