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We recently proposed that retrograde amnesia does not result from a disruption of the
consolidation/reconsolidation processes but rather to the integration of the internal state
induced by the amnesic treatment within the initial memory. Accordingly, the performance
disruption induced by an amnesic agent does not result from a disruption of the memory
fixation process, but from a difference in the internal state present during the learning
phase (or reactivation) and at the later retention test: a case of state-dependency. In the
present article, we will review similarities and differences these two competing views may
have on memory processing. We will also consider the consequences the integration
concept may have on the way memory is built, maintained and retrieved, as well as
future research perspectives that such a new view may generate.

Keywords: memory, consolidation, reconsolidation, reactivation, retrograde amnesia, state-dependent memory,
updating, false memory

THE CONSOLIDATION HYPOTHESIS

Original Findings and Interpretation

There have been hundreds of publications describing the findings that treatments delivered after
training or after the reactivation of a memory disrupt the retention performance. The disruption
is time dependent: greater when the treatments are delivered shortly after training or reactivation
rather than long after. These findings have been reported in many species, and after various tasks.
Treatments used to disrupt the retention performance have changed over time. Initially disruptive
treatments were severe treatments delivered systemically because they were believed to alter
brain functioning. These included manipulations such as electroconvulsive shock, hypothermia,
hypercapnia, anesthesia, spreading cortical depression. ... Simultaneously, and at approximately
the same period, other treatments were shown to increase the retention performance with similar
time dependent effects. In that case, treatments such as strychnine, amphetamine were presumably
stimulating brain functioning. All these results have been interpreted as resulting from effects
on a time-dependent process required to progressively fix the memory in a stabilized form
that has been termed consolidation (Glickman, 1961; McGaugh, 1966). This view supported
previous suggestions such as those proposed by Hebb (1949) who proposed that reverberating
circuits may take place when a new information is presented. Such a notion was close to the idea
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previously developed by Miiller and Pilzecker (1900) whose
work on retroactive interference led them to suggest that new
memories are fragile, requiring time to undergo a consolidation
phase before being fixed.

Disrupting this process by treatments interfering with the
normal brain functioning was thus supposed to prevent memory
formation and to lead to amnesia. Mirroring this logic, facilitative
treatments were supposed to strengthen this process. The length
of the consolidation period was thus defined by the time after
which the administration of the treatment no longer affected
the retention performance. Depending on numerous parameters
such as the task, the strength of initial training, and intensity
of the amnesic treatment, the duration largely varied, but was
considered to be roughly between 30 min and 2 h.

According to that scheme, memory should be permanently
established and should no longer be susceptible to an amnesic
treatment. However both of these assertions have been
demonstrated to be wrong. First, several studies reported that
amnesia may spontaneously recover (Cooper and Koppenaal,
1964; Squire and Barondes, 1972). Some other studies indicated
that memory impairments induced by some amnesic treatments
can be reversed by other drugs administered near the time
of training (Martinez et al., 1981). Finally, there is extensive
evidence, much of it before 1980, showing that delivering
reminder cues such as the unconditioned stimulus used during
initial training or even the motivational state, shortly before
the retention test, were able to abolish retrograde amnesia
(Misanin et al,, 1968; Robbins and Meyer, 1970; Miller and
Springer, 1972; Mactutus et al., 1979). More intriguingly, some
studies even reported that the re-administration of the “amnesic”
treatment before the retention test could also alleviate or
reverse the memory loss. This has been demonstrated with
several of them, including ECS, hypothermia, protein synthesis
inhibition and cortical spreading depression (Thompson and
Neely, 1970; Greenwood and Singer, 1974; Hinderliter et al.,
1975; Bradley and Galal, 1988). Up to now, these results
have never been satisfactorily explained by the consolidation
hypothesis.

Second, during the same period, research showed that
retrograde amnesia could be obtained on an already fixed
memory, provided that animals were previously exposed to a
“reminder” that served to reactivate the stored information
(Miller and Springer, 1972; Gordon and Mowrer, 1980). Such
a result gave rise to an important notion introduced by Lewis
(1969, 1979), namely that the memory may exist in two different
forms. One would be an active form characterizing newly
acquired information or old but reactivated, memory, susceptible
to external alterations. The other would be an inactive form,
typical of stored but potentially accessible memories, that would
not be affected by any amnesic treatments.

Another finding, also published around the same time,
indicated that the disruption of performance was not detectable
during the first few hours, but occurred only later (Geller
et al., 1970; Miller and Springer, 1971, 1972; Hinderliter et al.,
1975). Such a delayed onset of amnesia forced people supporting
the consolidation hypothesis to suggest new trainings were
stored both in a short and in a long-term store, and that

consolidation process only concerns with only the long-term one
(McGaugh, 1966; Miller and Matzel, 2000). The same should be
proposed after memory reactivation.

An Alternative Interpretation

In fact there is another way to explain the results supporting
the consolidation hypothesis. We recently proposed that the
performance disruption resulting from various treatments
delivered after a new learning does not result from a storage
alteration but from the integration within the memory of the
internal state induced by the treatment (Gisquet-Verrier and
Riccio, 2018). Since “amnesic” treatments are always severe,
the resulting alteration of the internal state constitutes a very
salient cue. The absence of this cue at the time of testing would
be responsible for retrieval difficulties. However, helping the
retrieval processes, through the exposure to reminders (with
reintroducing the state induced by the amnesic treatment being a
very effective cue) could compensate for the impairment. Such
an explanation in terms of state dependency, which had been
proposed as soon as in 1975 (Hinderliter et al., 1975), can account
for all the results previously reported, including those that do not
fit with the consolidation view, previously noted. State dependent
retention has long been recognized but has been experimentally
investigated extensively following a study reported in 1964 by
Overton (1964). The term refers to a performance disruption
resulting from a change in experimental conditions between
training and testing. State-dependency has been demonstrated
with different types of changes including either the external or
the internal context, but mainly with various kinds of drugs,
including alcohol, morphine, amphetamine. . . . always delivered
before training (see Radulovic et al., 2017, for a review). The main
difference between the traditional state dependency view and
retrograde amnesia is that in this latter situation, the treatment
is delivered after training and not before.

Itis noteworthy that when “amnesic” treatments are delivered
before training, a time-dependent disruption of performance,
termed anterograde amnesia, is also observed (Gruber et al.,
1967; Kesner, 1971) and state dependency has been considered
as responsible for anterograde amnesia (e.g., Richardson et al,,
1984).

Hence, there is evidence indicating that the state induced
by treatments delivered just before or after a training episode
is integrated within the memory of that episode and becomes
part of the retrieval cues for that episode. We thus propose
that the newly formed memory is malleable and susceptible
to the integration of new information during a time window
overlapping the time of training itself (see Gisquet-Verrier and
Riccio, 2018).

Current Views on the Consolidation
Hypothesis

We have briefly presented evidence indicating that state-
dependency may well explain the first results supporting
the consolidation hypothesis as well as those which were
not predicted by the hypothesis. Of course, during the
period following 1975-1980, the consolidation hypothesis
largely evolved but remained based on the same findings,
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mainly retrograde amnesia. The consolidation hypothesis
has been compared with the phenomenon of long-term
potentiation (LTP), a model of synaptic plasticity supposed
to play a determinant role in memory formation. Similarities
between consequences of learning and LTP, which drove
research interests toward cellular and molecular explanations of
learning and memory, appeared to strengthen the consolidation
hypothesis and overshadowed the serious criticisms concerning
the consolidation hypothesis (Bruel-Jungerman et al,, 2007;
Takeuchi et al., 2013; but see Shors and Matzel, 1997). These
studies led to the contention that new connections within
the neuronal network involved during training constituted
the support for the memory, suggesting that the synthesis
of new protein synthesis was essential for the formation of
new memories. As a consequence, treatments used to induce
retrograde amnesia were essentially protein synthesis inhibitors
or substances interfering with the molecular cascades leading to
protein synthesis (Nader and Hardt, 2009; Hardt et al., 2010; Lee
et al., 2017). However, it has been shown that re-administering
a protein synthesis inhibitor before the retention test is able to
abolish retrograde amnesia (Briggs and Olson, 2013; Gisquet-
Verrier et al., 2015). The way treatments were delivered also
changed, as they are now frequently directly injected within brain
structures such as the amygdala or the hippocampus, which have
been shown to be important for the establishment of memory.
However, state dependency is a very sensitive phenomenon and
can be obtained with drugs delivered not only systemically but
also with drugs delivered in a small amount, within specific brain
regions (Jamali-Raeufy et al., 2011; Rossato et al., 2015; Radulovic
etal., 2017).

