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Memory consolidation refers to the stabilization that a new memory has to undergo in order to persist. Recently, this
dominant view of memory has been challenged by renewed interest in reconsolidation, where consolidated memories
return to a transient unstable state following their retrieval, from which they must again stabilize in order to persist.
In this review, we discuss how reconsolidation is supported by the same line of evidence as consolidation and recent
findings of boundary conditions of reconsolidation. Furthermore, we discuss how recent controversies on the nature
of amnesia following challenges to reconsolidation are using the same paradigm that failed to resolve the nature of
amnesia after challenges to consolidation; we also discuss a new paradigm that can lead to more fruitful ways of
studying amnesia in general.
Keywords: consolidation; reconsolidation; amnesia

Introduction
For well over 100 years, we have known that new
memories go through qualitatively distinct phases
over time.1–3 Initially, new memories enter a labile
or unstable state and are stabilized over time. An
example of this transformation is when you attempt
to remember a telephone number and are distracted
close to the time when the number was acquired.
Chances are that this distraction will impair retention of the telephone number. However, if the same
distraction is experienced a few hours after acquisition of the telephone number, retention of the telephone number will likely be unimpaired. In both
cases, the same number and distraction are used;
the only difference being the time interval between
acquisition of the number and the distractor. In this
case the gradient of stabilization is minutes to hours,
roughly consistent with the time course described by
Muller and Pilzecker,1 who were the first to ascribe
the term consolidation to refer to the stabilization
of a memory over time.
Consolidation is a term that has historically been
used to refer to both a fast process that takes place
over minutes to hours, and a slower one thought to
take months or years. This has led to some confusion
as they are thought to represent different phenom-

ena. In an attempt to clarify this issue, we will follow
the suggestion of Dudai and Morris,4 and refer to
the memory stabilization process that is on the order
of hours as “synaptic consolidation” and the longer
gradient on the order of years as “systems consolidation.” The former process is considered a ubiquitous
property of neurons, not just in memory systems,
but neurons located anywhere in the brain. In contrast, the latter process is considered to apply only
to memories that are initially hippocampus dependent. It is important to note that the neurobiological mechanisms that are thought to transform this
memory into a hippocampus independent one over
time engage synaptic consolidation mechanisms.5,6
Therefore, reports of reconsolidation at the synaptic level have implications not just for theories of
synaptic consolidation, but also for theories of system’s consolidation.
This review will briefly describe some of the evidence on which synaptic consolidation theory is
based. Consolidation theory posits that once a memory is consolidated, it remains consolidated. In contrast to this expectation, we will argue that memory
retrieval can return a consolidated/fixed memory to
an unstable state once again, from which the memory is then restabilized. In the last section, we discuss recent studies that have argued that memory
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impairments following challenges to reconsolidation reflect a retrieval deficit and how they repeat
the logical pitfalls of the debate on the nature of amnesia that has remained unresolved for more than
three decades, and suggest a paradigm that can start
to resolve the issue.
Consolidation and reconsolidation are
deduced from the same line of evidence
Three lines of evidence support the existence of a
synaptic consolidation process. First, performance
can be impaired if treatments such as electroconvulsive shock7 or protein synthesis inhibitors8 are given
shortly after learning. Second, performance can be
impaired if new competing learning occurs shortly
after the initial learning.9 Third, retention can be
enhanced by administration of various compounds,
such as strychnine.10 Critically, all three manipulations are effective only when given shortly after new
learning and not after a delay on the order of hours.
Accumulating evidence of this nature led to several propositions of a consolidation theory of memory.11–13 These theories propose an initial unstable
short-term memory trace that lasts on the order of
hours and a more permanent long-term memory
trace that consolidates over that period. Although
initial formulations of the theory assumed a serial
process between the memory stages,12,13 later ones
did not.11 Brain trauma such as electroconvulsive
shock is effective in producing amnesia if administered shortly, but not a long time after training.
Thus, if the memory is susceptible to enhancement
or impairment, it is considered to be in a labile state,
and if it is insensitive to administration of these amnesic treatments then the memory is, by definition,
consolidated.11,14 Furthermore, once consolidated,
the memory is assumed to remain in a fixed state.
Consolidation theory became the central tenet
around which neurobiology of memory has mushroomed as a field. The field has enjoyed numerous successes in creating models at different levels of analysis to describe the changes that occur
when a memory is converted from labile trace to
a fixed one. In addition to studies at the behavioral level, models of consolidation include longterm potentiation (LTP), a long-lasting enhancement in signal transmission between two neurons
following high-frequency stimulation of a chemical
synapse, typically in a hippocampal slice prepara-
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tion. Such potentiation is considered to be analogous to cellular mechanisms of memory.15,16 Similar to the distinction between short- and long-term
memory, LTP can be divided into an early transient
phase (E-LTP), and a more persistent late phase (LLTP), which similar to long-term memory, requires
protein-synthesis in order to stabilize. Finally, on a
molecular level, specific transcription factors critical for consolidation into long-term memory such
as cAMP-response element binding protein (CREB)
have been identified.17–19
Because its inception, consolidation theory was
challenged on two fronts. The first was the claim that
amnesia for new information, induced by a variety
of agents such as electroconvulsive shock, hypothermia and protein synthesis, was best described as an
inability to retrieve a memory that still existed in
the brain.20–22 This issue will be addressed in more
detail in a later section.
The second challenge came from a small number
of studies demonstrating that a consolidated memory could return to an unstable state and then restabilize within minutes to hours following retrieval.
As with consolidation, three lines of evidence were
put forth to support the existence of a restabilization
period. First, performance can be impaired if amnesic treatments such as electroconvulsive shock are
given shortly after reactivation.23,24 Second, performance can be impaired if new competing learning
occurs in short temporal proximity to the reactivation.25 Third, retention can be enhanced by administration of various compounds, such as strychnine
after retrieval.26 Critically, all three manipulations
are effective only when given shortly after memory
reactivation but not when given after a delay. These
findings, acquired by different investigators, in different tasks and species, fundamentally challenged
consolidation theory.20,27–29
The implications of these findings, originally referred to as cue-dependent amnesia, were that LTM
was not the end of the road in terms of memory lability but simply a momentary pause until the memory
was reactivated. A theory proposed by Lewis20 accounting for these findings posited that memory was
a dynamic process that entailed two memory states;
an active state in which new and reactivated memories were labile and vulnerable to disruption, and
an inactive state in which they stabilize over time.
Lewis’ model accounts for both the evidence supporting consolidation theory, as well as findings of
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Table 1. Some of the paradigms in which reconsolidation has been reported

