
Historically, learning and memory experiments used a 
variety of tasks in conjunction with global amnesic treat-
ments1. The results from one task were generalized to 
others, as the prevailing notions assumed memory to be  
largely driven by the same principles regardless of 
the nature of the stimulus presented or the behaviour 
requested. Over time, the idea emerged of memory sys-
tems that can function mostly independently of each 
other, each controlling different kinds of knowledge and 
responses2. Consequently, well-established specific pro-
cedures are now used to study specific brain systems and 
thus specific types of learning and memory; for example, 
auditory fear conditioning is used for the amygdala3–5, the 
water maze is used for the hippocampus6 and eye-blink 
conditioning is used for the cerebellum7.

Broadly speaking, the most prominent model of 
memory formation assumes that memory can make the 
transition over time from short-term memory (STM) to 
long-term memory (LTM) as a result of (synaptic) mem-
ory consolidation. Although consolidated memory can 
be forgotten, LTM is thought of as a state of (relative) 
permanence and thus stability. The finding that retrieval 
from LTM can again induce states of instability requiring 
additional stabilization (reconsolidation) fundamentally 
challenged this linear model.

Consolidation: the dominant model of memory
Consolidation is defined as a time-dependent stabi-
lization process that leads eventually to the perma-
nent storage of newly acquired memory8–10 (FIG. 1a). In 
light of recent findings that, at the postsynaptic level, 
the molecular substrate of LTM requires continuous 

phosphorylation by protein kinase Mζ (PKMζ)11, it 
should be noted that memory permanence requires 
continuous maintenance. The term consolidation is 
used for two processes: systems consolidation, in which 
it is asserted that a hippocampus-dependent memory 
becomes (over years in humans and over weeks in 
rodents) hippocampus-independent12,13; and ‘cellular’ 
or ‘synaptic’ consolidation, which is the time-dependent 
stabilization of changes in synaptic efficacy that occurs 
following acquisition and is thought to be a universal 
property of neurons14,15. Here, we focus exclusively on 
the latter process, using the term memory to refer to 
information retention in general, which is implemented 
on the cellular level as synaptic modifications and is 
therefore independent of the type of memory.

Evidence of a consolidation process. Empirical evidence 
for the existence of a consolidation process comes from 
various demonstrations of a post-acquisition time inter-
val during which new memories are sensitive to chal-
lenges (FIG. 1a,b). First, performance on memory-recall 
tasks can be impaired by amnesic treatments, such as 
electroconvulsive shock1 or protein synthesis inhibi-
tors16, or by new learning17. Second, retention can be 
enhanced by administration of certain compounds, such 
as strychnine18. Crucially, these manipulations are only 
effective when administered shortly after new learning. 
These results imply that memory exists in two states: a 
labile state, in which it is susceptible to enhancement or 
impairment; and a stable state, in which memory is insen-
sitive to these treatments and therefore, by definition, 
consolidated10,14. The overwhelming evidence for this 
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Fear conditioning
A Pavlovian conditioning 
paradigm in which an initially 
neutral stimulus (for example, a 
tone or the context in which 
the animals are conditioned) is 
paired with another stimulus 
that evokes pain or strong 
somatic discomfort (typically a 
footshock). After a single 
pairing the initially neutral 
stimulus will elicit a spectrum 
of fear-like or defensive 
responses.

Short-term memory
(STM). Transient memory for an 
experience that does not 
require synthesis of new 
proteins or RNA and that can 
be expressed immediately. 
Typically, STM duration ranges 
from immediately to a couple 
of hours after acquisition.

A single standard for memory:  
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Abstract | Consolidated memories can re-enter states of transient instability following 
reactivation, from which they must again stabilize in order to persist, contradicting the 
previously dominant view that memory and its associated plasticity mechanisms progressively 
and irreversibly decline with time. We witness exciting times, as neuroscience begins 
embracing a position, long-held in cognitive psychology, that recognizes memory as a 
principally dynamic process. In light of remaining controversy, we here establish that the same 
operational definitions and types of evidence underpin the deduction of both reconsolidation 
and consolidation, thus validating the extrapolation that post-retrieval memory plasticity 
reflects processes akin to those that stabilized the memory following acquisition.
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Consolidation

Reconsolidation

Reactivation

Long-term memory
(LTM). Relatively stable 
memory that develops over 
time and is assumed to be 
mediated by changes in 
synaptic efficacy. LTM depends 
on synthesis of new proteins 
and RNA. Typically it is tested 
one or more days after 
training, as it takes several 
hours to stabilize. Once 
stabilized it can last for the 
remainder of the animal’s life.

Long-term potentiation
(LTP). Traditionally 
demonstrated in hippocampal 
slice preparations, LTP is a 
persistent (lasting hours to 
days) enhancement of synaptic 
efficacy. It is rapidly induced by 
short high-frequency (tetanic) 
stimulation of a synaptic 
pathway.

interpretation prompted Spear and Mueller to state that 
“It does not take a great deal of courage or imagination 
to assert that ‘consolidation’ exists as a time-dependent 
associative process” (ReF. 19).