In 2000, a famous study re-introduced the finding discovered
30 years before, namely that remote memory can be made
susceptible again to an amnesic agent provided that the initial
memory was previously reactivated. However, this experiment
was performed in a more sophisticated analytic way than earlier
studies and gave rise to the reconsolidation hypothesis (Nader
et al., 2000; see also Przybyslawski and Sara, 1997; Sara, 2000).
Memory reconsolidation presumably consists of two phases,
a reactivation-dependent destabilization process, followed by
the protein synthesis-dependent restabilization phase. According
to this hypothesis, retrieved memories can re-enter into a
state of lability, requiring processes close to those involved
during the consolidation, in order to re-stabilize the memory.
Such an assertion is based on studies showing that reactivated
memories are susceptible again to the same treatments as newly
acquired memories. Is this phenomenon possibly due to a state-
dependency? Two different studies support this position. First,
it has been shown that the retention of a contextual fear can be
affected by the internal state in which the reactivation occurs.
When the reactivation cue is presented while the animals are
water deprived, the retention performance is disrupted unless
the same sate is re-introduced at the time of testing (Sierra
et al, 2013). Also, in a recent study we showed that the
administration of cycloheximide, a protein synthesis inhibitor,
or of lithium chloride, a substance inducing strong nausea,
delivered just after the reactivation of an inhibitory avoidance
memory, induced a strong performance disruption, which was

abolished by delivering again the same treatment before the
retention test (Gisquet-Verrier et al., 2015). These studies
indicated that the malleability period, which characterized newly
formed memories, can be reinstated during memory reactivation.
These findings strongly suggest that after reactivation, just as
after training, new information can be inserted into a memory.

STATE DEPENDENCY TO EXPLAIN
RETROGRADE AMNESIA

How State Dependency Can Explain

Delayed Onset of Retrograde Amnesia
According to the state dependency hypothesis, retention
performance should not be affected when the subject is in
the same internal state than the one prevailing at the time of
training or shortly thereafter. As a consequence, the disruption of
performance would only appear when the internal state returns
to a basal level, i.e., several hours after the administration of
the treatment. Such a view nicely accounts for the delayed onset
of amnesia, which has been evidenced after training and after
memory reactivation.

How State Dependency Can Explain

Recovery of Amnesia

As previously mentioned, state-dependency disrupts retrieval
because some of the main cues triggering retrieval processes are
not present at the time of testing. Such a view explains why
providing help for retrieval in the form of exposure to reminders
may abolish the performance disruption. It is noteworthy that
the most efficient cue is to re-introduce the drug state (or state
induced by amnesic treatments) before testing.

Relationship of Certain Training Conditions
to State Dependency

Several other findings that seem inconsistent with the
consolidation view may in fact be compatible with that
state dependent interpretation. For instance, it has been noted
that several factors, including a strong training reinforcer,
overtraining, pre-exposure to the conditioning context, or weak
amnestic treatments, can reduce the susceptibility to retrograde
amnesia (Geller et al., 1970; Miller, 1970; Mactutus et al., 1982;
Parent and McGaugh, 1994; Garin-Aguilar et al, 2014). We
suggest that when the information acquired during initial
training is unusually strong, due to the use of numerous training
trials or of a strong reinforcer, the internal state produced by
the amnestic agent is less salient than the training state. Thus,
its absence at testing would not affect retrieval. Similarly, if the
treatment itself induces only a slight alteration of the internal
state, the absence of that context at the time of testing would be
irrelevant to the retrieval process.

THE CONCEPT OF MEMORY
INTEGRATION

We have provided evidence indicating that state dependency
can explain retrograde amnesia. However, state dependency
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cannot be considered as an alternative to the consolidation
hypothesis, because as previously noted by several authors, state
dependency cannot account for all the results supporting the
consolidation view. These results include the effects of treatments
enhancing the retention performance and those interfering with
the initial training, which have been frequently used to support
the existence of reconsolidation in humans (Nader and Hardt,
2009; Lee et al., 2017).

However, we must emphasize that state dependency in
experiments on retrograde amnesia is the result of the integration
of a modified state within the initial memory, while in an active
state, that is malleable!. Thus, it is the integration concept, which
actually challenges the consolidation hypothesis.

Memory Integration: The Concept
Memories are dynamic and must be able to be modified over
time in order to be updated. This process must be easy and rapid.
Every time we need to update a memory, a reactivation of that
memory takes place, putting it in an active state (Lewis, 1979;
Gisquet-Verrier and Riccio, 2012). The main characteristic of
an active memory is its malleability, i.e., its ability to integrate
new information. The malleability window extends over a
period running from shortly before to shortly after reactivation.
Any information presented during that time window can be
integrated with that memory. The new information does not
replace the previous information because it is important to
keep track of our memories along a time scale. However, it
may happen that the new information prevails over an older
one. While it is the case that many memory investigators
would agree with the concepts of malleability and integration,
our issue here is with respect to the venerable consolidation
hypothesis.

The role of memory integration is mainly to update memories,
a process required to actualize our knowledge about the world
during the lifespan. However, the basic and fundamental process
can be hijacked in some circumstances, as in the case of
retrograde amnesia (Gisquet-Verrier and Riccio, 2018).

Case of Facilitative Treatments

The fact that some treatments administered soon after an
experience enhance the retention performance and do so
in a retrograde time-dependent manner, has been taken as
evidence supporting the consolidation hypothesis (McGaugh,
1966; Hardt et al, 2009; Lee et al, 2017). It is generally
considered that these treatments have the opposite effects
of those attributed to the amnesic treatment: to strengthen
the consolidation process. However, the way by which these
treatments may operate still remains an open question.
Broadly speaking, treatments leading to an improvement of
the retention performance are less numerous than those
disrupting the retention performance. The more usual are
treatments known to stimulate the nervous system such as
glucose, amphetamine, strychnine, and reticular activation

IRecent views on the consolidation hypothesis also consider that reactivated
memories are malleable, but in a quite different way, as integration is restricted
to new information allowing the updating of the remote memory.

(Gold and Van Buskirk, 1975; McGaugh, 1966). Accordingly,
one may consider that all these treatments stimulate brain
activity, while the memory is in an active state. Interestingly,
some of these treatments have been successfully administered
after amnesic treatments to decrease the memory impairment
(Martinez et al., 1981). We propose that treatments known
to improve the subsequent retention are likely to do so by
enhancing arousal, a technique well known to produce such
an outcome (Bloch et al., 1970). Since these effects are more
pronounced when the increase of arousal occurs closely in
time with training, such a view may account for the time
dependent effects of the promnesic treatments. Some studies
support this assertion; for instance, it has been reported that
an electrical stimulation of the reticular formation, known to
induce arousal, was able to facilitate the retention performance
in a time-dependent fashion, when delivered both after training
and after memory reactivation (Deweer et al., 1968; DeVietti
and Kirkpatrick, 1977). Accordingly, unlike the consolidation
hypothesis which analyses retrograde amnesia and facilitative
effects as resulting from two opposite causes, namely disrupting
or enhancing the consolidation process, we propose that both
effects result from the same process: the integration of a new
information within the memory which leads to two opposite
outcomes.

Memory Interference

Since 2000, the question of whether reconsolidation could be
evidenced in human has become an important issue. Since, due to
their toxicity, most of the agents blocking reconsolidation cannot
be used in humans, the idea of disrupting the reconsolidation
processes in a more acceptable way emerged. This has been
achieved by the use of retroactive interference. Learning a
task shortly after the acquisition of a similar one generally
induces performance disruption in the retention of the former
one. Since interaction between the initial memory while in an
active state and the new one is analyzed as responsible for
the disruption, retroactive interference has been taken has a
possible way to disrupt reconsolidation process and hence to
provide experimental support for the existence of this process
in humans. First demonstrated for procedural memory (Walker
et al., 2003), retroactive interference has also been demonstrated
for episodic memory with the use of a paradigm based on
lists of words (Hupbach et al., 2007). However, these studies
have been recently brought into question (Hardwicke et al.,
2016; Klingmiiller et al., 2017), and it should be emphasized
that in the paradigm introduced by Hupbach et al. (2007) the
disruption of performance mainly results from the intrusion
of items of the second list into the memory of the first
list, and not from a forgetting of the first list of words (see
Scully et al, 2017). This finding is thus more in agreement
with the integration concept than with the consolidation
hypothesis.