Experimental paradigm

Treatment

Species

Habituation: Rose and Rankin42
Auditory fear conditioning: Nader et al.31
Contextual fear conditioning: Debiec et al.68
Instrumental Learning: Shangha et al.;72 but see Hernandez and Kelley122
Inhibitory Avoidance: Anokhin et al.;101 Milekic and Alberini62
Motor Sequence Learning: Walker et al.36
Incentive Learning: Wang et al.123
Object Recognition: Kelly et al.124
Spatial Memory: Morris et al.;63 Suzuki et al.61
Memory for drug reward: Lee et al.;69 Miller and Marshall;40 Valjent et al.41
Episodic memory: Hupbach et al.44
Protein-synthesis inhibition: Nader et al.31
RNA synthesis inhibition: Shangha et al.72
Inhibition of kinase activity: Kelly et al.;124 Duvarci et al.125
Protein-knockout mice: Bozon et al.70
Antisense: Lee et al.;126 Taubenfeld et al.127
Inducible knockout mice: Kida et al.128
Receptor antagonists: Debiec and Ledoux;129 Przybyslawski et al.;130 Suzuki et al.61
Interference by new learning: Walker et al.;36 Hupbach et al.44
Potentiated reconsolidation by increase in kinase activity: Tronson et al.37
Nematodes: Rose and Rankin42
Honeybees: Stollhoff et al.66
Snails: Shangha et al.72
Sea slugs: Child et al.131
Fish: Eisenberg et al.59
Crabs: Pedreira et al.71
Chicks: Anokhin et al.101
Mice: Kida et al.128
Rats: Nader et al.31
Humans: Hupbach et al.44

Note: This table lists some examples from various experimental paradigms, treatments, and species for studies reporting
evidence for a reconsolidation process since the year 2000.

cue-dependent amnesia which consolidation theory
could not explain. However, for reasons that remain
unclear, the dozens of studies that demonstrated
reconsolidation across species, tasks and amnesic
agents had little impact in the status of consolidation theory in the field of memory research.30
Research on the reconsolidation effect was revitalized by its demonstration in auditory fear conditioning in the rat,31 a well-defined behavioral
paradigm in which the underlying neural circuitry
had previously been extensively mapped out.32 Targeting directly the basolateral nucleus of the amygdala (BLA), known to critically mediate auditory
fear conditioning and its consolidation,32–35 and us-