Consolidation on the molecular and cellular level. It is 
assumed that synaptic consolidation — that is, the acqui-
sition and stabilization of new memories — requires 
neurons to produce new rNA and proteins15,16,20–24. This 
can be studied by interfering with these processes, using 
appropriate agents infused directly into the brain struc-
tures thought critical for certain kinds of knowledge. For 
example, Guzowsky and McGaugh25 tested the involve-
ment of the dorsal hippocampus in consolidation of 
inhibitory avoidance memory by affecting the activation 
of the transcription factor cAMP-responsive element-
binding protein (CrEB), which has been proposed to 
be necessary for memory consolidation26,27. When CrEB 
was inactivated by infusing antisense oligodeoxynucleo-
tides into the dorsal hippocampus shortly after training, 
LTM but not STM was impaired. However, when this 
treatment was administered after a longer delay, LTM 
was intact. Taken together, these results establish that 
the amnesic treatment impaired memory consolidation, 

which takes time to complete and leads to stable mem-
ory that is immune to amnesic treatments. The fact that 
amnesic animals could be retrained in inhibitory avoid-
ance supports the conclusion that the amnesic treatment 
did not lead to lesions, a possible alternative interpreta-
tion of the memory impairment14,28. It should be noted 
that in some hippocampus-dependent tasks lesions 
applied before training have no effect on subsequent 
learning. Thus, the ability of amnesic animals to relearn 
cannot be taken as conclusive evidence that the CrEB 
inactivation did not impair hippocampus function by 
inducing permanent damage. CrEB-mediated tran-
scription in the hippocampus was thus concluded to be 
a key factor for the consolidation of LTM. In accordance 
with the established notion of multiple memory systems, 
which is part of the conceptual framework that underpins 
this research, these results imply that only consolidation 
of the hippocampus-mediated memory was blocked: 
other aspects of the training experience that depend on 
different brain areas were probably not affected.

As stated above, one of the basic tenets of the cellular 
consolidation model is that learning induces changes in 
synaptic efficacy. This suggests that the physiological 
‘unit’ of cellular consolidation is the synapse. The two 
main candidate mechanisms that implement this mod-
ulation are long-term potentiation (LTP) and long-term 
depression (LTD)29,30. In parallel with the distinction of 
STM and LTM, LTP is also divided into an early tran-
sient phase (E-LTP) and a stabilized, rNA- and protein 
synthesis-dependent late phase (L-LTP)20.

The vast majority of memory researchers would prin-
cipally subscribe to this framework31, although some of 
its aspects continue to attract various degrees of scru-
tiny — in terms of doubt expressed, the cellular model 
of memory32 outranks the assumption that consolida-
tion requires de novo protein synthesis33. There is little 
disagreement, however, about the existence of multiple 
learning and memory systems (see Nature Reviews 
Neuroscience’s Memory systems series). Our discussion 
of reconsolidation that follows is embedded into this 
established framework.

Reconsolidation
The existence of a consolidation process in the lateral 
and basal amygdala (LBA) for auditory fear memory has 
been concluded from studies that vary the time interval 
between training and interference with neural processing 
in this region. When, for example, the protein synthesis 
inhibitor anisomycin is infused into the LBA shortly after 
training, STM is intact but LTM is impaired34 (FIG. 1b); 
however, delaying the infusion for 6 h leaves LTM intact. 
Amnesic animals can be retrained, suggesting that ani-
somycin infusions do not permanently compromise the 
integrity of the LBA. As discussed in the previous section, 
this pattern of results conforms to the operational defini-
tion of consolidation, and thus supports the interpretation 
that the aspect of fear-conditioning memory that requires 
protein synthesis in the LBA occurs within at most 6 h 
after learning, and that the treatment blocks computations 
that the LBA mediates14–16. These results do not demon-
strate absence of memory for the entire fear-conditioning 

Figure 1 | Principal properties of consolidation and reconsolidation accounted for 
by Lewis’s memory model. a | A textbook account of consolidation. Short-term 
memories consolidate over time into long-term memories, and once a memory is a long- 
term memory it remains fixed or permanent9,10. b | A typical demonstration of a 
consolidation blockade34. Applying anisomycin after fear conditioning results in intact 
short-term memory (STM) but impaired long-term memory (LTM), a pattern that defines a 
consolidation impairment14,28. c | A typical demonstration of a reconsolidation blockade 
of fear memory. Applying anisomycin during the reactivation period results in intact 
post-reactivation STM (PR-STM) and impaired post-reactivation LTM (PR-LTM),  
meeting the definitions for a consolidation blockade14,28. d | A model of memory that 
incorporates the findings of consolidation and reconsolidation data sets (proposed by 
Lewis54). New and reactivated memories are in an active state and stabilize over time into 
an inactive memory state. Remembering may return inactive memories to an active state.
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Long-term depression
(LTD). A persistent reduction of 
synaptic efficacy that can be 
induced by repeated 
low-frequency stimulation of a 
synaptic pathway. 
Maintenance of LTD might 
require de novo protein 
synthesis.

Post-reactivation short-term 
memory
(PR-STM). By analogy with 
STM, PR-STM refers to a 
transient state into which 
existing LTM enters after it has 
been reactivated. The initial 
studies on reconsolidation 
indicate that PR-STM does not 
require synthesis of new RNA 
or proteins.

Post-reactivation long-term 
memory
(PR-LTM). By analogy with 
LTM, PR-LTM refers to the 
period of stability that 
reactivated memory enters 
after completing 
reconsolidation.

episode, as other brain systems — for example, the hip-
pocampus — also acquire and store information about the 
events that occurred during learning34. Given the opera-
tional definitions, it is important to note that the term 
‘consolidated’ signifies that that memory is insensitive to 
amnesic treatments. Thus, the term does not imply that 
all molecular and cellular changes induced by learning are 
complete. In fact, the changes might never reach comple-
tion: they might continue to some extent during the entire 
lifetime of a memory.

Evidence for a reconsolidation process. The existence of 
a reconsolidation process in the LBA for consolidated 
— that is, long-term — auditory fear memory has been 
concluded from a study that in logic and design followed 
the study we just described35. One day after conditioning, 
at a time when, according to the results from the con-
solidation study, memory should be fully stabilized and 
immune to the amnesic agent, animals were reminded of 
the conditioning session by again exposing them to the 
conditioning tone. Anisomycin, at the same dose, con-
centration and rate as in the consolidation study, was then 
either immediately or later infused into the LBA. Such 
anisomycin-treated animals had intact post-reactivation  
STM (Pr-STM) but impaired post-reactivation LTM 
(Pr-LTM) (FIG. 1c), a pattern of results that is identical to 
what is found when blocking consolidation, as described 
above25,34 (FIG. 1b). However, if the post-reactivation infu-
sion was delayed by 6 h it had no effect, demonstrating 
that the reactivation-induced instability was transient. 
Importantly, animals that were not reminded of the con-
ditioning session before anisomycin infusions had intact 
memory, showing that it was indeed reactivation that 
made this consolidated memory labile again.