Boundary Conditions

Despite the fact that the state dependency hypothesis has not
often been systematically tested in studies reporting retrograde
amnesia, we must acknowledge that some studies failed to
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find the state dependency effect (Thompson and Neely, 1970;
DeVietti and Larson, 1971; Lee et al., 2004; Garin-Aguilar et al.,
2014). However, negative results are difficult to interpret unless
a wide range of parameters (e.g., dosage, time between 2nd
administration and testing, etc.). Moreover, it should be noted
that cases of state dependency have been reported for almost of
types of amnesic agents, even occasionally by people failing to
obtain it in other circumstances.

The integration concept proposes to account for the
promnesic effect of drugs by their arousal properties. Although
this seems to be the case for many of them, we acknowledge
that others such as acetylcholine, serotonin, estradiol and
melanocortin peptides (de Wied, 1997; ter Horst et al., 2012),
are not classically considered as arousal enhancers. More
investigations are thus required to extend our hypothesis to all
facilitative treatments.

State dependency is a hypothesis which can be considered
for any treatment delivered before or after training. Taking this
possibility into account may introduce important changes in our
understanding of memory processes. In cases where the memory
was never acquired (stored) initially, as with pre-training lesions,
the concept of state dependency would not be relevant, but it
can be evoked for post training lesions as well as for transitory
blockade delivered either shortly before or shortly after training.

There are a few findings in the literature showing that more
than one period is sensitive to disruption of memory formation
after acquisition (Bernabeu et al., 1997; Bourtchouladze et al.,
1998; Trifilieff et al., 2006). Other studies mention that memory
disruption can be obtained by treatments delivered long after
training (several hours), within specific brain regions such as
insular cortex. We agree that these results cannot be explained
in terms of state dependency, but they also cannot be explained
by the traditional consolidation hypothesis.

INTEGRATION VS. CONSOLIDATION:
WHAT CHANGES?

A question often raised with respect to the integration concept
is: but what is really new with the integration concept? Basically,
our answer is that integration leads to a very different conception
of memory and it is thus important to elaborate that particular
topic.

Malleability of Active Memory

The proponents of the two positions both consider that memory
can be defined as existing in one of two different states. The
active state, which characterizes the memory at the time of
training and during the reactivation of the memory, and the
inactive state during which the information is present but not
directly accessible. They also agree on the assertion that, when
active, the information content of a memory is available and
malleable. However, for people supporting the consolidation
hypothesis, malleability means fragility, that is, the failure to
encode memory as the result of an amnesic treatment. On
the other hand, malleability for us refers to flexibility, to the
capacity to integrate new information. In addition, we have
provided evidence indicating that the period of malleability is

not restricted to the time just after conditioning/reactivation,
but can be extended to a longer time period, which includes
(backwards) times preceding training/reactivation (Miller et al.,
1989). Following reactivation, the memory becomes less and less
malleable. This progressive period of deactivation is responsible
for the progressively decreasing effects of interfering treatments,
including amnesic and promnesic treatments (see Figure 1).
According to the integration concept, there is no stabilization
or destabilization but there are circumstances during which a
memory is malleable and others where it is not. There is no
time-dependent process beginning immediately after learning
during which a memory is susceptible to disruption, but there
is a period of malleability during which all the information
present in the environment can be combined to form a
modified memory. Such a point of view has been illustrated
some years ago by a series of experiments indicating the
possibility of strengthening a memory by delivering a novel
and unrelated experience during a time window extending
from before to after training. This process had been termed
behavioral tagging and is thought to be supported by synaptic
tagging (Moncada and Viola, 2007; Redondo and Morris, 2011).
More recently, the same idea has resurfaced in convincing
studies demonstrating the possibility of linking two unrelated
memories, provided that they were delivered closely in time to
each other (Cai et al,, 2016; Rashid et al., 2016). Hence, the
malleability of active memory appears to be the very basis of
the dynamic quality of memories, allowing the possibility to
link, to complete, to modify and to update recent and remote
memories.

Processing of New Information

Following their initial acquisition, memories should be able
to be modified through further experience. Consolidation and
integration hypotheses both consider that updating requires
the reactivation of the initial memory. However, for the
tenets of the consolidation hypothesis, updating occurs through
a time-dependent reconsolidation process (Lee, 2008; Hardt
et al, 2010). They further hold that two different types of
information must be considered. First, treatments delivered
when a memory is malleable are presumed to interfere
with the consolidation/reconsolidation process, preventing (or
strengthening) the stabilization of the memory and leading to a
performance disruption (or enhancement). Second, information
such as exposure to contextual or sensory stimuli, electrical
shocks, or new trials can potentially integrate the active memory
for an updating.

According to the integration concept, the establishment of
the memory itself is very rapid and all information, provided
it is salient enough, presented when a memory is active can
be integrated into that memory. However, depending on its
content, the consequence of that integration may have different
outcomes (see Figure 1). It may lead to a disruption of the
retention performance, when the added information introduces
new cues that will not be present at the time of testing (such
as amnesic treatments), or cues that are sources of confusion
through competing memories (interference). New information
can also distort the initial memory when incorrect information
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FIGURE 1 | Comparison of the consolidation/reconsolidation hypothesis and the integration concept. (A) Consolidation/reconsolidation hypothesis: when
reactivated, the memory is in an active state. When active, memories are labile/fragile and can be disrupted. Consolidation or reconsolidation process is required to
fix/stabilize new and reactivated memories and to update remote memories. These processes take time and require new protein synthesis. Disruption of these
processes leads to retrograde amnesia. (B) Integration concept: when reactivated, the memory is in an active state. When active, memories are labile and can
integrate new information. Depending on the information content, integration could either result in updating (new/complementary information), strengthening (trials,
“promnesic” treatments), disrupting (“amnesic” treatment, interference), or distorting (counterconditioning, false information) the initial memory.

is presented (false memory). However, new information can
also improve the memory when consistent information is
presented (retraining), or lead to the formation of a new memory
(rule shifting, extinction, new association). The integration
concept proposes that when malleable, all significant information
surrounding an event will be part of that memory, with various
consequences depending on the information content.

Memory Is Not Erased but Can Be Modified

According to the consolidation/reconsolidation hypothesis,
treatments delivered just after training/reactivation interfere
with the stabilization/re-stabilization processes, preventing the
storage/re-storage of information. As a consequence, new
memories and reactivated memories are considered “lost” or
prevented from being established (Dudai and Eisenberg, 2004;
Hardt et al., 2010; Lee et al, 2017). The clear implication is
that the information has, in some sense, been “erased.” This
is in contrast with the integration concept, which considers
that memories are not eliminated but can be modified with
the help of new information proposed while the memory is in
an active state. Most of the time, new information is used to
update memory, an essential process in actualizing our current
knowledge. However, the updating process can be diverted from
its normal objective for other purposes and may lead to the
formation of false memories. It seems relatively easy to change
people’s memory of the details of an event that they have actually
experienced. Research showed that creating false memories of a
relatively benign childhood experience, such as becoming lost
in a shopping mall as a young child, can be induced (Loftus,
1996, 2005). We propose that memories can easily be modified,
enlarged with new components and that this basic updating
process can be diverted to implant false memory.

Do Memories Require New Protein
Synthesis?

The consolidation hypothesis emphasizes the central role of
new protein synthesis in the stabilization or the re-stabilization
of memories, a view that has been extensively documented
in the literature (Abel and Lattal, 2001; Tronson and Taylor,
2007; Besnard et al., 2012). However, the role of new proteins
in the formation of memories has often been questioned in
the past (Squire and Barondes, 1972; Gold, 2008). But since
it has been considered that the neural network activated
by an event constitutes the support of its representation
in the brain, the implication of new protein synthesis in
memory formation seems mandatory. Nevertheless, numerous
findings indicate that behavioral, electrophysiological and
pharmacological manipulations can rescue memory (and LTP)
from the disruption induced by protein synthesis inhibition (see
Gold, 2008, for more details). We recently showed that even when
more than 80% of the protein synthesis is blocked, new memories
can be formed and retrieved, provided that some help for
retrieval is provided (Gisquet-Verrier et al., 2015). Interestingly
in another study published the same year, Tonegawa’s lab, using
optogenetic techniques targeting directly the neural network
involved during conditioning came to the same conclusion (Ryan
et al.,, 2015). However, they did not rule out the participation
of new protein synthesis and proposed that, contrary to what
is generally considered, new proteins might not be necessary
for memory formation but rather for memory retrieval (Ryan
and Tonegawa, 2016). Nevertheless, this position seems unlikely
for two main reasons. First, because this hypothesis does not
explain why delivering again a protein synthesis inhibitor before
testing could help for retrieval. Second, this hypothesis seems
also unable to explain why the inhibition of protein synthesis
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after reactivation may prevent successful retrieval since protein
synthesis presumably occurred at the time of original training
(Gisquet-Verrier and Riccio, 2016). So we propose that encoding
and retrieving memories properly do not require new protein
synthesis.