ing the commonly used protein synthesis inhibitor
anisomycin, Nader and colleagues31 showed that reminders could bring well-consolidated fear memories back to an unstable state, in which they could
be disrupted by infusing the protein-synthesis inhibitor directly into the BLA. As in the original findings of reconsolidation, such impairments were not
observed in the absence of reactivation.
Since this study, reconsolidation has been demonstrated in a range of species, tasks, and amnesic
agents (see Table 1). The modern evidence for
the existence of a reconsolidation period is once
again found from the same three lines of evidence on which consolidation theory is based. First,
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performance can be impaired if amnesic treatments
such as targeted infusions of protein synthesis inhibitors are given shortly after reactivation.31 Second, performance can be impaired if new competing
learning occurs in short temporal proximity to reactivation.36 Third, retention can be enhanced by
administration of various compounds, such as activators of signaling pathways important for consolidation after reactivation of the memory.37
Recently, a number of studies have found cellular and molecular correlates of reconsolidation.
For example, a cellular phenomenon akin to reconsolidation was shown for late L-LTP.38 Initially,
after stimulation of the input pathway, LTP requires
protein synthesis for stabilization in order to persist into its late phase. As mentioned earlier, this
property of LTP has been viewed as a model for
memory consolidation.39 Fonseca and colleagues38
demonstrated that if the protein-synthesis inhibitor
anisomycin was added two hours after the induction of LTP, it has no effect on the maintenance
of L-LTP. If, however, the potentiated pathway was
“reactivated” by high-frequency stimulation while
exposed to protein-synthesis inhibition, the potentiation remained for a short while but dissipated
soon thereafter. This suggests that reactivation of
stabilized L-LTP returns it to a labile state again,
in which it requires protein synthesis in order to
restabilize.
At the molecular level of analyses, a number of
studies have demonstrated blockade of reconsolidation leads to a reversal of molecular correlates of
long-term memory.40–42 One elegant study used C.
elegans and a nonassociative task (habituation of the
tap withdrawal effect).42 One molecular correlate of
habituation in this system is a decrease in the number of postsynaptic AMPA receptors (these receptors mediate the vast majority of excitatory neurotransmission in the brain) in the mechanosensory
neuron mediating tap withdrawal.43 Reconsolidation in this model can be blocked by administering either heat-shock or a transient AMPA receptor
antagonist after reactivation. These manipulations
are ineffective in the absence of memory reactivation. When postsynaptic levels of AMPA receptors
were analyzed, the amnesic animals had AMPA receptor levels comparable to naı̈ve animals in the
mechanosensory neuron. In the absence of the reminder, the amnesic treatments did not change the
extent of AMPA receptor expression. This is striking
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evidence for the specificity of the reconsolidation
impairments.
Importantly, reconsolidation has been demonstrated in humans where interference from new
learning impaired previously acquired motor sequence memory,36 and episodic memory.44 Similarly, two recent studies, one using rats45 and the
other human subjects,46 show how cue-shock associative fear memory can be disrupted by an extinction session where the predictive cue is presented
alone immediately following a separate retrieval
trial. Extinction training, where a conditioned stimulus is repeatedly presented without the unconditioned stimulus, is known to gradually reduce the
conditioned response.47 For example, if animals are
presented with a tone that coterminated with footshock, they can learn that the tone predicts the shock
and will then fear the tone.48 If the tone is now presented without shock, animals will decrease the fear
responses.49 The reduction in responding induced
by extinction procedures are not thought to be due
to memory erasure of the previously acquired memory. Rather, extinction is thought to lead to the formation of a memory that will inhibit the expression
of the previously acquired memory.47 The evidence
for this is that after extinction has inhibited performance, with the passage of time (spontaneous
recovery),47 changing the test context from the one
in which extinction occurred (renewal),49 or presenting the unconditioned stimulus (reinstatement,
in this example footshock)50 will elevate the level
of responding.51 Furthermore, extinction learning
undergoes consolidation (which if disrupted, results
in the return of the conditioned response), depends
on distinct brain structures and molecular mechanisms.52 Thus, there is a great deal of data demonstrating that extinction entails the learning of a new
memory that inhibits, but does not erase a previous
memory.
However, both Monfils and colleagues45 and
Schiller and colleagues46 demonstrated that the immediate but not delayed extinction procedures after
the induction of reconsolidation lead to reductions
in responding that were insensitive to recovery or
reinstatement in rodents and humans, respectively.
In addition, Monfils and colleagues45 demonstrated
reduced phosphorylation of GluR1 glutamate receptors, a molecular marker of reconsolidation, in
the amygdala following immediate but not delayed
extinction after reactivation. Thus, retrieving the
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memory in a separate session immediately prior to
extinction resulted in a more enduring reduction
of the fear memory, than by extinction alone. This
suggests that the memory had been modified by either updating the retrieved memory through reconsolidation, or disruption of reconsolidation of the
original memory trace by interference of the new
learning.
Given the richness of the demonstrating postreactivation memory plasticity mentioned above, including the original findings, it is safe to say that
the reconsolidation phenomenon is now well established,53 although a number of different perspectives have been advanced on the nature of
reconsolidation.54–58
Constraints on reconsolidation
Although reconsolidation seems to be a fundamental property, not all memories seem to undergo reconsolidation. This property of reconsolidation was noted by those who first studied
the phenomenon. Reconsolidation was not considered a universal property of memory, but rather
that its induction critically depended on specific
parameters.20,22,28 Situations of physiological, environmental, or psychological nature, in which memory that normally would reconsolidate no longer
does, are here referred to as boundary conditions.
Several boundary conditions have been proposed,
such as extinction consolidation,59–61 memory
age,61,62 predictability of the reactivation stimulus,63,64 training intensity,61 and whether a memory is directly or indirectly reactivated.65 However,
these results remain controversial, as other studies
were unable to replicate them (for extinction,66,67
old memories,68,69 predictability of the reactivation
stimulus,41,70–72 or strength of training68,69 ).
One source likely contributing to the observed
inconsistencies is that the typical logic used to conclude that a boundary condition exists is by testing the sensitivity of a memory to postreactivation
administration of an amnesic agent under one set
of experimental parameters. If the treatment does
not induce memory impairments on a subsequent
test, then it is concluded that the memory does
not undergo reconsolidation under those conditions. For example, associative context-shock fear
memory that is acquired with a training protocol
of three shocks has been found to be insensitive
to systemic injection of anisomycin if the reacti-
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vation session takes three or five minutes, whereas
reactivation trial of ten minutes triggers reconsolidation.61 If only the two shorter reactivations had
been used, the absence of a behavioral impairment
might have been taken as evidence that memories
acquired with strong training do not undergo reconsolidation, implying a true boundary condition. A
number of reports, however, have demonstrated that
a memory may undergo reconsolidation only under
specific reactivation conditions.61,70,73 The implication of these findings is that it is extremely difficult to conclude based on behavioral studies that
a memory never undergoes reconsolidation, i.e.,
findings of no difference between the experimental and control group (a null result) cannot prove
that the phenomenon in question does not exist at
these parameters. Do the null results upon which the
boundary conditions are based imply that a given
memory never undergoes reconsolidation under
those conditions, or is the memory still capable of
undergoing reconsolidation with slight parametric
adjustments?
This kind of parametric manipulation has not
been performed for most boundary conditions.
Therefore, it is unclear whether these boundary conditions represent situations in which it is harder
to induce reconsolidation, or whether they represent situations in which memory does not undergo reconsolidation. Given that the parameter
space of reactivation protocols is infinite, a purely
behavioral approach may not be logically possible
or practical. Because of the logical shortcoming of
this approach, Wang and colleagues74 recently suggested a complementary reductionist approach to
this issue of identifying the molecular mechanisms
engaged in boundary conditions on reconsolidation (i.e., mechanism that inhibit reconsolidation
from occurring). The authors argued that if molecular mechanisms could be identified, strong predictions could be made, based on behavioral findings,
when these mechanisms would be expressed. Specifically, if strong memories, old memories, or extinction represent true boundary conditions, then the
putative molecular mechanisms mediating boundary conditions should be fully expressed within a
given memory system. Conversely, under conditions
when a memory does undergo reconsolidation (e.g.,
weak training, little extinction, or young memories),
then the mechanism mediating boundary conditions should be less engaged. This strategy would
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significantly complement the behavioral studies described above in their search for true boundary
conditions and help resolve some of the conflicting
findings in the field. In their study, Wang and colleagues characterized the effects of strong training
on the ability of auditory fear memory to undergo
anisomycin-sensitive reconsolidation and identified
one mechanism that can mediate boundary conditions on auditory fear memory in the BLA. They
found that when 10 pairings were used for training, instead of 1, the memory did not undergo reconsolidation 2 or 7 days after training, even when
multiple reactivation protocols were used, consistent with previous findings.61 However, when 30
and 60 days passed from training to memory reactivation, the memory did undergo reconsolidation.74
This 30-day time course was notable because of its
similarity to the time course of systems consolidation of contextual fear memories in rats, during
which the expression of contextual fear memory depends on the hippocampus, but not thereafter.75
In turn, this suggested the possible involvement of
the hippocampus in mediating the boundary condition. Indeed, when Wang and colleagues74 lesioned
the dorsal hippocampus, memories that were normally resistant to postreactivation infusions of anisomycin, became sensitive once more, suggesting
that boundary conditions can be transient and be
imposed by other memory systems.
Finally, Wang and colleagues74 looked at molecular mechanism that might mediate boundary conditions. Recent findings suggest that NMDA receptor subunits must be activated in the BLA during
reactivation in order for a consolidated auditory
fear memory to return to a labile state from which
it must reconsolidate.76 Specifically, inhibition of
NR2B subunits prior to memory reactivation had
no effect on the expression of freezing during reactivation but made the fear memory insensitive to
postreactivation infusions of anisomycin that would
otherwise block reconsolidation. Based on these
data, Wang and colleagues74 postulated that strong
training may inhibit the memory from undergoing
reconsolidation by downregulation of the mechanisms that induce reconsolidation in the first place.
Consistent with this hypothesis, the authors found
a clear relationship between the expression of NR2B
subunits and the ability of a strong auditory fear
memory to undergo reconsolidation in the BLA. In
summary, the study by Wang and colleagues sug-
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gests three new insights into boundary conditions.
First, boundary conditions can be transient. Second,
one memory system can inhibit reconsolidation in
another memory system. Third, one rule by which
boundary conditions are manifested is by downregulation of the mechanisms mediating the induction
of reconsolidation.
Currently, most theories of reconsolidation are
qualitative theories, in as much as they revolve
around the relationship between reconsolidation
and consolidation and do not make specific experimental predictions concerning when reconsolidation will and will not occur.14,20,30,53,54,64 However,
such a model addressing boundary issues has recently been proposed by Lee58 which focuses on
the role of surprise in learning and the induction
of reconsolidation. Lee’s model is based on Learning Theory as formulated by Rescorla and Wagner77 that posits that learning is driven by prediction error of associations. The greater this difference or “error” is, the greater the learning for
that contingency. When environmental contingencies are perfectly predicted then there is nothing
left to learn. Lee58 posits that when such a prediction error signal is sufficiently large, memory reconsolidation is triggered and memory updating ensues. Conversely, when reactivation contingencies
are used that do not provide much new information then the model predicts that the memory will
not undergo reconsolidation. Thus, Lee’s memory
updating hypothesis makes clear predictions, across
training paradigms, which experimental parameters lead to memory updating through reconsolidation, and which do not, the latter being boundary
conditions.
Possible functional role of reconsolidation
Demonstrations of the reconsolidation phenomenon suggest that memory reactivation may
play a role in modulating memory strength, and
in the updating memory content.78 The traditional
physiological view of memory processing regarded
memory as becoming wired into the brain overtime
and then remaining fixed.11,79 This view, however,
seems at odds with the cognitive tradition of memory, which considers memory as being a reconstructive dynamic process.80 How then can memory be
dynamic when it is wired into the brain? Part of
the appeal of reconsolidation, is that it provides a
plausible neurobiological mechanism for explaining
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some of the dynamic properties of memory. Indeed
based on the early studies on reconsolidation, it
has been suggested that reconsolidation might be
a mechanism underlying some false memories.81
Recently, Hardt and colleagues78 proposed a more
formal and explicit formation of how reconsolidation may mediate the different types of memory
distortions.
A recent elegant paper by Lee82 provide the
first evidence for a functional role of reconsolidation in updating a previously acquired memory. Lee used the experimental design of Duvarci
and Nader83 in which animals were trained to associate a tone with a shock and then given the
identical tone-shock pairing on the next day. On
the third day the animals were then tested for
their retention. Using this paradigm, Duvarci and
Nader demonstrated that the second training induced reconsolidation of the memory for the first
training. Using contextual fear conditioning associating a context with a footshock, Lee82 asked
whether an increase he observed in the conditioned
fear response between the second day (before footshock presentation) and the third day was due
to consolidation or reconsolidation mechanisms.
By using previous findings of doubly dissociable
mechanisms of consolidation and reconsolidation
in contextual fear conditioning, he was able to
use experimental manipulations that impair either
reconsolidation (antisense against the immediate
early gene, zif286) or consolidation (antisense to
brain-derived neurotropic factor, BDNF). Lee reported that challenging consolidation-like mechanisms had no effect on the increase in performance
induced the second training. However, challenging
reconsolidation mechanisms blocked only the increase in memory strength induced by the second
training, and the strength of the conditioned response remained the same on day two and three.
This suggests that one functional role of reconsolidation might be to update and enhance existing memories. However, this does not rule out
that reconsolidation is engaged every time new information is associated with previously acquired
memory, as suggested by evidence that secondorder conditioning engages consolidation processes,
and not reconsolidation.84 It will be very exciting to determine the kinds of new information
that are learned by consolidation or reconsolidation
mechanisms.
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The unresolved nature of amnesia
The issue of whether experimental amnesia is a
storage or retrieval deficit has been debated for
decades without resolution, primarily because the
paradigms that have been used to probe for whether
amnesia is a storage or retrieval deficit are unable to
differentiate between these two interpretations. We
collectively refer to these paradigms as “recovery
from amnesia” paradigms, which entail inducing
experimental amnesia and then performing some
manipulation involving a reminder to see if the impaired performance will recover. The treatments include, waiting for periods of time (spontaneous recovery),85,86 performing repeated retention tests,87
exposing animals to the unconditioned stimulus in
a different context (reinstatement),88 exposing the
animals to the conditioned cue,89 or exposing the
animals to the conditioning context.90 Successful
recovery has been interpreted as an indication that
the memory was present but inhibited, that the amnesia was a retrieval deficit. No recovery however,
has been taken to indicate that the amnesia was reflecting a storage impairment. Thus, if the memory
was absent then there should be no manipulation
that would lead to recovery in performance.
The problem with the recovery from amnesia
paradigm is that while the “retrieval view” can explain any finding in the recovery literature, it suffers
from not being able to be disproven. If there was
recovery from amnesia, then it was thought that the
memory was always there and the deficit was one of
retrieval. If there was no recovery from amnesia, it
was entirely possible that the retrieval deficit was so
great that the memory could not recover under the
specific conditions in which it was tested.21 Thus,
even before animals were run in the recovery from
amnesia paradigm, the retrieval position could account for whatever results followed (see Table 2).
On the other hand, the only prediction made by
the storage impairment view of amnesia is that if
the memory is not stored, then the performance
will not recover. The strongest data supporting this
view are cases where amnesia does not recover. In
other words, there is a negative finding following
the presentation of a reminder.91 Using the absence of recovery (a null result) as scientific evidence that the memory was blocked from being
stored and does not exist in the brain is a difficult
hypothesis to prove empirically. This shortcoming
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Table 2. The specific arguments invoked to explain the

