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A B S T R A C T   

For more than 50 years, knowledge of memory processes has been based on the consolidation hypothesis, which 
postulates that new memories require time to become stabilized. Two forms of the consolidation model exist. The 
Cellular Consolidation concept is based upon retrograde amnesia induced by amnesic treatments, the severity of 
which decreases as the learning to treatment increases over minutes or hours. In contrast, The Systems 
Consolidation model is based on post-training hippocampal lesions, which produce more severe retrograde 
amnesia when induced after days than after weeks. Except for the temporal parameters, Cellular and Systems 
Consolidation show many similarities. Here we propose that Systems consolidation, much as Cellular Consoli-
dation (see Gisquet- Verrier and Riccio, 2018), can be explained in terms of a form of state-dependency. 
Accordingly, lesions of the hippocampus induce a change in the internal state of the animal, which disrupts 
retrieval processes. But the effect of contextual change is known to decrease with the length of the retention 
intervals, consistent with time-dependent retrograde amnesia. We provide evidence supporting this new view.   

Foreword 

To make progress in science, reconsideration of old schemes is often 
necessary. This process has frequently occurred since the controversy 
about the nature of physics between Aristotle and Galileo. The present 
analysis continues that tradition. For more than 50 years, memory 
research has been centered around the consolidation hypothesis postu-
lating that memory requires time-consuming storage processes. Begin-
ning as a simple hypothesis, the consolidation view became increasingly 
accepted over time, incorporating more and more sophisticated and 
complex processes involving molecular cascades, new proteins, genes, 
and replays during sleep, among other features. Furthermore, two 
different time scales of consolidation became recognized. We propose 
that it is time to reconsider the reality of these hypothetical consolida-
tion processes, which are based on a basic experimental paradigm 
leading to temporally graded retrograde amnesias. Consolidation was a 
reasonable way to account for the results obtained, but there are other 
explanations, which have been largely neglected and which need to be 
reconsidered because they may open a new area for future research on 
memory. Accordingly, it seems important and timely to consider these 
possibilities. 

1. General framework 

Consolidation is a generic term used to describe time dependent 
processes aimed at establishing memory in a more permanent form. Two 
types of consolidation, based on two different time scales, have been 
considered in the field of memory. 

The original memory consolidation model is based upon an idea 
originally formulated by the German psychologists, Müller and Pilzecker 
(Müller and Pilzecker, 1900), who found that memory of newly learned 
information was disrupted by the learning of other information shortly 
after the original learning. This outcome led them to suggest that pro-
cesses underlying new memories initially persist in a fragile state and 
consolidate over time 

Consolidation was first used to describe encoding processes taking 
place at the time of an event. This concept was taken up and broadly 
developed in the 1960’s using experimental studies conducted on ani-
mal models and based on the same experimental paradigm. The general 
scheme was to deliver a treatment, severe enough to disrupt the normal 
brain functioning (drug, electroconvulsive shocks, hypercapnia…), after 
various time intervals following initial training. All these studies led to 
similar results indicating that the sooner the treatments were delivered 
after learning, the greater the retention deficit seen in performance (see 
Fig. 1). These time-dependent retrograde amnesias have been confirmed 
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in a number of different species and after a large variety of training 
experiences and treatments. The dominant explanation proposed that 
newly acquired information is initially in a labile state where it is sus-
ceptible to disruption, but over time is gradually transformed to a more 
permanent state that is more resistant to amnesic treatments and can 
persist indefinitely (for review, see McGaugh, 2000). The consolidation 
hypothesis refers to this time-dependent process, occurring within the 
first few hours after learning, to form long-term memories (McGaugh, 
1966). Based on these experimental studies, the duration of the 
consolidation process has been considered to take place over a period of 
several minutes to several hours, depending on the parameters of 
training and of the experimental treatment. This consolidation process, 
which postulated local plastic changes lasting from minutes to hours and 
involving new protein synthesis in the recruited neuronal network to re- 
structure synaptic connections,1 has been termed Cellular (or Synaptic) 
Consolidation (Lee, 2009; Hardt et al., 2010; Dudai et al., 2015; for more 
details Gisquet-Verrier and Riccio, 2018, 2019b) 

In 1990, based on a series of experiments initiated by Zola-Morgan 
and Squire (Zola-Morgan and Squire, 1990) showing that hippocampal 
lesions, performed on monkeys after varying time-intervals following 
training, impaired recent but spared remote memories, another type of 
consolidation was proposed. Unlike synaptic consolidation, the tempo-
ral intervals were in the order of days rather than minutes or hours. 
These results have been related to repeated clinical evidence indicating 
that in humans, cerebral trauma induces loss of recent memory but 
preserves remote memory, as reported early on by Ribot (Ribot, 1882). 