Neuronal Networks May Not Constitute the
Support of Memory Traces

There is substantial evidence indicating that training induces
alterations within the neuronal network activated by the
training situation. Activated neurons have been found to
undergo chemical changes, through complex molecular cascades,
increasing the synaptic strength and leading to the formation
of new synaptic connections and reorganization of existing
ones (Tronson et al., 2006). These synaptic and the cellular
changes, which obviously depend on the training episode and
occur during the consolidation time period, have thus been
considered as demonstrating that the neuronal network engaged
during training supported the memory. If we consider that new
memories do not require new protein synthesis, as proposed by
several authors (Gold, 2008; Gisquet-Verrier et al., 2015; Ryan
et al., 2015), the hypothesis that the neuronal network engaged
during training may constitute the support of the memory trace is
seriously questioned. Here again the results supporting the initial
proposition are not called into question, but their interpretation
can be revised. This raises the question of knowing what is
responsible for synaptic changes in an activated network. It is
generally thought that the changes result from training, that is
from the information content, but there is another possibility:
the changes could be due to the activation of the network per se,
irrespective of what circumstances activated the network. If this
is correct, synaptic changes should be obtained after any event
stimulating the brain, even those not related to a training episode.
Although this proposal needs further investigation, it has been
shown that changes similar to those seen after training can be
obtained after an electroconvulsive shock (Stewart and Reid,
1994; Reid and Stewart, 1997), after an epileptic crisis (Meador,
2007) or after a specific or non-specific brain stimulation (Ma
et al., 2013; Lee et al, 2014). In other words, it appears that
synaptic plasticity may result from the activation of the network
rather than by the sources of the activation. Recent findings
obtained with techniques such as optogenetic manipulations
seem to support the notion that the associated neural network
supports the memory trace. It has been repeatedly shown that
the stimulation of a particular part of the brain circuit, such as
the hippocampal engram cells, can trigger the reactivation of a
complex memory such as a contextual fear memory in which
these neurons have been involved (Ryan et al., 2015; Tonegawa
et al,, 2018). This finding, however, cannot be taken as the
demonstration that the tagged neurons are part of the memory
representation. We have known for a long time that delivering a
shock has the same effect as stimulating brain regions eliciting
pain (Maho and Bloch, 1992) and that central stimulation
concerning sensory or associative structures can substitute for a
CS (Mouly et al., 1990; Doyere and Laroche, 1992). Since memory
reactivation can be triggered by the exposure to a reminder
cue, it is likely that a similar effect could be obtained by the

stimulation of the brain circuit activated by these cues, or even
by the stimulation of brain structures involved in the association
between cues. Hence, we suggest that memory representations
are not supported by the neural network activated by the training
episode (see Queenan et al., 2017 for other alternatives).

Memories Are Rapidly Formed and Can Be
Rapidly Modified

According to the consolidation hypothesis, the fixation of a
new memory requires time. The length of the consolidation
process has been estimated by the duration of the susceptibility
to amnesic treatments. This length appears to be highly variable
but can range from minutes to hours depending on numerous
factors such as the task, the treatment, the level of training,
etc. (e.g., Dudai, 2012). However, some studies suggested that
consolidation may extend over much more longer periods of
time (see comments under boundary conditions above). It may
seem curious that our sophisticated brain takes so much time
to register information that may be critical for the survival
of individuals. It is also surprising that memories are fragile
for an extended period of time, not only during their initial
formation, but also every time memories are retrieved. Finally,
it is very surprising that such a scheme does not result in
more frequent amnesia than those generally observed in human.
The integration concept does not consider that the formation
or encoding of a new memory relies on a time dependent
process and implicitly supposes that the memory fixation occurs
simultaneously with the training episode (Miller et al., 1986).
Once again, this particular point needs further investigation but
there are findings in the literature, obtained both in human
and animals, which indicate that integration of new information
can be seen very rapidly (Gordon and Feldman, 1978; Stark
et al., 2010). According to what can be expected from brain
performance, the integration concept suggests that memories are
rapidly formed.

State at the Time of Testing Determines

Retrieval

The consolidation/reconsolidation hypothesis focuses almost
entirely on the encoding phase and on the underlying process.
The quality of the retention performance is mainly considered
to be determined by the degree of success of this first stage. The
consolidation hypothesis can take into account events delivered
before training, such as those responsible for state dependency.
However, events delivered after training which alter retention
performance, are always considered to act on the consolidation
processes.

According to the integration view, the quality of the retention
performance depends on the matching between the training
and the testing conditions. The matching not only refers to
what occurs during training and testing, but also to experiences
occurring around these critical periods. These periods are
susceptible to the introduction of non-related information
during encoding (such as amnesic agents), and thus affect the
ability to retrieve the initial memory at the time of testing. Hence,
the state prevailing at the time of testing largely determines the
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quality of the retention performance. From personal experience
we all know that a specific memory might be inaccessible at
a time and easily retrieved at another one. Hence the quality
of the retention performance does not only rely on encoding
processes but also largely on retrieval processes (Bartlett, 1932;
Sara, 2000). It has been shown that memories of life experiences
that are consistent in emotional quality with an individual’s
mood state are more accessible to retrieval; that is, they have a
higher probability of retrieval in free recall or can be retrieved
more quickly (Bower, 1981; Greenberg et al., 2012). We have
discussed in the above section how the internal state may affect
the quality of the retention performance. The state at the time
of retrieval is thus a determinant orienting our retrieval process
towards memories that are more compatible with the present
situation of the individual. Such a basic and implicit process
could be very helpful to sort out memories and to target the most
appropriate one to be reactivated in that particular circumstance.
According to the integration view, the retention performance is
largely determined by the congruency of the individual’s state at
the time of testing with that at encoding.

Memory Integration for New Therapeutic
Approaches

The consolidation/reconsolidation hypothesis theoretically
offers the possibility to erase remote memories. However,
as previously mentioned, attempts to achieve that aim are
worrisome and the findings remain inconclusive. The integration
concept provides two different possibilities that may be useful
for therapy: state dependency, and emotional remodeling.

State Dependency

Interestingly, the capacity of memory to integrate new
information in a memory in order to render it less retrievable
can possibly be used for therapeutic purpose. We have seen
that modifying the internal state of a subject at the time of
reactivation of a remote memory can induce difficulties to
retrieve this memory when the subject returns to its original
state. Substantial evidence indicates that this effect can induce
strong performance disruption in rats. We can imagine that
similar procedure might be very effective in disrupting the
retrieval of pathological memories. To be effective, changes
of state must be relatively important and thus the treatment
should induce a highly salient internal milieu. For example,
delivering treatments inducing nauseous feelings just before the
reactivation of the pathological memory would be one strategy
(Gisquet-Verrier et al., 2015). Indeed, the unintended amnesic
effects reported after chemotherapy for cancer treatments in
humans might be explained by this idea (Lindner et al., 2017).
One may also propose administering drugs or treatments that
very temporarily (during the reactivation of the pathological
memory) modify the state of consciousness. This approach is
currently being investigated for post traumatic stress disorder
(PTSD) using MDMA (Feduccia and Mithoefer, 2018; Mithoefer
et al.,, 2018). Furthermore we suggest that the altered state of
consciousness may also account for the efficacy of treatments
such as hypnosis, EMDR and perhaps for the dissociative

amnesia often reported following extreme situations (Radulovic
etal., 2018).

Emotional Remodeling

The malleability of memory might be used clinically to
decrease the emotional value of pathological memories.
This possibility was recently used to treat PTSD in an
animal model by reactivating the trauma memory while the
possibility of expressing an emotional response was reduced
by a pharmacological treatment, a paradigm that we termed
“emotional remodeling.” More specifically, we showed that
delivering drugs such as amphetamine or oxytocin, before
the reactivation of the trauma memory, may abolish PTSD
symptoms in trauma vulnerable rats (Toledano and Gisquet-
Verrier, 2014; Le Dorze et al., submitted). We proposed that,
when administered prior to a reactivation of the trauma
experience, these treatments strongly reduced the emotional
component of that memory. Due to the malleability of the
reactivated memory, this reduced emotional valence could be
integrated within the trauma memory, decreasing its negative
consequences. Emotional remodeling may also explain the
effects of propranolol on PTSD or on drug-related memories.
Researchers supporting the consolidation hypothesis proposed
that propranolol induces a reconsolidation blockade (Debiec
and Ledoux, 2004; Soeter and Kindt, 2010; Brunet et al., 2018).
However, since propranolol is also well known as an anxiolytic
(Granville-Grossman and Turner, 1966; Tyrer and Lader, 1972),
this drug can reduce the emotional response elicited by the
reactivation of pathological memories, thereby decreasing its
pathological aspect. We did obtain some encouraging results
with an emotional remodeling under propranolol on a cocaine
patient (Chopin et al., 2016). However, our prediction is that
more definitive results could be obtained with a treatment that
is more strongly targeted on the emotional component of the
memory.