nature of amnesia before 1973 in the recovery from amnesia paradigms that led to a conceptual stalemate on the
issue
Recovery
from
amnesia
observed?

Storage
impairment
view

Retrieval
impairment
view

Yes

Inconsistent and
can disprove this
view

No

Consistent with
storage
impairment

Consistent with
overcoming
retrieval
impairment
Consistent, as
proper
parameters to
overcome the
retrieval
impairment have
not been found

was clearly stated by Miller and Springer21 in a review, “The experimental amnesia paradigm is such
that, while the retrieval-failure explanation can be
proven in principle, the consolidation-failure position is behaviorally untestable. That is. . . lack of recovery would not prove that recovery is impossible.”
(p. 472). Prior to 1973, any demonstration of recovery from amnesia was interpreted as evidence
against the hypothesis that amnesia was as a storage
impairment. Specifically, if the memory was absent,
then reminders should not have increased performance. A number of studies demonstrated such
recovery from amnesia, supporting the view that
amnesia was indeed a retrieval impairment,21,92,93
including spontaneous recovery.8,85,86,94–98
In 1973, however, interpretations of recovery
from amnesia that were consistent with a storage
impairment view of amnesia were proposed.99 The
proponents of this view argued that amnesia is never
complete; that there is always some residual responding reflecting that a partial or residual memory trace existed. Gold and colleagues99 performed
a clever experiment suggesting that recovery from
amnesia induced by reinstatement could be due to
new learning strengthening a residual trace instead
of overcoming a retrieval block. Specifically, if the
footshock used for reinstatement was given to non-

34

amnesic animals that were weakly trained in order to match the level of performance of the amnesic animals, then both groups showed the same
increase in performance at a subsequent retention
test. The reinstatement protocol was ineffective in
untrained animals demonstrating the requirement
for some initial baseline behavior. Given the behavioral change in animals that were never amnesic, the
increase in behavior induced by the noncontingent
footshock could not have been due to overcoming a
retrieval impairment. Therefore, they argued that an
apparent recovery from amnesia following a footshock was in fact due to new learning added onto a
residual trace in the amnesic animals.100 In terms of
recovery from amnesia in humans, one could imagine an individual who suffers a blow to the head and
forgets many of the details of the events that occurred in the last two weeks, including memories of
a cousin’s wedding. Importantly, amnesia is rarely
complete. Therefore, there is some residual memory
for the events that happened over the last two weeks.
Concerned family members and friends may tell the
patient some details from the wedding, giving him
functionally the equivalent of a reminder treatment
in the recovery from amnesia experiments. This information might then be incorporated as new learning into the existing residual memory of that event
providing enough information for the patient to reconstruct an event roughly similar to the wedding.
Such memory recovery might give the impression
that the memory for the event was always there but
simply inaccessible after the trauma. However, it
might also be possible that the amnesia was a storage
impairment and the improvement in recall reflected
the inclusion of new information into the residual
memory. Thus, after 1973, any finding from the recovery from amnesia paradigm could be interpreted
as consistent with either view of amnesia, precluding any resolution of the issue by this paradigm
(see Table 3). Even by 2006, more than thirty years
later, the nature of amnesia remains disputed (see
debate in Learning & Memory, Volume 13, No. 5
[http://learnmem.cshlp.org/content/13/5.toc]).
Recent demonstrations that consolidated memories can undergo another time-dependent memory
stabilization process of reconsolidation renewed interest in the nature of experimental amnesia. However, reconsolidation did not bring any new behavioral techniques to bear on whether amnesia is
due to a storage or a retrieval impairment. Several
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Table 3. The specific arguments invoked to explain the

nature of amnesia after 1973 in the recovery from amnesia
paradigmsa
Recovery
from
amnesia
observed?
Yes

No

Storage
impairment
view
Consistent with
storage
impairment. The
recovery reflects
new learning
added onto
residual memory
Consistent with
storage
impairment

Retrieval
impairment
view
Consistent with
overcoming
retrieval
impairment

Consistent, as
proper
parameters to
overcome the
retrieval
impairment have
not been found

a

Notice all possible outcomes can be explained by all
positions.