Staying strictly within the commonly accepted con-
solidation framework, and applying only the definitions 
on which this framework is based, four conclusions can 
be drawn (for example, see ReFS 35–42). First, because 
the memory was insensitive to anisomycin when it was 
not reactivated, it was consolidated 24 h after training —  
at least with regards to the amnesic treatment applied. 
Second, only reactivated memory was sensitive to dis-
ruption and therefore in a labile state. Third, because 
aniso mycin-treated animals had intact STM but impaired 
LTM after reactivation, a consolidation-like process is 
probably triggered by reactivation. Fourth, because the 
amnesic treatment was ineffective 6 h after reactivation, 
this post-reactivation re-stabilization process is probably 
time-dependent, like consolidation.

Taken together, these four conclusions yield the inter-
pretation that reactivation of a consolidated memory 
bestows upon it a labile state from which it has to stabi-
lize (that is, reconsolidate) over time35. In parallel with 
the consolidation framework described above, the post-
reactivation treatment blocked re-stabilization/recon-
solidation of local plasticity in the LBA. As is the case 
with local impairments of post-acquisition processing, 
the results do not imply that the entire memory for the 
training episode, which is distributed over several brain 
areas, was impaired. In addition, as only the amygdala- 
mediated component of fear memory was tested, it cannot 

be determined whether reactivation returned memory 
components in other brain areas to labile states. Thus, 
the very operational definitions, and conceptualizations 
that led to the proposal of consolidation as a unidirec-
tional time-dependent memory-stabilization process that 
unfolds after memory acquisition, now lead us to the con-
clusion that memories are not consolidated, or stabilized, 
just once: they can return to a labile state and need to be 
reconsolidated, or restabilized, when reactivated.

Whether post-reactivation amnesic treatments elim-
inate the neurobiological substrate of consolidated 
memory has yet to be fully determined. That Pr-STM 
remains intact provides some support for the possibility 
that the physiological changes that represent memory 
at the network level — for example, increased number 
of synapses43 — are still present and sufficiently opera-
tional to allow normal expression of behaviour 4 h after 
reactivation and anisomycin infusion. However, it is also 
possible that the treatment causes immediate disintegra-
tion of the neurobiological substrate, and that Pr-STM 
is mediated by a process similar to the one that medi-
ated STM (covalent modification of existing proteins15). 
Protein synthesis could create the molecular and cel-
lular changes that will mediate LTM. Thus, the most 
straightforward interpretation of the data is that reac-
tivation induced a state in which conditioned respond-
ing was still possible but in which the synapses seemed 
to require the synthesis of new proteins, and infusing 
anisomycin interfered with this process35,37,44. Without 
normal protein synthesis, the synaptic morphology and 
mechanisms that mediate memory would either become 
dysfunctional or would be actively removed between 
4 and 24 h after memory reactivation. This inferred 
role for new proteins in memory ‘re-stabilization’  
is merely a recapitulation of the widely accepted pos-
tulated role of protein synthesis in initial memory sta-
bilization45. Some support for this explanation comes 
from an elegant recent experiment which showed that 
protein degradation by the ubiquitin–proteasome path-
way is required in order for a consolidated memory to 
become labile again46. This might necessitate synthe-
sis of new proteins during the reconsolidation phase  
following memory reactivation.

Consolidation and reconsolidation are thus both 
deduced from evidence of a transient period of insta-
bility. In the case of consolidation, this phase is initi-
ated after acquisition of new information; in the case 
of reconsolidation, it is initiated after reactivation of an 
existing, consolidated memory. As is the case for consoli-
dation, only during the reconsolidation phase can mem-
ory be enhanced47–50, impaired by amnesic treatments51 
or interfered with by new learning52. These treatments 
are ineffective when reconsolidation is complete, which 
is also the case for consolidation.

The term reconsolidation was introduced in 
1973 by Spear53 (for a short historical overview, see 
Supplementary information S1 (box)). As a conse-
quence of the perceived inability of the consolidation 
hypothesis to account for reconsolidation, new memory 
models were developed that treated new and reactivated 
consolidated memories in similar ways53,54 (FIG. 1d).
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a  Auditory fear conditioning (rat)
Intra-amygdala infusions

c  Object recognition (mouse)
Knockout

e  Pavlovian-like conditioning (Hermissenda)

b  Contextual fear conditioning (rat)
Intra-hippocampal infusions

d  Contextual fear conditioning (mouse)
Inducible dominant negative

f  Motor sequence learning (human)
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Evidence for reconsolidation across levels of analysis. 
Since reconsolidation was again demonstrated in 2000, it 
has been shown to occur across a variety of tasks, amne-
sic treatments and species (FIG. 2; TABLe 1). Given that 
evidence for reconsolidation has been obtained from 
a wide range of manipulations, it clearly represents a  
fundamental mnemonic process.

Evidence for reconsolidation does not come solely 
from the behavioural level of analysis. recently, a cel-
lular phenomenon akin to reconsolidation was shown 
for L-LTP55. In one study, the authors reported that if 
anisomycin is added 2 h after the induction of L-LTP it 
has no effect on the maintenance of L-LTP. This is con-
sistent with the suggestion that plasticity is reduced over 
time, just like memory is stabilized over time20. If, how-
ever, test pulses reactivate the potentiated pathway when 
protein synthesis is inhibited, the potentiation remains 
intact shortly after reactivation but reduces over time. 
This suggests that stabilized L-LTP enters a labile state 
after reactivation, in which inhibiting protein synthe-
sis can disrupt it. Other evidence includes reports that 
blocking reconsolidation reverses the increases in field 
potentials that are induced by fear conditioning in the 
lateral amygdala (LA) of intact and behaving animals56. 
Thus, there is a cellular correlate of the behaviourally 
demonstrated reconsolidation impairment.