The former results have been extensively replicated with a number of 
different species and lesion procedures (e.g. Squire et al., 2001; Squire 
and Wixted, 2011; Wiltgen and Tanaka, 2013), which reliably showed 
that the sooner the lesions were delivered after learning, the greater the 
performance retention deficit (see Fig. 1). Various types of tasks have 
been used, such as the contextual fear response, socially transmitted 

food preferences and trace eyeblink conditioning (Kim and Fanselow, 
1992; Kim et al., 1995; Anagnostaras et al., 1999; Winocur et al., 2001, 
2009; Clark et al., 2002; Debiec et al., 2002; Ross and Eichenbaum, 
2006; Wiltgen and Silva, 2007; Quinn et al., 2008). In these experiments 
hippocampal lesions induce a time-dependent retrograde amnesia 
extending from a few days (Winocur, 1990) to several weeks (Cho et al., 
1993), clearly over a much longer time period than seen in Cellular 
Consolidation. The dominant explanation has been to consider that since 
the hippocampus is thought to play a time-limited role in memory, a 
long-term reorganization of the memory was required for its definite 
stabilization. This gave rise to the idea of a second type of consolidation, 
known as the standard model of Systems Consolidation, which is 
considered to extend over a period of time running from days to weeks, 
and even years (Frankland and Bontempi, 2005; Winocur et al., 2010; 
Squire et al., 2015). According to that view, retrieval of long-term 
memories is initially dependent on the hippocampus, but with time 
acquires a progressive independence from the hippocampus and its 
adjacent cortices to the benefit of the neocortical areas, presumed to 
store long-term memories (McClelland et al., 1995; Squire and Alvarez, 
1995; Squire et al., 2001; Squire, 2004; Wiltgen et al., 2004; Frankland 
and Bontempi, 2005). It must be emphasized that although both types of 
consolidations are usually treated in separate studies, and frequently by 
different authors, they are considered as part of one continuous and 
dynamic process, leading to a final establishment of memory. 

2. The issue 

Interestingly, despite their main difference concerning the time scale 
(minutes to hours versus days to weeks), the two forms of consolidation 
present a number of similarities:  

- Both are based on experimental studies in animals, which have been 

related to observations in humans. (Müller and Pilzecker, 1900; 
Ribot, 1882). 

- Both rely principally on a set of experiments using the same exper-
imental procedure: delivering treatments after different time delays 
following a training episode. 

Fig. 1. Left part: Cellular Consolidation: Experimental paradigm using inhibitory avoidance, typically used in Cellular Consolidation studies (inspired by Madsen 
and McGaugh (1961): A- Control rats refrain from returning to the shocked area unlike rats with amnesia that re-enter the area. B- Amnesic treatments (A) are 
delivered after varying time intervals following training and the retention performance is observed after a fixed training to test interval (generally 24 or 48 h). C- 
Amnesia is strongest when the treatment is delivered immediately after training and progressively decreases, over a period of min to 1 to 2 h, when the delay between 
training and treatment increases, leading to a time dependent retrograde amnesia. 
Right part: Systems Consolidation: Experimental paradigm using socially transmitted food preference, typically used in Systems Consolidation (based on Winocur, 
1990): A- a demonstrator rat samples a particular food before interacting with a naïve rat, which then acquires a preference for the food that persists at a declining 
rate over several days. B- Hippocampal lesions (L) are performed after varying intervals following training (0–10 days). All groups are tested 15 days after the lesions 
(ie 17–25 days after training). C- Amnesia is strongest when the lesion is performed shortly after training and progressively decreases, over a period of days to weeks, 
when the delay between training and lesion increases. As described more completely in the caption for Fig. 2, this time dependent retrograde amnesia is typical in 
Systems Consolidation studies. 

1 More recently, the fact that time-dependent retrograde amnesia can also be 
obtained when treatments are delivered in similar conditions after the reac-
tivation of an old memory, has led to the proposal that a similar type of process, 
termed reconsolidation, will render a memory, previously stored and estab-
lished, susceptible to disruption again (Misanin et al., 1968; Mactutus et al., 
1979; Nader et al., 2000; Sara, 2000; Riccio et al., 2006; Sara and Hars, 2006). 
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- Both are based on data indicating temporally graded retrograde 
amnesia, with strong disruptive effects of treatments delivered 
shortly after training and no effect for those delivered long after.  

- Both propose to explain these gradients by the disruption of time 
dependent processes necessary to gradually transform a memory 
from an initial state to a more permanent state.  

- Both propose to explain the performance disruption as due to a 
permanent memory loss. 

Interestingly, there is another similarity which has not previously 
been noted: in both cases, animals are in a different internal state during 
training and testing. In the Cellular Consolidation studies, mismatched 
states come from the amnesic treatment delivered in temporal proximity 
to the training episode, but absent at the time of testing. In the case of 
the Systems Consolidation, animals learn the task with an intact hip-
pocampal formation, but are tested with an altered structure. 