It must be mentioned that emotional remodeling is in fact not
s0 new, as it is close to other therapeutic approaches, exploiting
other processes, but based on relatively similar paradigms such as
counterconditioning, exposure therapy, false memory, hypnosis,
and neurolinguistic programming therapy (Bouton, 2002; Loftus
and Davis, 2006; Foa, 2011; Sturt et al., 2012; Lee et al., 2017).

Hence the integration concept proposes new ways to treat
pathological memories, which, may also help explain the efficacy
of already used treatments. It also suggests the possibility of
considering new treatments such as the use of the combinations
of reactivation and drugs that may be more effective than those
currently used.

CONSEQUENCES AND PERSPECTIVE

The integration concept is a new hypothesis, which
seems to account well for numerous results. This view
proposes a more dynamic conception of memory than the
consolidation/reconsolidation hypothesis and appears to be
more in agreement with what we could expect about brain
functioning. However, this view indicates limits in our current
knowledge and requires further experimental support.
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In the next few years we will have to address a series of
questions that remain open for investigation. In particular, we
have to understand the processes, by which a memory goes from
an active to inactive state (and the reverse), to determine other
forms of potential support of memories, and to learn more about
the nature of the integration process, among other things.

In conclusion, we hope that this article will stimulate research
to test the validity of the integration concept and to answer some
of the different points raised above.

REFERENCES

Abel, T. and Lattal, K. M. (2001). Molecular mechanisms of memory
acquisition, consolidation and retrieval. Curr. Opin. Neurobiol. 11, 180-187.
doi: 10.1016/S0959-4388(00)00194-X

Bartlett, F. (1932). Remembering: A Study in Experimental and Social Psychology.
New York, NY: Cambridge University Press.

Bernabeu, R., Bevilaqua, L., Ardenghi, P., Bromberg, E., Schmitz, P., Bianchin, M.,
et al. (1997). Involvement of hippocampal cAMP/cAMP-dependent protein
kinase signaling pathways in a late memory consolidation phase of aversively
motivated learning in rats. Proc. Natl. Acad. Sci. U S A 94, 7041-7046.
doi: 10.1073/pnas.94.13.7041

Besnard, A., Caboche, J., and Laroche, S. (2012). Reconsolidation of memory: a
decade of debate. Prog. Neurobiol. 99, 61-80. doi: 10.1016/j.pneurobio.2012.
07.002

Bloch, V., Deweer, B., and Hennevin, E. (1970). Suppression of retrograde
amnesia and consolidation of one-trial learning through stimulation of the
reticular formation. Physiol. Behav. 5, 1235-1241. doi: 10.1016/0031-9384(70)
90033-8

Bourtchouladze, R., Abel, T., Berman, N., Gordon, R., Lapidus, K., and
Kandel, E. R. (1998). Different training procedures recruit either one or two
critical periods for contextual memory consolidation, each of which requires
protein synthesis and PKA. Learn. Mem. 5, 365-374.

Bouton, M. E. (2002). Context, ambiguity and unlearning: sources of relapse
after behavioral extinction. Biol. Psychiatry 52, 976-986. doi: 10.1016/S0006-
3223(02)01546-9

Bower, G. H. (1981). Mood and memory. Am. Psychol. 36, 129-148.

Bradley, P. M., and Galal, K. M. (1988). State-dependent recall can be induced
by protein synthesis inhibition: behavioural and morphological observations.
Brain Res. 468, 243-251. doi: 10.1016/0165-3806(88)90136-8

Briggs, J. F., and Olson, B. P. (2013). Reexposure to the amnestic agent alleviates
cycloheximide-induced retrograde amnesia for reactivated and extinction
memories. Learn Mem. 20, 285-288. doi: 10.1101/Im.030270.113

Bruel-Jungerman, E., Davis, S., and Laroche, S. (2007). Brain plasticity
mechanisms and memory: a party of four. Neuroscientist 13, 492-505.
doi: 10.1177/1073858407302725

Brunet, A., Saumier, D., Liu, A., Streiner, D. L., Tremblay, J., and Pitman, R. K.
(2018). Reduction of PTSD symptoms with pre-reactivation propranolol
therapy: a randomized controlled trial. Am. J. Psychiatry 175, 427-433.
doi: 10.1176/appi.ajp.2017.17050481

Cai, D. J., Aharoni, D., Shuman, T., Shobe, J., Biane, J., Song, W., et al. (2016).
A shared neural ensemble links distinct contextual memories encoded close in
time. Nature 534, 115-118. doi: 10.1038/nature17955

Chopin, M.-V., Peretti, C.-S., Gisquet-Verrier, P., Hoffmann, C., Belaid, A., and
Chouinard, G. (2016). Cocaine use disorder treated with specific cognitive
behavioral therapy and adjunctive propranolol. Psychother. Psychosom. 85,
61-63. doi: 10.1159/000441036

Cooper, R, and Koppenaal, R. (1964). Suppression and recivery of a
one-trial avoidance response after a single ECS. Psychon. Sci. 1, 303-304.
doi: 10.3758/BF03342924

de Wied, D. (1997). Neuropeptides in learning and memory processes. Behav.
Brain Res. 83, 83-90.

Debiec, J., and Ledoux, J. E. (2004). Disruption of reconsolidation but not
consolidation of auditory fear conditioning by noradrenergic blockade in
the amygdala. Neuroscience 129, 267-272. doi: 10.1016/j.neuroscience. 2004.
08.018

AUTHOR CONTRIBUTIONS

Both authors listed have made substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by a “Gueules Cassées” Grant (N°45-
2017).

DeVietti, T., and Kirkpatrick, B. (1977). Stimulation of specific regions of brain
in rats modified retention for newly acquired and old habits. J. Comp. Physiol.
Psychol. 91, 662-673.

DeVietti, T., and Larson, R. (1971). ECS effects: evidence supporting state-
dependent learning in rats. J. Comp. Physiol. Psychol. 74, 407-415.
doi: 10.1037/h0030564

Deweer, B., Hennevin, E., and Bloch, V. (1968). New data on the reticular
facilitation of mnemic consolidation. J. Physiol. 60:430.

Doyere, V., and Laroche, S. (1992). Linear relationship between the maintenance of
hippocampal long-term potentiation and retention of an associative memory.
Hippocampus 2, 39-48. doi: 10.1002/hip0.450020106

Dudai, Y. (2012). The restless engram: consolidations never end. Annu. Rev.
Neurosci. 35, 227-247. doi: 10.1146/annurev-neuro-062111-150500

Dudai, Y., and Eisenberg, M. (2004). Rites of passage of the engram. Neuron 44,
93-100. doi: 10.1016/j.neuron.2004.09.003

Feduccia, A. A., and Mithoefer, M. C. (2018). MDMA-assisted psychotherapy
for PTSD: are memory reconsolidation and fear extinction underlying
mechanisms? Prog. Neuro-Psychopharmacol. Biol. Psychiatry 84, 221-228.
doi: 10.1016/j.pnpbp.2018.03.003

Foa, E. B. (2011). Prolonged exposure therapy: past, present and future. Depress.
Anxiety 28, 1043-1047. doi: 10.1002/da.20907

Garin-Aguilar, M. E.,, Medina, A. C., Quirarte, G. L., McGaugh, J. L., and
Prado-Alcald, R. A. (2014). Intense aversive training protects memory from
the amnestic effects of hippocampal inactivation. Hippocampus 24, 102-112.
doi: 10.1002/hipo.22210

Geller, A., Robustelli, F., and Jarvik, M. E. (1970). A parallel study of the amnesic
effects of cycloheximide and ECS under different strengths of conditioning.
Psychopharmacologia 16, 281-289.