At the molecular level, interfering with reconsolida-
tion can, in a time-dependent manner, remove molecular 
correlates of memory induced by learning and subsequent 
consolidation. It has been shown that place-preference  
learning activates extracellular signal-regulated kinase 
(ErK; also known as mitogen-activated protein kinase 1)  
in the nucleus accumbens57. Blocking the activated ErK 
after reactivation results in intact Pr-STM but impaired 
Pr-LTM and, in these amnesic animals, also leads to the 
absence of downstream transcription factors that are 
activated by ErK in the nucleus accumbens (see also 
ReF. 58). In long-term habituation in Caenorhabditis  
elegans, administering a heat shock or the non-NMDA 
(N-methyl-d-aspartate) glutamate receptor antagonist 
DMQX after reactivation of consolidated memory low-
ers AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid) receptor expression in the mechano-
sensory neuron to levels typical for naive animals59. 
Importantly, the amnesic effects in all of these studies  
were contingent on memory reactivation. These stud-
ies provide striking evidence for the existence of a 
post-reactivation transient period of memory plasticity 
— that is, memory reconsolidation — on behavioural,  
physiological and molecular levels of analysis.

Reconsolidation is not universal. Memory reconsoli-
dation has been found across many levels of analysis; 
however, we know from the early studies using different 
experimental paradigms, such as auditory fear condi-
tioning, maze learning or passive avoidance learning, 
that reconsolidation is not ubiquitous60–62. Although 
the original demonstration of reconsolidation was rep-
licated63 and extended to other paradigms53,54,64, recon-
solidation was not considered a universal property of 
memory. It was thought that its induction depended 
on specific parameters53,54,64, a position that has been 
affirmed by a wave of contemporary studies65–75. For 
example, in one of the early replications51, reconsolida-
tion could not be induced by presenting the condition-
ing stimulus (CS) alone — the CS had to be presented 
in the training environment63. A similar effect was 
recently observed for human episodic memory 76:  

Figure 2 | representative data from studies reporting reconsolidation impairment. 
Various data showing intact post-reactivation short-term memory (PR-STM) and impaired 
post-reactivation long-term memory (PR-LTM) after a combination of memory 
reactivation and amnesic treatment. a | Auditory fear conditioning in the rat: rats learn to 
fear a tone after it has been paired with a footshock. Presenting the tone reactivates the 
memory35. b | Contextual fear conditioning in the rat: rats learn to fear an environment in 
which they experienced footshocks. Placing them briefly into the environment reactivates 
the memory37. c | Object recognition in an Egfr1-knockout (KO) mouse: mice are exposed 
to two identical objects and their object memory is later tested by presenting one of these 
familiar objects together with a new one. As mice and rats preferentially explore novel 
objects, memory for the old object manifests itself by more time spent exploring the novel 
than the familiar object. Re-exposure to the familiar objects reactivates the memory36.  
d | Contextual fear conditioning in a transgenic (Creb1 dominant-negative) mouse38.  
e | Pavlovian-like conditioning in Hermissenda, the marine snail. Hermissenda responds to 
light with phototaxis, thereby lengthening its foot, but it responds to sudden rotation by 
clinging to a surface, shortening its foot. Pairings of light and rotation lead to a new 
response to light, namely foot shortening instead of lengthening. Presentation of light 
reactivates the conditioned response42. f | Motor-sequence learning in the human: 
subjects learn to finger-tap a specific sequence. Later, a single repetition of this sequence 
reactivates the memory, and subjects then learn a new sequence. Testing memory for the 
old sequence reveals memory interference only when it was reactivated41.
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reactivation-dependent interference effects in consoli-
dated episodic memory were found only when human 
subjects were exposed to the interfering material in the 
same environment in which the original learning took 
place. Thus, activating memory outside the spatial learn-
ing context was not sufficient to induce reconsolidation.

So-called boundary conditions are physiological, envi-
ronmental or psychological situations in which memory 
that normally would reconsolidate does not. Several 
boundary conditions have been proposed, such as extinc-
tion consolidation65,66,68, memory age67,68, predictability 
of the reactivation stimulus74,75 and training intensity68. 
However, these results remain controversial, as other 
studies were unable to replicate them (for extinction see 
ReFS 69,70; for old memories see ReFS 37,77; for predict-
ability of the reactivation stimulus see ReFS 36,40,58,78;  
and for strength of training see ReFS 37,77).  
Therefore, it remains to be seen whether additional 
parameters moderate boundary conditions.

There is currently no universally applicable recon-
solidation protocol to reliably destabilize consolidated 
memory, which in turn complicates establishing bound-
ary conditions. If under certain conditions reconsolida-
tion effects are not detected, one cannot conclude with 
certainty that a boundary condition has been found. 
For example, in contextual fear conditioning, memo-
ries that were acquired with a strong training protocol 
of three shocks did not undergo reconsolidation if the 
reactivation session took 3 or 5 minutes, but reactivat-
ing memory for 10 minutes triggered reconsolidation68. 

If only the two shorter reactivations had been used, the 
absence of reconsolidation might have been taken as 
evidence that memories acquired with strong training 
do not undergo reconsolidation, implying a true bound-
ary condition. This kind of parametric manipulation has 
not been performed for most proposed boundary con-
ditions suggested by certain experimental results. It is 
thus unclear whether these conditions are true boundary 
conditions or merely situations in which it is harder than 
normal to induce reconsolidation.

Alternative interpretations
reconsolidation, as discussed above, has been defined 
using the very standards that define consolidation. 
Therefore, questioning certain aspects of the reconsoli-
dation hypothesis poses the same challenges for the con-
solidation hypothesis. The reconsolidation hypothesis in 
its current form has come under considerable scrutiny. 
We now discuss some of the alternative interpretations 
of the data that have been proposed in the literature.