studies tested whether the postreactivation amnesia reported in reconsolidation studies were due to
a retrieval or storage impairment.101–106 Unfortunately, these studies used the same recovery from
amnesia paradigms that, as discussed above, failed
in the past to reveal the nature of amnesia and was
abandoned in the mid 1970s. Currently, the majority of studies interprets recovery as categorical
evidence for amnesia being a retrieval impairment
and do not consider alternative interpretations consistent with storage impairment view of amnesia
(the one exception is de Hoz et al.107 ). For example,
one study reported spontaneous recovery in animals that were administered anisomycin after reactivation, but not in animals that were administered
the drug after initial learning.103 However, if one
uses the interpretations forwarded after 1973, then
the absence of recovery from amnesia induced by
impairing new learning is consistent with both retrieval impairment and storage impairment views of
amnesia. Similarly, recovery from amnesia induced
by impairing postretrieval stabilization could suggest either retrieval or storage impairments. Thus,
there is no empirical basis for studies demonstrating

recovery after reconsolidation impairment to favor
retrieval impairment interpretation of amnesia.
Recently, however, a new paradigm has been proposed to test the nature of amnesia.108 The stated
goals of the authors were to develop a paradigm that
would make a positive, falsifiable prediction for the
absence of a memory and allow for different predictions for the retrieval and storage impairment views
of amnesia. The paradigm capitalizes on the fact
that some tasks have different behavioral or neurobiological signatures engaged in the 1st and 2nd
time the animals learn that task. Thus, logically, if
amnesia for the memory of the 1st learning reflects
a storage impairment, then the system targeted by
the infusion will treat the 2nd learning, effectively
as a 1st learning. Furthermore, any manipulations
that specifically challenge mechanisms involved in
1st learning of a task would then be affective. If amnesia is a retrieval impairment, then memory for the
1st learning would engage neurobiological mechanisms normally engaged by 2nd learning. Part of
the appeal of this logic is that it only requires that
the task in question has different neurobiological
signatures for the 1st and a 2nd instance of learning. Under such conditions, the logic can be applied
to any type of amnesic treatment and any behavioral response. Furthermore, the method does not
require knowledge of the specific neurobiological
mechanisms mediating the amnesic effect, nor the
neural mechanisms responsible for detecting a 2nd
instance of learning.
The 2nd learning effect was first demonstrated
for spatial learning in the watermaze where pretraining intradorsal hippocampus infusions of the
NMDA receptor antagonist AP5 only blocked the
first instance of learning the task,109 a finding later
extended to contextual fear conditioning.110 Hardt
and colleagues108 replicated the basic effect of intradorsal hippocampus infusions of AP5 blocking
the acquisition of the 1st, but not 2nd contextual
fear task. The authors then showed that AP5 infusions prior to first learning caused 2nd learning to be
blocked by AP5, consistent with NMDA receptor being critical for consolidation of new information.111
Furthermore, Hardt and colleagues108 demonstrated that when memory of a 1st learning exists,
but is inhibited from being expressed after having
been extinguished, 2nd learning is insensitive to AP5
infusions. Having established these effects, the authors used the sensitivity of the 1st learning to AP5
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as an assay for the absence or presence of a memory
for a previously acquired instance of the task. The a
priori predictions were that if amnesia is a storage
impairment, then the animals should respond in
an analogous manner to 2nd learning as animals receiving AP5 prior to 1st learning. In other words, the
2nd learning should now effectively be treated as an
instance of 1st learning, sensitive to AP5 infusions,
a positive prediction for the absence of a memory.
Conversely, if amnesia is a retrieval impairment, in
a manner analogous to extinction, then during the
2nd learning, an existing memory should make the
2nd learning insensitive to AP5 infusions. The findings were that anisomycin caused the 2nd learning
to be blocked by AP5, a mechanism that is normally engaged by 1st learning, suggesting a storage
impairment.
As pointed out by Hardt and colleagues,108 there
is no reason why all cases of amnesia must be either
storage or retrieval in nature. Unfortunately, amnesia has traditionally been seen as a global entity
that is always either a retrieval22,112–114 or a storage impairment11,79,100,115–117 for all cases of amnesia, including all amnesic agents, species, paradigms.
While these positions are parsimonious, they have
not been very constructive or productive in creating theories of memory that could accommodate both views of memory processing. One of
the most reasonable comments on this polarization of views on amnesia was stated by Donald
Lewis92 :
The typical procedure for retrograde amnesia
experiments has been to have an animal
experience a simple learning task, wait varying
time intervals, and administer an amnesic agent.
Any resulting amnesia has commonly been
attributed to the failure of the memory trace to
fixate (see Refs. 11 and 79); to a failure in
learning. But there is no necessary reason always
to attribute a response decrement following
learning as an amnesic agent to failure at the
input end. There is a great deal going on
subsequent to fixation as the
learning-performance distinction has always
made clear. And there is nothing in the design of
amnesia experiments that demands that a
response (output) failure be always attributable
to a failure to fix the input (p. 470).
While this quote was originally directed at those
who viewed amnesia as a consolidation impairment,

36

it is equally applicable to those who view all amnesia
as a retrieval impairment.
The importance of this new paradigm is that it
provides a tool to test the nature of amnesia for
memory representations in various memory systems and any amnesic treatment.108 For example, it
could be used to ask about the nature of forgetting at
the cognitive level, the nature of amnesia in human
amnesics, the nature of amnesia induced by targeting molecular mechanisms involved in learning and
memory, some of which are clearly involved in retrieval,118,119 PKA and MAPK.120,121 It seems self
evident that any approach other than the recovery
from amnesia paradigm would be a reasonable first
step to determine the nature of amnesia following
challenges to reconsolidation.
Summary
In this review, we have described some of the studies
that have been published following the initial report
that infusions into the basolateral amygdala following the retrieval of a fear can lead to subsequent
impairment of that memory.31 These studies have
challenged the main tenets of synaptic and systems
consolidation theories, namely that following consolidation, a memory will remain in a fixed state.
This return of a consolidated memory to a labile,
unstable state seems to be a basic property of memory, and may serve to update memories of specific
associations.58 We have also argued that the recent
controversy over the nature of amnesia following
challenges of reconsolidation cannot be resolved unless without a new approach that can make different predictions for different views on the nature of
amnesia.
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Leipzig.
3. Ribot, T. 1881. Les maladies de la memoire. AppletonCentury-Crofts. New York.
4. Dudai, Y. & R. Morris. 2000. To consolidate or not
to consolidate: what are the questions? In Brain,

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

Nader & Einarsson

5.

6.

7.
8.

9.

10.