We recently showed that temporally graded retrograde amnesia 
could be reinterpreted as being due to a particular form of state de-
pendency induced by the post training treatments and proposed a 
challenge to the Cellular Consolidation hypothesis (Gisquet-Verrier and 
Riccio, 2018, 2019b). In the present paper we investigate the possibility 
of interpreting the results supporting Systems Consolidation as being 
due to a type of state dependency resulting from post-training hippo-
campal lesions, and propose a number of consequences generated by this 
new view. 

3. Systems consolidation and state dependency 

As previously mentioned, all the studies investigating retrograde 
amnesia after hippocampal lesions typically follow the same experi-
mental procedure (see Fig. 2). Animals are trained in a task and lesioned 
after various time intervals ranging from a few hours to a few days for 
the shortest time interval and from several days to weeks for the longest 
one. Animals are all tested after a fixed time interval following the lesion 
(generally 7–14 days). The resulting temporally graded retrograde am-
nesias are interpreted as indicating that the hippocampal formation is 
necessary for successful retrieval only during the first few days (0–2/5 
days in Fig. 1), and that memory retrieval becomes progressively inde-
pendent of the hippocampus integrity for longer periods of time (after 5/ 
10 days, in Fig. 1). In all the studies supporting the Systems Consoli-
dation hypothesis, the training to lesion interval is the only variable 
considered, but as illustrated in Fig. 2 another parameter also differs 
among groups: the training to test interval (here ranging from 10 to 20 
days), introducing large differences with respect to the age of the 
memory. In addition, and more importantly, another essential factor, the 
state of the animal, is not considered in the experimental scheme sup-
porting the Systems Consolidation. Since in these experiments animals 

learn with a functional hippocampus but are tested without it (see 
Fig. 2), the internal state of the animals differs substantially between 
post-training and testing. The mismatch in state induced by the post 
training hippocampal lesion can be viewed as a contextual change be-
tween training and testing. The effects of contextual change on the 
retention performance are well documented in the literature (see Riccio 
et al., 1984; Spear and Riccio, 1994). Numerous evidence indicates that 
when the retention test occurs relatively shortly after training, the dif-
ference between the training and testing is easily perceived and largely 
disrupt the retention performance, but long after training, the same 
contextual change has no longer any effect. It is generally considered 
that the transient performance disruption is due to difficulty to retrieve 
the initial information since a pretest exposure to a retrieval cue can 
abolish the disruptive effect (e.g. Zhou and Riccio, 1994). As a conse-
quence, the disruption is maximal for the shortest training-to-test in-
terval (TTI), and progressively decreases over time as the contextual 
change effect progressively weakens, inducing a temporally graded 
performance disruption. We propose that hippocampal lesions modify 
the animal’s internal state producing a particular case of contextual 
change, close to a state dependency. Accordingly, animals learning with 
an hippocampus are unable to retrieve correctly the information when 
tested without their hippocampus. However, as for contextual change, 
the effects of the lesion dramatically affect the performance for events 
experienced shortly before hippocampal lesions, but not for those 
occurring long before the lesion, because at that time, the state differ-
ence no longer affects the retention performance. The aim of the present 
paper is thus to consider the possibility that the temporally graded 
retrograde amnesia resulting from hippocampal lesions could be due to 
retrieval difficulties originating from the modification of the animal-
s’internal state. 

4. State dependent memory 

State dependency is an old concept, largely ignored with respect to 
amnesia for many years but recently resurrected and rejuvenated 
(Radulovic et al., 2017; Gisquet-Verrier and Riccio, 2018). The effect of 
changes in internal state on memory was first illustrated in an early 
study, performed by Girden and Culler (Girden and Culler, 1937), who 
found that when an isolated muscle was conditioned in dogs under 
curare the learning appeared to be absent if testing was given in the 
absence of the drug state. However, the conditioning became evident 
again if curare was reintroduced at testing. This finding was subse-
quently referred to as state dependent learning (or more accurately, 
state dependent memory, reflecting the nature of the test). Given the 
rather unusual nature of that preparation, the first demonstration of 
state dependent effects in a paradigm with substantial generality came 
from a study by Overton (Overton, 1964. See Fig. 3A). Rats were trained 