Gisquet-Verrier, P., and Riccio, D. (2018). Memory integration: an alternative to
the consolidation/reconsolidation hypothesis. Progess. Neurobiol. 171, 15-31.
doi: 10.1016/j.pneurobio.2018.10.002

Gisquet-Verrier, P., and Riccio, D. C. (2012). Memory reactivation effects
independent of reconsolidation. Learn. Mem. 19, 401-409. doi: 10.1101/lm.
026054.112

Gisquet-Verrier, P., and Riccio, D. C. (2016). Commentary: rehebbilitating
memory. Front. Behav. 10:78. doi:  10.3389/fnbeh.2016.
00078

Gisquet-Verrier, P., Lynch, J. F., Cutolo, P., Toledano, D., Ulmen, A,
Jasnow, A. M., et al. (2015). Integration of new information with
active memory accounts for retrograde amnesia: a challenge to the
consolidation/reconsolidation hypothesis? J. Neurosci. 35, 11623-11633.
doi: 10.1523/JNEUROSCI.1386-15.2015

Glickman, S. E. (1961). Perseverative neural processes and consolidation of the
memory trace. Psychol. Bull. 58, 218-233.

Gold, P. E. (2008). Protein synthesis inhibition and memory: formation vs.
amnesia. Neurobiol. Learn. Mem. 89, 201-211. doi: 10.1016/j.nlm.2007.
10.006

Gold, P. E., and Van Buskirk, R. B. (1975). Facilitation of time-dependent memory
processes with posttrial epinephrine injections. Behav. Biol. 13, 145-153.

Gordon, W., and Feldman, D. (1978). Reactivation-induced interference in a
short-term retention paradigm. Learn. Motiv. 9, 164-178. doi: 10.1016/0023-
9690(78)90018-8

Gordon, W., and Mowrer, R. (1980). The use of an extinction trial as a reminder
treatment following ECS. Anim. Learn. Behav. 8, 363-367.

Granville-Grossman, K. L., and Turner, P. (1966). The effect of propranolol on
anxiety. Lancet 1, 788-790.

Neurosci.

Frontiers in Systems Neuroscience | www.frontiersin.org

January 2019 | Volume 12 | Article 71


https://doi.org/10.1016/S0959-4388(00)00194-X
https://doi.org/10.1073/pnas.94.13.7041
https://doi.org/10.1016/j.pneurobio.2012.07.002
https://doi.org/10.1016/j.pneurobio.2012.07.002
https://doi.org/10.1016/0031-9384(70)90033-8
https://doi.org/10.1016/0031-9384(70)90033-8
https://doi.org/10.1016/S0006-3223(02)01546-9
https://doi.org/10.1016/S0006-3223(02)01546-9
https://doi.org/10.1016/0165-3806(88)90136-8
https://doi.org/10.1101/lm.030270.113
https://doi.org/10.1177/1073858407302725
https://doi.org/10.1176/appi.ajp.2017.17050481
https://doi.org/10.1038/nature17955
https://doi.org/10.1159/000441036
https://doi.org/10.3758/BF03342924
https://doi.org/10.1016/j.neuroscience.2004.08.018
https://doi.org/10.1016/j.neuroscience.2004.08.018
https://doi.org/10.1037/h0030564
https://doi.org/10.1002/hipo.450020106
https://doi.org/10.1146/annurev-neuro-062111-150500
https://doi.org/10.1016/j.neuron.2004.09.003
https://doi.org/10.1016/j.pnpbp.2018.03.003
https://doi.org/10.1002/da.20907
https://doi.org/10.1002/hipo.22210
https://doi.org/10.1016/j.pneurobio.2018.10.002
https://doi.org/10.1101/lm.026054.112
https://doi.org/10.1101/lm.026054.112
https://doi.org/10.3389/fnbeh.2016.00078
https://doi.org/10.3389/fnbeh.2016.00078
https://doi.org/10.1523/JNEUROSCI.1386-15.2015
https://doi.org/10.1016/j.nlm.2007.10.006
https://doi.org/10.1016/j.nlm.2007.10.006
https://doi.org/10.1016/0023-9690(78)90018-8
https://doi.org/10.1016/0023-9690(78)90018-8
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Gisquet-Verrier and Riccio

Memory Integration

Greenberg, S. N., Tokarev, J., and Estes, Z. (2012). Affective orientation influences
memory for emotional and neutral words. Am. J. Psychol. 125, 71-80.
doi: 10.5406/amerjpsyc.125.1.0071

Greenwood, P. M., and Singer, J. J. (1974). Cortical spreading depression induced
state dependency. Behav. Biol. 10, 345-351.

Gruber, R. P., Stone, G. C., and Reed, D. R. (1967). Scopalamine-induced
anterograde amnesia. Int. J. Neuropharmacol. 6, 187-190.

Hardt, O., Einarsson, E. O., and Nader, K. (2010). A bridge over troubled
water: reconsolidation as a link between cognitive and neuroscientific memory
research traditions. Annu. Rev. Psychol. 61, 141-167. doi: 10.1146/annurev.
psych.093008.100455

Hardt, O., Wang, S.-H., and Nader, K. (2009). Storage or retrieval deficit:
the yin and yang of amnesia. Learn. Mem. 16, 224-230. doi: 10.1101/Im.12
67409

Hardwicke, T. E., Taqi, M., and Shanks, D. R. (2016). Postretrieval new
learning does not reliably induce human memory updating via reconsolidation.
Proc. Natl. Acad. Sci. U S A 113, 5206-5211. doi: 10.1073/pnas.16014
40113

Hebb, D. (1949). The Organization of Behaviour. New York, NY: John Wille.

Hinderliter, C., Webster, T., and Riccio, D. (1975). Amnesia induced by
hypothermia as a function of treatment-test intervaland recooling in rats.
Anim. Learn. Behav. 3, 257-263.

Hupbach, A., Gomez, R., Hardt, O., and Nadel, L. (2007). Reconsolidation of
episodic memories: A subtle reminder triggers integration of new information.
Learn. Mem. 14, 47-53. doi: 10.1101/Im.365707

Jamali-Raeufy, N., Nasehi, M., Ebrahimi-ghiri, M., and Zarrindast, M. R. (2011).
Cross state-dependency of learning between WIN55, 212-2 and scopolamine
in rat dorsal hippocampus. Neurosci. Lett. 491, 227-231. doi: 10.1016/j.neulet.
2011.01.056

Kesner, R. P. (1971). ECS as a punishing stimulus: dependency on retrograde
amnesia, duration of anterograde amnesia and intensity of pain. J. Comp.
Physiol. Psychol. 74, 398-406.

Klingmiiller, A., Caplan, J. B, and Sommer, T. (2017). Intrusions in
episodic memory: reconsolidation or interference? Learn. Mem. 24, 216-224.
doi: 10.1101/1m.045047.117

Lee, J. L. C. (2008). Memory reconsolidation mediates the strengthening
of memories by additional learning. Nat. Neurosci. 11, 1264-1266.
doi: 10.1038/nn.2205

Lee, J. L. C., Everitt, B. J., and Thomas, K. L. (2004). Independent cellular
processes for hippocampal memory consolidation and reconsolidation. Science
304, 839-843. doi: 10.1126/science.1095760

Lee, J. L. C., Nader, K., and Schiller, D. (2017). An update on memory
reconsolidation updating. Trends Cogn. Sci. 21, 531-545. doi: 10.1016/j.tics.
2017.04.006

Lee, S. A., Oh, B.-M,, Kim, S. J., and Paik, N.-J. (2014). The molecular evidence
of neural plasticity induced by cerebellar repetitive transcranial magnetic
stimulation in the rat brain: A preliminary report. Neurosci. Lett. 575, 47-52.
doi: 10.1016/j.neulet.2014.05.029

Lewis, D. J. (1969). Sources of experimental amnesia. Psychol. Rev. 76, 461-472.

Lewis, D.J. (1979). Psychobiology of active and inactive memory. Psychol. Bull. 86,
1054-1083.

Lindner, O. C., Mayes, A., McCabe, M. G., and Talmi, D. (2017). Acute
memory deficits in chemotherapy-treated adults. Memory 25, 1327-1339.
doi: 10.1080/09658211.2017.1300667

Loftus, E. F. (1996). Memory distortion and false memory creation. Bull. Am. Acad.
Psychiatry Law 24, 281-295.

Loftus, E. F. (2005). Planting misinformation in the human mind: A 30-year
investigation of the malleability of memory. Learn. Mem. 12, 361-366.
doi: 10.1101/1m.94705

Loftus, E. F., and Davis, D. (2006). Recovered memories. Annu. Rev. Clin. Psychol.
2, 469-498. doi: 10.1146/annurev.clinpsy.2.022305.095315

Ma, J., Zhang, Z., Su, Y., Kang, L., Geng, D., Wang, Y., et al. (2013). Magnetic
stimulation modulates structural synaptic plasticity and regulates bdnf-trkb
signal pathway in cultured hippocampal neurons. Neurochem. Int. 62, 84-91.
doi: 10.1016/j.neuint.2012.11.010

Mactutus, C. F., Concannon, J. T., and Riccio, D. C. (1982). Nonmonotonic age
changes in susceptibility to hypothermia-induced retrograde amnesia in rats.
Physiol. Behav. 28, 939-943.