11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

Perception, Memory. Advances in Cognitive Sciences. Bolhius, J., Ed.: 149–162. Oxford University Press. Oxford.
Frankland, P.W. & B. Bontempi. 2005. The organization
of recent and remote memories. Nat. Rev. Neurosci. 6:
119–130.
Wang, S.H. & R.G. Morris. 2010. Hippocampalneocortical interactions in memory formation, consolidation, and reconsolidation. Annu. Rev. Psychol. 61:
49–79.
Duncan, C.P. 1949. The retroactive effect of electroconvulsive shock. J. Comp. Physiol. Psychol. 42: 32–44.
Flexner, L.B., J.B. Flexner & E. Stellar. 1965. Memory
and cerebral protein synthesis in mice as affected by
graded amounts of puromycin. Exp. Neurol. 13: 264–
272.
Gordon, W.C. & N.E. Spear. 1973. Effect of reactivation
of a previously acquired memory on the interaction
between memories in the rat. J. Exp. Psychol. 99: 349–
355.
McGaugh, J.L. & J.A. Krivanek. 1970. Strychnine effects
on discrimination learning in mice: effects of dose and
time of administration. Physiol. Behav. 5: 1437–1442.
McGaugh, J.L. 1966. Time-dependent processes in
memory storage. Science 153: 1351–1358.
Hebb, D.O. 1949. The Organization of Behavior. Wiley.
New York.
Gerard, R.W. 1949. Physiology and psychiatry. Am. J.
Psychiatry 106: 161–173.
Dudai, Y. 2004. The neurobiology of consolidations, or,
how stable is the engram? Annu. Rev. Psychol. 55: 51–86.
Bliss, T.V.P. & T. Lomo. 1973. Long-lasting potentiation of synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the perforant path. J. Physiol. 232: 331–356.
Martin, S.J., P.D. Grimwood & R.G. Morris. 2000.
Synaptic plasticity and memory: an evaluation of the
hypothesis. Annu. Rev. Neurosci. 23: 649–711.
Bourtchuladze, R. et al. 1994. Deficient long-term
memory in mice with a targeted mutation of the cAMPresponsive element-binding protein. Cell 79: 59–
68.
Dash, P.K., B. Hochner & E.R. Kandel. 1990. Injection
of the cAMP-responsive element into the nucleus of
Aplysia sensory neurons blocks long-term facilitation.
Nature 345: 718–721.
Yin, J.C. et al. 1994. Induction of a dominant negative
CREB transgene specifically blocks long-term memory
in Drosophila. Cell 79: 49–58.
Lewis, D.J. 1979. Psychobiology of active and inactive
memory. Psychol. Bul. 86: 1054–1083.

Memory reconsolidation

21. Miller, R. & A. Springer. 1974. Implications of recovery
from experimental amnesia. Psychol. Rev. 81: 470–473.
22. Spear, N. 1973. Retrieval of memory in animals. Psychol.
Rev. 80: 163–194.
23. Misanin, J.R., R.R. Miller & D.J. Lewis. 1968. Retrograde
amnesia produced by electroconvulsive shock after reactivation of a consolidated memory trace. Science 160:
203–204.
24. Schneider, A.M. & W. Sherman. 1968. Amnesia: a function of the temporal relation of footshock to electroconvulsive shock. Science 159: 219–221.
25. Gordon, W.C. 1977. Similarities of recently acquired
and reactivated memories in interference. Am. J. Psychol. 90: 231–242.
26. Gordon, W.C. 1977. Susceptibility of a reactivated
memory to the effects of strychnine: a time-dependent
phenomenon. Physiol. Behav. 18: 95–99.
27. Miller, R.R. & N.A. Marlin. 1984. The physiology and
semantics of consolidation: of mice and men. In Memory Consolidation: Psychobiology of Cognition. Weingartner, H. & E.S. Parker, Eds.: 85–109. Lawrence Erlbaum Associates. Hillsdale, NJ.
28. Miller, R.R. & A.D. Springer. 1973. Amnesia, consolidation, and retrieval. Psychol. Rev. 80: 69–79.
29. Spear, N. & C. Mueller. 1984. Consolidation as a function of retrieval. In Memory Consolidation: Psychobiology of Cognition. Weingarten, H. & E. Parker, Eds.:
111–147. Laurence Erlbaum Associates. London.
30. Sara, S.J. 2000. Retrieval and reconsolidation: toward
a neurobiology of remembering. Learn. Mem. 7: 73–
84.
31. Nader, K., G.E. Schafe & J.E. Le Doux. 2000. Fear memories require protein synthesis in the amygdala for reconsolidation after retrieval. Nature 406: 722–726.
32. LeDoux, J.E. 2000. Emotion circuits in the brain. Annu.
Rev. Neurosci. 23: 155–184.
33. Schafe, G.E. & J.E. LeDoux. 2000. Memory consolidation of auditory pavlovian fear conditioning requires
protein synthesis and protein kinase A in the amygdala.
J. Neurosci. 20: RC96.
34. Walker, D.L., L.M. Rattiner & M. Davis. 2002. Group II
metabotropic glutamate receptors within the amygdala
regulate fear as assessed with potentiated startle in rats.
Behav. Neurosci. 116: 1075–1083.
35. Fanselow, M.S. & A.M. Poulos. 2005. The neuroscience
of mammalian associative learning. Annu. Rev. Psychol.
56: 207–234.
36. Walker, M.P. et al. 2003. Dissociable stages of human memory consolidation and reconsolidation. Nature 425: 616–620.

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

37

Memory reconsolidation

Nader & Einarsson

37. Tronson, N.C. et al. 2006. Bidirectional behavioral plasticity of memory reconsolidation depends on amygdalar protein kinase A. Nat. Neurosci. 9: 167–169.
38. Fonseca, R., U.V. Nagerl & T. Bonhoeffer. 2006. Neuronal activity determines the protein synthesis dependence of long-term potentiation. Nat. Neurosci. 9: 478–
480.
39. Goelet, P. et al. 1986. The long and short of long-term
memory- a molecular framework. Nature 322: 419–
422.
40. Miller, C.A. & J.F. Marshall. 2005. Molecular substrates
for retrieval and reconsolidation of cocaine-associated
contextual memory. Neuron 47: 873–884.
41. Valjent, E. et al. 2006. Plasticity-associated gene
Krox24/Zif268 is required for long-lasting behavioral
effects of cocaine. J. Neurosci. 26: 4956–4960.
42. Rose, J.K. & C.H. Rankin. 2006. Blocking memory reconsolidation reverses memory-associated changes in
glutamate receptor expression. J. Neurosci. 26: 11582–
11587.
43. Rose, J.K. et al. 2003. GLR-1, a non-NMDA glutamate receptor homolog, is critical for long-term memory in Caenorhabditis elegans. J. Neurosci. 23: 9595–
9599.
44. Hupbach, A., R. Gomez, O. Hardt, & L. Nadel. 2007. Reconsolidation of episodic memories: a subtle reminder
triggers integration of new information. Learn. Mem.
14: 47–53.
45. Monfils, M.H. et al. 2009. Extinction-reconsolidation
boundaries: key to persistent attenuation of fear memories. Science 324: 951–955.
46. Schiller, D. et al. 2008. Behavioral blockade of the return
of fear in humans. Society for Neuroscience Abstracts
591.16.
47. Pavlov, I.P. 1927. Conditioned Reflexes. Dover. New
York.
48. Rescorla, R.A. 1967. Pavlovian conditioning and its
proper control procedures. Psychol. Rev. 74: 71–80.
49. Bouton, M.E. & R.C. Bolles. 1979. Contextual control
of the extinction of conditioned fear. Learn. Motivation.
10: 445–466.
50. Bouton, M.E. & R.C. Bolles. 1979. Role of conditioned
contextual stimuli in reinstatement of extinguished
fear. J. Exp. Psychol. Anim. Behav. Process. 5: 368–378.
51. Bouton, M.E. 2002. Context, ambiguity, and unlearning: sources of relapse after behavioral extinction. Biol.
Psychiatry 52: 976–986.
52. Quirk, G.J. & D. Mueller. 2008. Neural mechanisms of
extinction learning and retrieval. Neuropsychopharmacology 33: 56–72.