Lesion or nonspecific effects. One theory posits that the 
amnesic treatment induces a lesion and thus impairs 
reactivated consolidated memory79 (FIG. 3). This sugges-
tion explains the deficits in Pr-LTM and, if the treat-
ment took several hours to destroy the local tissue and 
produce the lesion, it might explain the intact Pr-STM. 
However, amnesic animals can be retrained, demonstrat-
ing that the targeted brain structures remain functional80. 
Moreover, without memory reactivation the amnesic 

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

experimental paradigm Treatment Animal refs

Habituation Heat shock, and DNQX (antagonist of non-NMDA-type glutamate receptor) Nematode 59

Auditory fear conditioning Protein synthesis inhibition, inhibition of kinase activity, and reconsolidation 
potentiation by protein kinase A activation

Rat 35,99,137

Classical fear conditioning Transient anaesthesia Medaka (a fish) 65

‘Pavlovian-like’ conditioning Protein synthesis inhibition, sensory block, mRNA synthesis inhibition and blocking 
bond formation of cell-adhesion molecules

Hermissenda 42

Contextual fear conditioning Protein synthesis inhibition, inducible CREB-knockout and antisense 
oligodeoxynucleotides

Rat and mouse 37–39

Context-signal memory NMDA receptor antagonist Crab 74

Operant conditioning RNA synthesis inhibition, and cooling Snail 40

Appetitive conditioning Protein synthesis inhibtion Honeybee 69

Conditioned taste aversion Protein synthesis inhibition Rat pups 138

Inhibitory avoidance Protein synthesis inhibition, glycoprotein synthesis inhibition and antisense 
oligodeoxynucleotides

Chicks and rats 67,87,139

Motor sequence learning Interference by new learning Humans 41

Incentive learning Protein synthesis inhibition Rat 140

Object recognition Zif268-deficient mouse, and inhibition of kinase activity Mouse, rat 36,141

Spatial memory Protein synthesis inhibition Mouse and rat 68,75

Memory for drug reward Inhibition of the ERK kinase MEK, Zif268-deficient knock-in mice and Zif268 antisense 
oligodeoxynucleotides

Rat and 
knock-in mouse

57,58,77

Episodic memory Interference by new learning Humans 72,76

This table lists example experimental paradigms and the treatments and species involved for studies that reported evidence of a reconsolidation process since 
2000. CREB, cAMP-responsive element-binding protein; DNQX, 6,7-dinitroquinoxaline-2,3-dione; ERK,extracellular signal-regulated kinase; MEK, MAPK/ERK 
kinase; NMDA, N-methyl-d-aspartate.
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treatment has no effect, suggesting that lesion induc-
tion would depend not on the treatment alone, as pro-
posed, but also on memory reactivation. Furthermore, 
this interpretation also falls short of explaining how dif-
ferent amnesic treatments (new learning, kinase inhibi-
tors and inducible dominant-negative Creb1-mutant 
mice) could induce lesions or nonspecific effects with 
the same outcome. Further doubt on this interpretation 
comes from demonstrations of memory enhancement 
following reactivation47–50,81. It should be noted that the 
same arguments apply to consolidation studies that show 
the typical STM–LTM dissociation following amnesia 
induction. Finally, this account cannot explain studies 
in which reactivated memory no longer reconsolidates, 
such as those that suggest possible boundary conditions, 
although it might be argued that lesion effects are moder-
ated by certain parameters, such as the duration of the CS. 
Mechanisms to account for this differential effect or ways 
to demonstrate their existence have yet to be proposed. 
In summary, this account remains highly speculative, as 
it offers explanations only for some consolidation and 
reconsolidation findings and is at odds with others.

Retrieval deficit. Some reports show performance 
recovery after post-reactivation amnesia induction82–87. 
The Pr-LTM performance deficit might thus represent 
not blocked memory re-storage, but rather a transient 
nonspecific impairment in the ability to retrieve other-
wise intact memory85,88,89, questioning the existence of 
reconsolidation.

It has yet to be resolved whether experimental amne-
sia, induced by blocking new learning or by impairing 
reactivated memories, represents an impairment of con-
solidation (that is, storage processes) or impaired retrieval 

of an otherwise sufficiently consolidated memory (for 
an overview see ReFS 90–92). Both interpretations can 
explain the presence or absence of recovery from amne-
sia90–92 and currently there is no behavioural paradigm 
that allows us to pit the two positions against each other 
for simple responses, such as fear conditioning (but for a 
complex response see ReF. 93). Consequently, one cannot 
currently determine whether amnesia induced by post-
learning or post-reactivation protein synthesis inhibition 
is due to impaired consolidation or retrieval.

It has been argued that some studies which showed 
recovery of performance from reactivation-induced 
amnesia but not from amnesia for new learning estab-
lish that the former represents a retrieval and the latter 
a storage impairment79,85,89,94. Given that both the early 
and current studies on reconsolidation have consistently 
shown that reconsolidation and consolidation have dif-
ferent time courses and dose–response functions, one 
would predict that there are different time courses for 
recovery from amnesia for new and reactivated mem-
ories. For example, it remains possible that if in these 
studies the consolidation group had been tested one day 
later there would have been memory recovery. But even 
if there had been no recovery, it would not unequivo-
cally follow that memory was not stored, as there still 
could be recovery with a more appropriate or stronger 
reminder. These uncertainties are some of the inherent 
problems of an approach that tests the nature of amnesia 
using memory recovery as a criterion for the presence or 
absence of memory90–92; until a clear assessment method 
has been developed, conclusions derived from memory 
recovery after amnesia for both new and reactivated 
memories remain open to question.