Mactutus, C. F., Riccio, D. C., and Ferek, J. M. (1979). Retrograde amnesia
for old (reactivated) memory: some anomalous characteristics. Science 204,
1319-1320.

Maho, C., and Bloch, V. (1992). Responses of hippocampal cells can be
conditioned during paradoxical sleep. Brain Res. 581, 115-122.

Martinez, J. L., Jensen, R. A., and McGaugh, J. L. (1981). Attenuation of
experimentally-induced amnesia. Prog. Neurobiol. 16, 155-186.

McGaugh, J. L. (1966). Time-dependent processes in memory storage. Science 153,
1351-1358. doi: 10.1126/science.287.5451.248

Meador, K. J. (2007). The basic science of memory as it applies to epilepsy.
Epilepsia 48, 23-25. doi: 10.1111/.1528-1167.2007.01396.x

Miller, J. S., Jagielo, J. A., Gisquet-Verrier, P., and Spear, N. E. (1989). Backward
excitatory conditioning can determine the role of the CS™ in aversion learning.
Learn. Motiv. 20, 115-129. doi: 10.1016/0023-9690(89)90013-1

Miller, R. R. (1970). Effects of environmental complexity on amnesia induced by
electroconvulsive shock in rats. J. Comp. Physiol. Psychol. 71, 267-275.

Miller, R. R., and Matzel, L. D. (2000). Memory involves far more than
“consolidation”. Nat. Rev. Neurosci. 1, 214-216. doi: 10.1038/35044578

Miller, R. R., and Springer, A. D. (1971). Temporal course of amnesia in rats
after electroconvulsive chock. Physiol. Behav. 6, 229-233. doi: 10.1016/0031-
9384(71)90031-X

Miller, R. R., and Springer, A. D. (1972). Induced recovery of memory
in rats following electroconvulsive shock. Physiol. Behav. 8, 645-651.
doi: 10.1016/0031-9384(72)90089-3

Miller, R. R., Kasprow, W. J., and Schachtman, T. R. (1986). Retrieval variability:
sources and consequences. Am. J. Psychol. 99, 145-218.

Misanin, J. R, Miller, R. R., and Lewis, D. J. (1968). Retrograde amnesia produced
by electroconvulsive shock after reactivation of a consolidated memory trace.
Science 160, 554-555.

Mithoefer, M. C., Mithoefer, A. T., Feduccia, A. A., Jerome, L., Wagner, M.,
Wymer, J., et al. (2018). 3,4-methylenedioxymethamphetamine (MDMA)-
assisted psychotherapy for post-traumatic stress disorder in military veterans,
firefighters and police officers: a randomised, double-blind, dose-response,
phase 2 clinical trial. Lancet. Psychiatry 5, 486-497. doi: 10.1016/52215-
0366(18)30135-4

Moncada, D., and Viola, H. (2007). Induction of long-term memory by exposure
to novelty requires protein synthesis: evidence for a behavioral tagging.
J. Neurosci. 27, 7476-7481. doi: 10.1523/JNEUROSCI.1083-07.2007

Mouly, A. M., Gervais, R., and Holley, A. (1990). Evidence for the involvement
of rat olfactory bulb in processes supporting long-term olfactory memory. Eur.
J. Neurosci. 2, 978-984.

Miiller, G., and Pilzecker, A. (1900). Experimentelle beitrigesur Lehre vom
geddchtnis. Z. Psychol. Erginzungsband 1, 1-300.

Nader, K., and Hardt, O. (2009). A single standard for memory: the case for
reconsolidation. Nat. Rev. Neurosci. 10, 224-234. doi: 10.1038/nrn2590

Nader, K., Schafe, G. E., and Le Doux, J. E. (2000). Fear memories require
protein synthesis in the amygdala for reconsolidation after retrieval. Nature
406, 722-726. doi: 10.1038/35021052

Overton, D. A. (1964). State dependent or “dissociated” learning produced with
pentobarbital. J. Comp. Physiol. Psychol. 57, 3-12.

Parent, M. B., and McGaugh, J. L. (1994). Posttraining infusion of lidocaine into
the amygdala basolateral complex impairs retention of inhibitory avoidance
training. Brain Res. 661, 97-103. doi: 10.1016/0006-8993(94)91186-X

Przybyslawski, J., and Sara, S. J. (1997). Reconsolidation of memory after
its reactivation. Behav. Brain Res. 84, 241-246. doi: 10.1016/S0166-
4328(96)00153-2

Queenan, B. N, Ryan, T. J., Gazzaniga, M. S., and Gallistel, C. R. (2017). On the
research of time past: the hunt for the substrate of memory. Ann. N'Y Acad. Sci.
1396, 108-125. doi: 10.1111/nyas.13348

Radulovig, J., Jovasevic, V., and Meyer, M. A. (2017). Neurobiological mechanisms
of state-dependent learning. Curr. Opin. Neurobiol. 45, 92-98. doi: 10.1016/j.
conb.2017.05.013

Radulovic, J., Lee, R, and Ortony, A. (2018). State-dependent memory:
neurobiological advances and prospects for translation to dissociative amnesia.
Front. Behav. Neurosci. 12:259. doi: 10.3389/fnbeh.2018.00259

Rashid, A.J., Yan, C., Mercaldo, V., Hsiang, H.-L., Park, S., Cole, C. ., et al. (2016).
Competition between engrams influences fear memory formation and recall.
Science 353, 383-387.

Frontiers in Systems Neuroscience | www.frontiersin.org

January 2019 | Volume 12 | Article 71


https://doi.org/10.5406/amerjpsyc.125.1.0071
https://doi.org/10.1146/annurev.psych.093008.100455
https://doi.org/10.1146/annurev.psych.093008.100455
https://doi.org/10.1101/lm.1267409
https://doi.org/10.1101/lm.1267409
https://doi.org/10.1073/pnas.1601440113
https://doi.org/10.1073/pnas.1601440113
https://doi.org/10.1101/lm.365707
https://doi.org/10.1016/j.neulet.2011.01.056
https://doi.org/10.1016/j.neulet.2011.01.056
https://doi.org/10.1101/lm.045047.117
https://doi.org/10.1038/nn.2205
https://doi.org/10.1126/science.1095760
https://doi.org/10.1016/j.tics.2017.04.006
https://doi.org/10.1016/j.tics.2017.04.006
https://doi.org/10.1016/j.neulet.2014.05.029
https://doi.org/10.1080/09658211.2017.1300667
https://doi.org/10.1101/lm.94705
https://doi.org/10.1146/annurev.clinpsy.2.022305.095315
https://doi.org/10.1016/j.neuint.2012.11.010
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1111/j.1528-1167.2007.01396.x
https://doi.org/10.1016/0023-9690(89)90013-1
https://doi.org/10.1038/35044578
https://doi.org/10.1016/0031-9384(71)90031-X
https://doi.org/10.1016/0031-9384(71)90031-X
https://doi.org/10.1016/0031-9384(72)90089-3
https://doi.org/10.1016/S2215-0366(18)30135-4
https://doi.org/10.1016/S2215-0366(18)30135-4
https://doi.org/10.1523/JNEUROSCI.1083-07.2007
https://doi.org/10.1038/nrn2590
https://doi.org/10.1038/35021052
https://doi.org/10.1016/0006-8993(94)91186-X
https://doi.org/10.1016/S0166-4328(96)00153-2
https://doi.org/10.1016/S0166-4328(96)00153-2
https://doi.org/10.1111/nyas.13348
https://doi.org/10.1016/j.conb.2017.05.013
https://doi.org/10.1016/j.conb.2017.05.013
https://doi.org/10.3389/fnbeh.2018.00259
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Gisquet-Verrier and Riccio

Memory Integration

Redondo, R. L., and Morris, R. G. M. (2011). Making memories last: the
synaptic tagging and capture hypothesis. Nat. Rev. Neurosci. 12, 17-30.
doi: 10.1038/nrn2963

Reid, I. C,, and Stewart, C. A. (1997). Seizures, memory and synaptic plasticity.
Seizure 6, 351-359.