38

53. Nader, K. & O. Hardt. 2009. A single standard for memory: the case for reconsolidation. Nat. Rev. Neurosci. 10:
224–234.
54. Alberini, C.M. 2005. Mechanisms of memory stabilization: are consolidation and reconsolidation similar or distinct processes? Trends Neurosci. 28: 51–
56.
55. Dudai, Y. & M. Eisenberg. 2004. Rites of passage of the
engram: reconsolidation and the lingering consolidation hypothesis. Neuron 44: 93–100.
56. Tronson, N.C. & J.R. Taylor. 2007. Molecular mechanisms of memory reconsolidation. Nat. Rev. Neurosci.
8: 262–275.
57. Walker, M.P. & R. Stickgold. 2006. Sleep, memory, and
plasticity. Annu. Rev. Psychol. 57: 139–166.
58. Lee, J.L. 2009. Reconsolidation: maintaining memory
relevance. Trends Neurosci. 32: 413–420.
59. Eisenberg, M. et al. 2003. Stability of retrieved memory:
inverse correlation with trace dominance. Science 301:
1102–1104.
60. Pederia, M.E. & H. Maldonado. 2003. Protein synthesis
subserves reconsolidation or extinction depending on
reminder duration. Neuron 38: 863–869.
61. Suzuki, A. et al. 2004. Memory reconsolidation and
extinction have distinct temporal and biochemical signatures. J. Neurosci. 24: 4787–4795.
62. Milekic, M.H. & C.M. Alberini. 2002. Temporally
graded requirement for protein synthesis following
memory reactivation. Neuron 36: 521–525.
63. Morris, R.G. et al. 2006. Memory reconsolidation: sensitivity of spatial memory to inhibition of protein synthesis in dorsal hippocampus during encoding and retrieval. Neuron 50: 479–489.
64. Pedreira, M.E., L.M. Perez-Cuesta & H. Maldonado.
2004. Mismatch between what is expected and what
actually occurs triggers memory reconsolidation or extinction. Learn. Mem. 11: 579–585.
65. Debiec, J. et al. 2006. Directly reactivated, but not indirectly reactivated, memories undergo reconsolidation
in the amygdala. Proc. Natl. Acad. Sci. USA 103: 3428–
3433.
66. Stollhoff, N., R. Menzel & D. Eisenhardt. 2005. Spontaneous recovery from extinction depends on the reconsolidation of the acquisition memory in an appetitive
learning paradigm in the honeybee (Apis mellifera). J.
Neurosci. 25: 4485–4492.
67. Duvarci, S., C.B. Mamou & K. Nader. 2006. Extinction
is not a sufficient condition to prevent fear memories from undergoing reconsolidation in the basolateral
amygdala. Eur. J. Neurosci. 24: 249–260.

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

Nader & Einarsson

68. Debiec, J., J.E. LeDoux & K. Nader. 2002. Cellular and
systems reconsolidation in the hippocampus. Neuron
36: 527–538.
69. Lee, J.L. et al. 2005. Disrupting reconsolidation of drug
memories reduces cocaine-seeking behavior. Neuron
47: 795–801.
70. Bozon, B., S. Davis & S. Laroche. 2003. A requirement
for the immediate early gene zif268 in reconsolidation
of recognition memory after retrieval. Neuron 40: 695–
701.
71. Pedreira, M.E., L.M. Perez-Cuesta & H. Maldonado.
2002. Reactivation and reconsolidation of long-term
memory in the crab Chasmagnathus: protein synthesis requirement and mediation by NMDA-type glutamatergic receptors. J. Neurosci. 22: 8305–8311.
72. Sangha, S., A. Scheibenstock & K. Lukowiak. 2003.
Reconsolidation of a long-term memory in Lymnaea
requires new protein and RNA synthesis and the
soma of right pedal dorsal 1. J. Neurosci. 23: 8034–
8040.
73. DeVietti, T.L. & J.H. Holliday. 1972. Retrograde amnesia produced by electroconvulsive shock after reactivation of a consolidated memory trace: a replication.
Psychon. Sci. 29: 137–138.
74. Wang, S.H., L. de Oliveira Alvares & K. Nader. 2009.
Cellular and systems mechanisms of memory strength
as a constraint on auditory fear reconsolidation. Nat.
Neurosci. 12: 905–912.
75. Kim, J.J. & M.S. Fanselow. 1992. Modality-specific retrograde amnesia of fear. Science 256: 675–677.
76. Ben Mamou, C., K. Gamache & K. Nader. 2006. NMDA
receptors are critical for unleashing consolidated
auditory fear memories. Nat. Neurosci. 9: 1237–
1239.
77. Rescorla, R.A. & A.R. Wagner. 1972. A theory of Pavlovian conditioning: variations in the effectiveness of reinforcement and non-reinforcement. In Classical Conditioning II: Current Research and Theory. Black, A.H.
& W.F. Prokasy, Eds.: 64–69. Appleton-Century-Crofts.
NY.
78. Hardt, O., E.O. Einarsson & K. Nader. 2010. A bridge
over troubled water: reconsolidation as a link between
cognitive and neuroscientific memory research traditions. Annu. Rev. Psychol. 61: 141–167.
79. Glickman, S. 1961. Perseverative neural processes and
consolidation of the memory trace. Psychol. Bull. 58:
218–233.
80. Bartlett, F.C. 1932. Remembering. Cambridge University Press. Cambridge.
81. Loftus, E.F. & J.C. Yuille. 1984. Departures from reality

Memory reconsolidation

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.
93.
94.

95.

96.

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

in human perception and memory. In Memory Consolidation: Psychobiology of Cognition. Weingartner, H.
& E.S. Parker, Eds.: 163–184. Lawrence Erlbaum Associates. Hillsdale, NJ.
Lee, J.L. 2008. Memory reconsolidation mediates the
strengthening of memories by additional learning. Nat.
Neurosci. 11: 1264–1266.
Duvarci, S. & K. Nader. 2004. Characterization of fear
memory reconsolidation. J. Neurosci. 24: 9269–9275.
Tronel, S., M.H. Milekic & C.M. Alberini. 2005. Linking
new information to a reactivated memory requires consolidation and not reconsolidation mechanisms. PLoS
Biol. 3: e293.
Serota, R.G. 1971. Acetoxycycloheximide and transient
amnesia in the rat. Proc. Natl. Acad. Sci. USA 68: 1249–
1250.
Squire, L.R. & S.H. Barondes. 1972. Variable decay
of memory and its recovery in cycloheximide-treated
mice. Proc. Natl. Acad. Sci. USA 69: 1416–1420.
Zinkin, S. & A.J. Miller. 1967. Recovery of memory after
amnesia induced by electroconvulsive shock. Science
155: 102–104.
Miller, R.R. & J.N. Kraus. 1977. Somatic and autonomic indexes of recovery from electroconvulsive
shock-induced amnesia in rats. J. Comp. Physiol. Psychol. 91: 434–442.
Gordon, W.C. & R.R. Mowrer. 1980. An extinction trial
as a reminder treatment following electroconvulsive
shock. Anim. Learn. Behav. 8: 363–367.
Sara, S.J. 1973. Recovery from hypoxia and ECSinduced amnesia after a single exposure to training
environment. Physiol. Behav. 10: 85–89.
Luttges, M.W. & J.L. McGaugh. 1967. Permanence
of retrograde amnesia produced by electroconvulsive
shock. Science 156: 408–410.
Lewis, D.J. 1969. Sources of experimental amnesia. Psychol. Rev. 76: 461–472.
Nader, K. & S.H. Wang. 2006. Fading in. Learn. Mem.
13: 530–535.
Cooper, R.M. & R.J. Koppenaal. 1964. Suppression and
recovery of a one-trial avoidance response after a single
ECS. Psychon. Sci. 1: 303–304.
Kohlenberg, R. & T.O. M. Trabasso. 1968. Recovery
of a conditioned emotional response after one or two
electroconvulsive shocks. J. Comp. Physiol. Psychol. 65:
270–273.
Quartermain, D. & B.S. McEwen. 1970. Temporal characteristics of amnesia induced by protein synthesis inhibitor: determination by shock level. Nature 228: 677–
678.