Because the recovery-from-amnesia paradigm could 
not resolve the nature of amnesia, alternative approaches 
examined whether the molecular and cellular changes 
that occur during the post-training stabilization (consol-
idation) period are lost in amnesic animals89. In Aplysia, 
consolidation of long-term facilitation is accompanied 
by an increase in synapse number. In amnesic prepara-
tions the increase in synapse number is not observed95, 
implying that amnesia represents a memory-storage 
impairment89. In the context of consolidation, if reversal 
of the molecular signatures of LTM is taken as evidence 
that amnesia is a storage impairment, then data dem-
onstrating that post-reactivation amnesic treatments 
reverse cellular56,96 and molecular57–59 correlates of LTM 
should consequently be taken as evidence that post-
reactivation memory impairments represent a failure in 
memory re-storage.

State-dependent learning. Another hypothesis proposes 
that drugs can produce discriminative internal states, 
namely that animals learn that the presence of both the 
drug and the reactivation stimulus predicts the uncondi-
tioned stimulus (uS) during reactivation and subsequent 
drug treatment97. Thus, during the Pr-LTM test, when 
only the CS is presented, not all cues that predict the uS 
are available, decreasing response intensity. This inter-
pretation can explain many of the reported impairments 
in Pr-LTM but cannot explain how Pr-STM is intact, as 

Figure 3 | is post-reactivation amnesia a nonspecific effect? The results of two 
experiments are shown. The purple data points are from control animals and the red ones 
are from animals that received amnesic treatments, either after new learning34 (a) or after 
reactivation37 (b) of a consolidated memory. From the behavioural data alone it is 
impossible to distinguish the consolidation study from the reconsolidation study. 
Therefore, interpretations of behavioural data that selectively ascribe memory 
impairments following memory reactivation but not following memory acquisition to 
lesions79 or to nonspecific transient retrieval impairments82,134–136 are problematic. 
Irrespective of this shortcoming, these alternative interpretations cannot, for 
consolidation and reconsolidation alike, easily explain the intact short-term memory 
(STM) (although the amnesic treatment does supposedly induce a lesion). Transient 
retrieval impairment is unlikely given that animals can retrieve the memory during STM 
but not long-term memory (LTM), because that would mean that the retrieval impairment 
needs time to develop. 
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the same cues are given during Pr-STM and Pr-LTM. 
It could be argued that the drugs are still active during  
the Pr-STM test, such that the internal state is similar to the  
state following reactivation, and that they have degraded 
sufficiently by the time of the Pr-LTM, leading to a dif-
ferent internal state. Although this could be the case for 
some pharmacological treatments, such as anisomycin 
administration, this account cannot easily explain why 
new learning after reactivation impairs Pr-LTM but not 
Pr-STM41,98, and why in lesion studies, when the lesion  
is present for both Pr-STM and Pr-LTM, only Pr-LTM is  
impaired37. This account also cannot explain why — as 
discussed above — some post-reactivation treatments can 
enhance memory47–50,99. Furthermore, this interpretation 
also predicts that the presence of partial cues during the 
Pr-LTM test should lead to a reduced response but never 
to a response enhancement. In summary, state-dependent 
memory can explain only a subset of the reconsolidation 
findings and thus cannot serve as a general alternative.

Facilitated extinction. A non-reinforced presentation of 
the CS (that is, presentation of the CS without the uS) 
typically reactivates memory in reconsolidation studies, 
constituting — by operational definition — an extinc-
tion trial100. Extinction is thought to lead to new learning 
that inhibits the conditioned reflex100–102. Thus, amnesic 
treatment following reactivation might facilitate extinc-
tion learning83,103, resulting in the response reduction that 
is seen during the Pr-LTM test. This interpretation seems 
unlikely for several reasons. First, there are two oppos-
ing facts that it cannot reconcile: injecting anisomycin, 
or any other drug with amnesic properties, into the 
LBA after new learning blocks consolidation, whereas 
this treatment when applied after reactivation facilitates 
consolidation of extinction learning. The idea that post- 
reactivation protein synthesis inhibition leads to 
enhanced consolidation of learning is more problematic 
to explain than the idea that this treatment impairs mem-
ory reconsolidation. Second, the properties of extinction 
include renewal (recovery of performance with a context 
change), reinstatement (recovery of performance after 
presentation of only a uS) and the propensity for per-
formance to spontaneously recover over time101, and none 
of these phenomena were demonstrated after amnesia-
inducing post-reactivation anisomycin administration80. 
Third, when memory was reactivated with a reinforced 
CS presentation, subsequent protein synthesis inhibition 
resulted in impaired Pr-LTM. This should not have been 
the case if reconsolidation reflects facilitated extinction, as 
this form of memory reactivation represents a condition-
ing, not an extinction trial. There are many other dem-
onstrations of reconsolidation initiated by conditioning 
procedures that constitute a learning trial36,40,58,78, empiri-
cal data that the facilitation extinction hypothesis can-
not explain. In addition, extinction and reconsolidation  
have different biochemical signatures68,104.

New learning. There are currently two versions of the 
new-learning hypothesis. In the first it is assumed that 
amnesic treatment after memory reactivation leaves the 
original memory unaffected but impairs consolidation 

of information acquired during the reactivation session. 
There is therefore no need to postulate a reconsolida-
tion process. However, this interpretation cannot fully 
explain the data: in typical reconsolidation studies, ani-
mals are first trained to associate the CS and the uS. This 
memory is reactivated the next day by a non-reinforced 
CS presentation, which is followed by the amnesic treat-
ment. According to the new-learning hypothesis, the 
original memory, namely that the CS predicts the uS, 
should be available during the Pr-LTM test and, as a 
consequence, performance should be intact. This is not  
observed. Furthermore, control animals that were  
not subjected to the amnesic treatment after reactiva-
tion should have intact memory for the original learning 
(predicting the uS) as well as memory of the new learn-
ing (predicting the absence of the uS). Thus, these con-
trol animals should perform worse on the Pr-LTM test 
than the animals that received the amnesic treatment. 
However, the control animals show higher response lev-
els. In summary, the first variant of the new-learning 
hypothesis is at odds with empirical results (FIG. 4c).