Richardson, R., Williams, C., and Riccio, D. C. (1984). Stimulus generalization of
conditioned taste aversion in rats. Behav. Neural. Biol. 41, 41-53.

Robbins, M. J., and Meyer, D. R. (1970). Motivational control of retrograde
amnesia. J. Exp. Psychol. 84, 220-225. doi: 10.1037/h0035939

Rossato, J. I, Kéhler, C. A., Radiske, A., Lima, R. H., Bevilaqua, L. R. M., and
Cammarota, M. (2015). State-dependent effect of dopamine D1/D5 receptors
inactivation on memory destabilization and reconsolidation. Behav. Brain Res.
285, 194-199. doi: 10.1016/j.bbr.2014.09.009

Ryan, T. J, and Tonegawa, S. (2016). Rehebbilitating Memory.
Neuropsychopharmacology 41, 370-371. doi: 10.1038/npp.2015.264

Ryan, T.J., Roy, D. S., Pignatelli, M., Arons, A., and Tonegawa, S. (2015). Engram
cells retain memory under retrograde amnesia. Science 348, 1007-1013.
doi: 10.1126/science.aaa5542

Sara, S. J. (2000). Retrieval and reconsolidation: toward a neurobiology of
remembering. Learn. Mem. 7, 73-84. doi: 10.1101/lm.7.2.73

Scully, I. D., Napper, L. E.,, and Hupbach, A. (2017). Does reactivation trigger
episodic memory change? A meta-analysis. Neurobiol. Learn. Mem. 142,
99-107. doi: 10.1016/j.nlm.2016.12.012

Shors, T. J., and Matzel, L. D. (1997). Long-term potentiation: what’s learning
got to do with it? Behav. Brain Sci. 20, 597-614; discussion 614-655.
doi: 10.1017/50140525x97001593

Sierra, R. O., Cassini, L. F., Santana, F., Crestani, A. P., Duran, J. M., Haubrich, J.,
et al. (2013). Reconsolidation may incorporate state-dependency into
previously consolidated memories. Learn. Mem. 20, 379-387. doi: 10.1101/lm.
030023.112

Soeter, M., and Kindt, M. (2010). Dissociating response systems: Erasing fear from
memory. Neurobiol. Learn. Mem. 94, 30-41. doi: 10.1016/j.nlm.2010.03.004

Squire, L. R., and Barondes, S. H. (1972). Variable decay of memory and its
recovery in cycloheximide-treated mice. Proc. Natl. Acad. Sci. U S A 69,
1416-1420.

Stark, C. E. L., Okado, Y., and Loftus, E. F. (2010). Imaging the reconstruction
of true and false memories using sensory reactivation and the misinformation
paradigms. Learn. Mem. 17, 485-488. doi: 10.1101/lm.1845710

Stewart, C. A., and Reid, I. C. (1994). Ketamine prevents ECS-induced
synaptic enhancement in rat hippocampus. Neurosci. Lett. 178, 11-14.
doi: 10.1016/0304-3940(94)90277-1

Sturt, J., Ali, S., Robertson, W., Metcalfe, D., Grove, A., Bourne, C., et al. (2012).
Neurolinguistic programming: a systematic review of the effects on health
outcomes. Br. . Gen. Pract. 62, e757-e764. doi: 10.3399/bjgp12X658287

Takeuchi, T., Duszkiewicz, A. J., and Morris, R. G. M. (2013). The synaptic
plasticity and memory hypothesis: encoding, storage and persistence.
Philos. Trans. R. Soc. B Biol. Sci. 369:20130288. doi: 10.1098/rstb.20
13.0288

ter Horst, J. P., de Kloet, E. R, Schichinger, H., and Oitzl, M. S. (2012). Relevance
of stress and female sex hormones for emotion and cognition. Cell. Mol.
Neurobiol. 32,725-735. doi: 10.1007/s10571-011-9774-2

Thompson, C. I., and Neely, J. E. (1970). Dissociated learning in rats produced
by electroconvulsive shock. Physiol. Behav. 5, 783-786. doi: 10.1016/0031-
9384(70)90279-9

Toledano, D., and Gisquet-Verrier, P. (2014). Only susceptible rats exposed to a
model of PTSD exhibit reactivity to trauma-related cues and other symptoms:
An effect abolished by a single amphetamine injection. Behav. Brain Res. 272,
165-174. doi: 10.1016/j.bbr.2014.06.039

Tonegawa, S., Morrissey, M. D., and Kitamura, T. (2018). The role of engram
cells in the systems consolidation of memory. Nat. Rev. Neurosci. 19, 485-498.
doi: 10.1038/541583-018-0031-2

Trifilieff, P., Herry, C., Vanhoutte, P., Caboche, J., Desmedt, A., Riedel, G.,
et al. (2006). Foreground contextual fear memory consolidation requires two
independent phases of hippocampal ERK/CREB activation. Learn. Mem. 13,
349-358. doi: 10.1101/Im.80206

Tronson, N. C., and Taylor, J. R. (2007). Molecular mechanisms of memory
reconsolidation. Nat. Rev. Neurosci. 8, 262-275. doi: 10.1038/nrn2090

Tronson, N. C., Wiseman, S. L., Olausson, P., and Taylor, J. R. (2006). Bidirectional
behavioral plasticity of memory reconsolidation depends on amygdalar protein
kinase A. Nat. Neurosci. 9, 167-169. doi: 10.1038/nn1628

Tyrer, P., and Lader, M. (1972). Beta-adrenergic-receptor blockade in
the treatment of anxiety. Lancet 2:542. doi: 10.1016/S0140-6736(72)
91939-3

Walker, M. P., Brakefield, T., Allan Hobson, J., and Stickgold, R. (2003).
Dissociable stages of human memory consolidation and reconsolidation.
Nature 425, 616-620. doi: 10.1038/nature01930

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Gisquet-Verrier and Riccio. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

11

January 2019 | Volume 12 | Article 71


https://doi.org/10.1038/nrn2963
https://doi.org/10.1037/h0035939
https://doi.org/10.1016/j.bbr.2014.09.009
https://doi.org/10.1038/npp.2015.264
https://doi.org/10.1126/science.aaa5542
https://doi.org/10.1101/lm.7.2.73
https://doi.org/10.1016/j.nlm.2016.12.012
https://doi.org/10.1017/s0140525x97001593
https://doi.org/10.1101/lm.030023.112
https://doi.org/10.1101/lm.030023.112
https://doi.org/10.1016/j.nlm.2010.03.004
https://doi.org/10.1101/lm.1845710
https://doi.org/10.1016/0304-3940(94)90277-1
https://doi.org/10.3399/bjgp12X658287
https://doi.org/10.1098/rstb.2013.0288
https://doi.org/10.1098/rstb.2013.0288
https://doi.org/10.1007/s10571-011-9774-2
https://doi.org/10.1016/0031-9384(70)90279-9
https://doi.org/10.1016/0031-9384(70)90279-9
https://doi.org/10.1016/j.bbr.2014.06.039
https://doi.org/10.1038/s41583-018-0031-2
https://doi.org/10.1101/lm.80206
https://doi.org/10.1038/nrn2090
https://doi.org/10.1038/nn1628
https://doi.org/10.1016/S0140-6736(72)91939-3
https://doi.org/10.1016/S0140-6736(72)91939-3
https://doi.org/10.1038/nature01930
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

	Memory Integration as a Challenge to the Consolidation/Reconsolidation Hypothesis: Similarities, Differences and Perspectives
	THE CONSOLIDATION HYPOTHESIS
	Original Findings and Interpretation
	An Alternative Interpretation
	Current Views on the Consolidation Hypothesis

	STATE DEPENDENCY TO EXPLAIN RETROGRADE AMNESIA
	How State Dependency Can Explain Delayed Onset of Retrograde Amnesia
	How State Dependency Can Explain Recovery of Amnesia
	Relationship of Certain Training Conditions to State Dependency

	THE CONCEPT OF MEMORY INTEGRATION
	Memory Integration: The Concept
	Case of Facilitative Treatments
	Memory Interference
	Boundary Conditions

	INTEGRATION VS. CONSOLIDATION: WHAT CHANGES?
	Malleability of Active Memory
	Processing of New Information
	Memory Is Not Erased but Can Be Modified
	Do Memories Require New Protein Synthesis?
	Neuronal Networks May Not Constitute the Support of Memory Traces
	Memories Are Rapidly Formed and Can Be Rapidly Modified
	State at the Time of Testing Determines Retrieval
	Memory Integration for New Therapeutic Approaches
	State Dependency
	Emotional Remodeling


	CONSEQUENCES AND PERSPECTIVE
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