39

Memory reconsolidation

Nader & Einarsson

97. Quartermain, D., B.S. McEwen & E.C. Azmitia Jr. 1972.
Recovery of memory following amnesia in the rat and
mouse. J. Comp. Physiol. Psychol. 79: 360–370.
98. Young, A.G. & E.H. Galluscio. 1971. Recovery from
ECS-produced amnesia. Psychon. Sci. 22: 149–151.
99. Gold, P.E. et al. 1973. Retrograde amnesia and the “reminder effect”: an alternative interpretation. Science
180: 1199–1201.
100. Gold, P. & R. King. 1974. Storage failure versus retrieval
failure. Psychol. Rev. 81: 465–469.
101. Anokhin, K.V., A.A. Tiunova & S.P. Rose. 2002. Reminder effects—reconsolidation or retrieval deficit?
Pharmacological dissection with protein synthesis inhibitors following reminder for a passive-avoidance task
in young chicks. Eur. J. Neurosci. 15: 1759–1765.
102. Fischer, A. et al. 2004. Distinct roles of hippocampal
de novo protein synthesis and actin rearrangement in
extinction of contextual fear. J. Neurosci. 24: 1962–
1966.
103. Lattal, K.M. & T. Abel. 2004. Behavioral impairments
caused by injections of the protein synthesis inhibitor
anisomycin after contextual retrieval reverse with time.
Proc. Natl. Acad. Sci. USA 101: 4667–4672.
104. Power, A.E. et al. 2006. Anisomycin infused into the
hippocampus fails to block “reconsolidation” but impairs extinction: the role of re-exposure duration.
Learn. Mem. 13: 27–34.
105. Salinska, E., R.C. Bourne & S.P. Rose. 2004. Reminder
effects: the molecular cascade following a reminder in
young chicks does not recapitulate that following training on a passive avoidance task. Eur. J. Neurosci. 19:
3042–3047.
106. Vianna, M.R. et al. 2001. Retrieval of memory for fearmotivated training initiates extinction requiring protein synthesis in the rat hippocampus. Proc. Natl. Acad.
Sci. USA 98: 12251–12254.
107. de Hoz, L., S.J. Martin & R.G. Morris. 2004. Forgetting, reminding, and remembering: the retrieval of lost
spatial memory. Public Library Sci. 2: 1233–1242.
108. Hardt, O., S.H. Wang & K. Nader. 2009. Storage or
retrieval deficit: the yin and yang of amnesia. Learn.
Mem. 16: 224–230.
109. Bannerman, D.M. et al. 1995. Distinct components of
spatial learning revealed by prior training and NMDA
receptor blockade. Nature 378: 182–186.
110. Sanders, M.J., B.J. Wiltgen & M.S. Fanselow. 2003. The
place of the hippocampus in fear conditioning. Eur. J.
Pharmacol. 463: 217–223.
111. Martin, S.J., P.D. Grimwood & R.G. Morris. 2000.
Synaptic plasticity and memory: an evaluation of the

40

112.

113.

114.
115.
116.
117.

118.

119.
120.
121.

122.

123.

124.

125.

126.

hypothesis [In Process Citation]. Annu. Rev. Neurosci.
23: 649–711.
Miller, R.R. & L.D. Matzel. 2000. Memory involves far
more than ‘consolidation’. Nat. Rev. Neurosci. 1: 214–
216.
Riccio, D.C., E.W. Moody & P.M. Millin. 2002. Reconsolidation reconsidered. Integr. Physiol. Behav. Sci. 37:
245–253.
Sara, S.J. & B. Hars. 2006. In memory of consolidation.
Learn. Mem. 13: 472–481.
Davis, H.P. & L.R. Squire. 1984. Protein synthesis and
memory. A review. Psychol. Bull. 96: 518–559.
McGaugh, J.L. 2000. Memory— a century of consolidation. Science 287: 248–251.
Squire, L.R. 2006. Lost forever or temporarily misplaced? The long debate about the nature of memory
impairment. Learn Mem. 13: 522–529.
Mayford, M. et al. 1996. Control of memory formation
through regulated expression of a CaMKII transgene.
Science 274: 1678–1683.
Murchison, C.F. et al. 2004. A distinct role for norepinephrine in memory retrieval. Cell 117: 131–143.
Szapiro, G. et al. 2002. Molecular mechanisms of memory retrieval. Neurochem. Res. 27: 1491–1498.
Szapiro, G. et al. 2000. Participation of hippocampal
metabotropic glutamate receptors, protein kinase A and
mitogen-activated protein kinases in memory retrieval.
Neuroscience 99: 1–5.
Hernandez, P.J. & A.E. Kelley. 2004. Long-term memory
for instrumental responses does not undergo protein
synthesis-dependent reconsolidation upon retrieval.
Learn Mem. 11: 748–754.
Wang, S.H. et al. 2005. Consolidation and reconsolidation of incentive learning in the amygdala. J. Neurosci.
25: 830–835.
Kelly, A., S. Laroche & S. Davis. 2003. Activation of
mitogen-activated protein kinase/extracellular signalregulated kinase in hippocampal circuitry is required
for consolidation and reconsolidation of recognition
memory. J. Neurosci. 23: 5354–5360.
Duvarci, S., K. Nader & J.E. Ledoux. 2005. Activation of extracellular signal-regulated kinase- mitogenactivated protein kinase cascade in the amygdala
is required for memory reconsolidation of auditory fear conditioning. Eur. J. Neurosci. 21: 283–
289.
Lee, J.L., B.J. Everitt & K.L. Thomas. 2004. Independent cellular processes for hippocampal memory
consolidation and reconsolidation. Science 304: 839–
843.

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

Nader & Einarsson

127. Taubenfeld, S.M. et al. 2001. The consolidation of
new but not reactivated memory requires hippocampal
C/EBPbeta. Nat. Neurosci. 4: 813–818.
128. Kida, S. et al. 2002. CREB required for the stability of
new and reactivated fear memories. Nat. Neurosci. 5:
348–355.
129. Debiec, J. & J.E. Ledoux. 2004. Disruption of reconsolidation but not consolidation of auditory fear con-

Memory reconsolidation

ditioning by noradrenergic blockade in the amygdala.
Neuroscience 129: 267–272.
130. Przybyslawski, J., P. Roullet & S.J. Sara. 1999. Attenuation of emotional and nonemotional memories after
their reactivation: role of beta adrenergic receptors. J.
Neurosci. 19: 6623–6628.
131. Child, F.M. et al. 2003. Memory reconsolidation in hermissenda. Biol. Bull. 205: 218–219.

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1191 (2010) 27–41 

41