The second variant of the new-learning hypothesis, 
also called the internal-reinforcement hypothesis105, 
assumes that presentation of the CS during reactivation 
extinguishes the original memory. As reactivation also 
leads to fear expression and therefore represents an aver-
sive event, it is postulated that the animal also acquires an 
association between this recalled fear and the CS; thus, in 
essence, the animal receives some form of second-order 
conditioning, and the amnesic treatment disrupts mem-
ory for this new learning. As a consequence, perform-
ance during Pr-LTM is impaired. However, this account 
cannot readily explain the impairment in Pr-LTM that 
is seen after amnesia induction following reactivation by 
a CS–uS presentation. Here, extinction of the original 
memory cannot occur as the CS is again reinforced by the 
uS. The second variant of the new-learning hypothesis 
can therefore also only explain a subset of the data.

The straw men of the reconsolidation debate
Departing from a semantic assessment of the term itself, 
some issues questioning the reconsolidation hypothesis 
have been raised. These arguments assert that in order 
for the phenomenon to be called reconsolidation, it 
must be an exact recapitulation of consolidation106,107; 
furthermore, they assert that all memories must always 
undergo reconsolidation in order for the term to be 
meaningful85.

Reconsolidation implies an exact recapitulation of con-
solidation. As the term reconsolidation is derived from 
consolidation, it is argued that the mechanisms that 
underpin reconsolidation need to be identical to those 
that mediate consolidation106,107, despite the fact that early 
comparisons of consolidation and reconsolidation showed 
that they were not identical processes. For example, recon-
solidation is completed faster than consolidation, and their 
dose–response curves are not identical108,109. These find-
ings, which were replicated in recent studies14,87,107, were 
incorporated from early on into theories of memory that 
acknowledged both phenomena53,60,110–112.
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An important but less-discussed aspect of this debate 
is that the protocols that are used to study reconsolida-
tion are different from those that are used to study con-
solidation, which renders directly comparing results 
problematic113. Consolidation studies examine the 
neurobiological changes that occur after a CS and a uS 
are presented together, whereas reconsolidation stud-
ies examine neurobiological changes that happen after 
presentation of a CS alone. For this reason, at the brain 
systems/circuits and molecular levels, consolidation and 
reconsolidation must be different, as only the former 
directly activates the pathways that relay uS information 
to the amygdala. Therefore, the demonstration of differ-
ences between the brain regions or circuits that medi-
ate consolidation and reconsolidation may be rather 
trivial113. For example, auditory fear conditioning leads 
to the activation of afferents that relay auditory (CS) 
and pain (uS) information to the amygdala. Neurons 
that are thought to be the site of plasticity in the LBA 
are proposed to receive concurrent activation through 
these afferents114. As a consequence, a series of second-
messenger systems are activated that are thought to lead 
to transcription and translation of proteins required for 
consolidation5,115.

It remains unclear which of the reported differences 
between consolidation and reconsolidation actually 
reflect genuine differences between the two processes as 
opposed to differences in the protocols used to induce 
them. A study in which such differences were not attrib-
utable to differences in the protocols is the first to shed 
some light on this issue39. The authors report a double 

dissociation separating the mechanisms that mediate 
consolidation from those that mediate reconsolidation39 
(see also ReF. 116).

Every memory must be able to undergo reconsolidation. 
Non-reinforced contextual memories do not undergo 
reconsolidation after they have been reactivated117. These 
findings have been interpreted as challenging the recon-
solidation hypothesis, as the hypothesis assumedly posits 
that the phenomenon should be universal85. As it has long 
been acknowledged that reactivation does not always 
induce reconsolidation60,108,118, such an understanding 
of reconsolidation seems unconventional. For example, 
Lewis demonstrated that electroconvulsive shock induces 
amnesia when predictive cues are presented to animals, 
consistent with a blockade in reconsolidation. However, if 
those cues were extinguished impairment was absent60,118. 
The absence of the reconsolidation effect under certain 
testing conditions thus does not challenge the exist-
ence of the phenomenon per se; rather, it improves our  
understanding of the phenomenon itself.

As with most biological processes, it seems unlikely 
that memory and learning phenomena are characterized 
by universality. For example, the absence of Pavlovian 
conditioning in some specific protocol does not question 
the validity of the concept itself; rather, it reveals certain 
parameters that must be satisfied in order for conditioning 
to be observed119. The same is true for consolidation: brains 
are exposed to huge amounts of information every day, but 
only a fraction is consolidated and remembered. The fact 
that some memories are acquired but not consolidated 

Figure 4 | Predictions made by alternative interpretations of the reconsolidation impairment compared with 
actual reconsolidation data. a | Reconsolidation data from an auditory fear-conditioning study. Rats first learned that a 
tone preceeded a footshock. The next day, when this memory was fully consolidated, the memory was reactivated by 
presentation of the tone alone, and anisomycin or vehicle was infused into the amygdala. Four hours later, 
post-reactivation short-term memory (PR-STM) was assessed by again exposing the animals to the tone. Twenty hours 
after the PR-STM test, post-reactivation long-term memory (PR-LTM) was measured the same way35. Data from control 
animals are shown in purple and from anisomycin-treated animals are shown in red (the same colours are used for graphs 
of hypothetical data predicted by the alternative interpretations). b | Predictions made by the assumption of a  
nonspecific impairment (that is, cognitive interference, lesions or neuronal dysfunction), as well as by the assumption of 
retrieval impairments. All these interpretations wrongly predict memory impairment for both PR-STM and PR-LTM for 
animals that received anisomycin. c | Predictions made by the new-learning interpretations of the reconsolidation deficit, 
which assume that anisomycin treatment after reactivation leads to memory impairment for the learning that the tone is 
no longer followed by a footshock. PR-LTM for the original memory, namely that the tone predicts the footshock, should 
be available and thus the tone should elicit a fear response.
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illustrates that consolidation is not a universal property 
of all acquired new memories — again, reconsolidation  
and consolidation are similar in this respect.

Conclusion
Following the initial report that intra-amygdala infusion 
of anisomycin blocked reconsolidation of fear memory35, 
there have been hundreds of publications describing 
reconsolidation across species, tasks and amnesic agents 
(see TABLe 1). Much of the controversy surrounding the 
reconsolidation phenomenon is rooted in the nature of 
amnesia. If recovery from amnesia induced by a treatment 
after reactivation is taken as evidence that the impair-
ments reported in reconsolidation studies are retrieval 
impairments79,85,88,89,94, we must conclude that amnesia 
for new learning is also a retrieval impairment because 
there are numerous examples of spontaneous recovery 
from amnesia for new learning16,120–126. Conversely, if 
arguments are made in the consolidation domain to rec-
oncile the facts that there is recovery from amnesia and 
that amnesia is a storage impairment, then those same 
arguments might well apply to cases of recovery in the 
reconsolidation domain. Lastly, the fact that both con-
solidation and reconsolidation blockade lead to reversals 
of the cellular and molecular correlates of memory pro-
vides strong evidence that the nature of amnesia is the 
same in both cases — and the nature of experimentally  
induced amnesia has yet to be determined.

From a purely semantic perspective, the term recon-
solidation has been qualified as a misnomer if the 
processes involved do not faithfully recapitulate those 
involved in consolidation106,107. However, since its intro-
duction the term reconsolidation has never been used to 
signify anything more than a repeat instance of consoli-
dation53. As mentioned above, in the current framework 
of memory, consolidation is defined as time-dependent 
stabilization of memory. reactivation of a consolidated 
memory induces a time-dependent memory state that 
shares many properties with the state that follows ini-
tial learning. Therefore, reactivation of a consolidated 
memory initiates a consolidation-like process. Given the 
fact that the term consolidation refers to the stabilization 
of only new learning, it would be inappropriate to use it 
to refer to the memory state induced by reactivation of 
an already-acquired memory. We feel that it is reason-
able to differentiate between these processes by using a 
similar name that adequately acknowledges the similari-
ties and differences between the two memory processes 
(this is not an uncommon practice — consider the term 
‘relearning’, which signifies a process different from initial 

learning127). We would also like to point out that the term 
reconsolidation itself does not necessarily imply an exact 
recapitulation of the original consolidation process.

To achieve an understanding of the post-reactivation 
state of plasticity, other questions seem more important: 
one of the most dynamic areas of research in reconsolida-
tion is identifying the conditions that determine when a 
consolidated memory will and will not undergo recon-
solidation65–75,128,129. Thus, the importance of the phenom-
enon is not diminished by the fact that reconsolidation 
does not always occur. rather, this feature of the phenom-
enon allows a deeper understanding of memory. The fact 
that reactivation of a consolidated memory can return 
it to a labile state from which it must be re-stabilized in 
order to prevent memory loss is well established.

A domain of intense research aims to identify the 
molecular mechanisms involved in returning a consoli-
dated memory to a labile state. An empirical framework 
to test this issue was recently published130 and identified 
NMDA receptors in the amygdala130, protein degrada-
tion46 and CB1 cannabinoid receptors in the hippo-
campus131 as crucial for rendering consolidated memory 
labile during or after reactivation.

The time seems ripe for a new model of memory that 
successfully integrates both consolidation and reconsolida-
tion. In this context it should be noted that recent research 
demonstrated that consolidated memory crucially depends 
on constitutively active PKMζ132, indicating that the appar-
ent stability of consolidated LTM as observed in behav-
ioural assessments requires ongoing maintenance of the 
morphological changes that form the neurobiological sub-
strate of memory, and that at any time LTM can be abol-
ished by disrupting these processes without a preceding 
memory reactivation11,133. Thus, the notion of stability that 
is currently inherent in the consolidation and reconsoli-
dation hypothesis may be a PKMζ-mediated state. Future 
models of memory storage and maintenance will need to 
consider and integrate these and similar findings.

The current view of reconsolidation, characterized 
above, remains the most parsimonious interpretation of 
both consolidation and reconsolidation data, because it 
preserves the general framework that has been estab-
lished for the former. It remains to be seen whether this 
model will stand the test of time. Given the range of 
evidence and the nature of the arguments stated above, 
we would apply Spear and Mueller’s conclusion about 
consolidation to reconsolidation: it takes little courage 
and imagination to assert that reconsolidation exists as 
a time-dependent associative process that is initiated 
when a consolidated memory is reactivated.
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	Figure 2 | Representative data from studies reporting reconsolidation impairment. Various data showing intact post-reactivation short-term memory (PR-STM) and impaired post-reactivation long-term memory (PR-LTM) after a combination of memory reactivation and amnesic treatment. a | Auditory fear conditioning in the rat: rats learn to fear a tone after it has been paired with a footshock. Presenting the tone reactivates the memory35. b | Contextual fear conditioning in the rat: rats learn to fear an environment in which they experienced footshocks. Placing them briefly into the environment reactivates the memory37. c | Object recognition in an Egfr1-knockout (KO) mouse: mice are exposed to two identical objects and their object memory is later tested by presenting one of these familiar objects together with a new one. As mice and rats preferentially explore novel objects, memory for the old object manifests itself by more time spent exploring the novel than the familiar object. Re-exposure to the familiar objects reactivates the memory36. d | Contextual fear conditioning in a transgenic (Creb1 dominant-negative) mouse38. e | Pavlovian-like conditioning in Hermissenda, the marine snail. Hermissenda responds to light with phototaxis, thereby lengthening its foot, but it responds to sudden rotation by clinging to a surface, shortening its foot. Pairings of light and rotation lead to a new response to light, namely foot shortening instead of lengthening. Presentation of light reactivates the conditioned response42. f | Motor-sequence learning in the human: subjects learn to finger-tap a specific sequence. Later, a single repetition of this sequence reactivates the memory, and subjects then learn a new sequence. Testing memory for the old sequence reveals memory interference only when it was reactivated41.
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