Fig. 2. A- According to the Systems Consoli-
dation hypothesis, the delay between training 
and lesion (from a few hours to several days) is 
the only factor to be considered. The state of the 
animal during training and testing as well as the 
length after which testing occurred are not 
considered. 
B- The State dependency hypothesis draws 
attention to the state of the animal which 
differed between training (full square) and 
testing (empty square) due to the hippocampal 
lesions, as well as the training-to-test interval 
(TTI varying from 10 to 20 days in this 
example). In that case, the training-to-lesion 
interval is not a critical factor except that it 
determines the length of the TTI.   
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to escape mild shock by choosing the correct goal in a T-maze while 
either lightly drugged, or not, with pentobarbital. Testing the following 
days was under either the same condition as training or the opposite, 
creating a classic 2 × 2 design. Retention was seen only when the rats 
were tested in the same state, i.e. internal context (drug or no drug) 
present at training. The performance disruption was obtained when the 
treatment was delivered either before training or before testing, creating 
a mismatch between the two conditions. Thus, the performance 
disruption is not due to the drug per se but to the differences between the 
states at training and testing. The drug induced state dependency has 
now been replicated in hundreds of studies using different drugs, tasks, 
and parameters (for review see Overton, 1982). Importantly, state de-
pendency is not limited to internal stimuli but is a special case of a more 
general process involving contextual cues, including external as well as 
internal cues i.e., the « context shift effect » (for reviews, see Riccio et al., 
1984; Spear and Riccio, 1994), reflecting retrieval difficulties. 

As previously noted, an important point is the critical evidence that 
the disruption of the retention performance due a contextual shift is 
maximal shortly after initial training but then decreases progressively 
over periods of days/weeks (See Fig. 3B). Thus, performance is impaired 
when testing occurs in a different context shortly after learning (e.g., one 
day), but shows little or no impairment after a long delay (e.g., one 
week). Such a phenomenon has since been largely documented in 
various experimental situations, although the delay after which context 
change may no longer affect performance varies with numerous pa-
rameters such as type of “state”, type of treatments, conditioning, spe-
cies, strength of training (Perkins and Weyant, 1958; Hinderliter et al., 
1975; Gisquet-Verrier and Alexinsky, 1986; MacArdy and Riccio, 1991; 
Zhou and Riccio, 1995; Biedenkapp and Rudy, 2007; Wiltgen and Silva, 
2007; Ruediger et al., 2011). In all, these studies demonstrate that the 
learned response itself (what to do) is not forgotten but the place in 
which to make the response (where to do it) progressively loses its 
control over the retention performance (Gisquet-Verrier et al., 1989; 
Spear and Riccio, 1994; Jasnow et al., 2012). Interestingly, it must be 
noted that state dependency induced by drugs follows the same time 

course, inducing a strong performance disruption of memories which 
becomes weaker as the retention interval increases (MacArdy and Ric-
cio, 1991). As emphasized by Radulovic et al. (2017), “state” must be 
considered as a largely non-specific terminology, involving various 
components, including such factors as drug treatments, emotion, mood, 
and background cues. Accordingly, changes due to brain lesions per-
formed between training and testing are also good candidates to induce 
a context shift effect. In the experiments supporting the Systems 
Consolidation, animals learn in a normal state and are tested in an 
altered state. Lesions can thus be considered as an important contextual 
change. Consistent with that possibility, a strong disruption of perfor-
mance at a relatively short training to test interval that then decreases as 
the time until testing increases, i.e. a temporally graded performance 
disruption, should be expected, a result which has been frequently 
reported. 

5. Findings from the literature 

Here, we propose that post training hippocampal lesions induce a 
contextual change between training and testing, responsible for the 
resulting temporally graded retrograde amnesia. This view leads to 
several implications which will be addressed through an examination of 
the literature. 

5.1. Disruptive effects should be obtained after post- but not pretraining 
lesions 

According to our view, for tasks not known to critically depend on 
the integrity of the hippocampus, disruption obtained with post-training 
lesions should not happen with pretraining lesions when animals are 
trained and tested in the same state, i.e. without a fully functional hip-
pocampus. For instance, using a socially transmitted food preference 
task, Winocur showed that rats with lesions made to the dorsal hippo-
campus two weeks before the task acquired the preference normally, 
and were able to retain the specific information for relatively brief pe-
riods of time (up to one day; Winocur, 1990). In contrast, when 
administered shortly after learning (0–2 days), hippocampal lesions 
abolished memory for the food preference. Similarly, with contextual 
fear conditioning, Maren and collaborators repeatedly reported that 
pre-training lesions (1 week) induce less substantial deficits than 
post-training lesions (1 day ; Maren and Fanselow, 1997; Maren et al., 
1998). Similar findings have been reported for contextual fear (Cho 
et al., 1998; Frankland et al., 1998; Gerlai, 1998), as well as for a simple 
discrimination learning task (Epp et al., 2008). With respect to contex-
tual fear conditioning Maren and Fanselow (1997) showed that, con-
trary to electrolytic lesions, neurotoxic lesions of the dorsal 
hippocampus did not affect contextual freezing when delivered before 
conditioning. However, the same lesions induced a temporally graded 
retrograde amnesia with a disruption of freezing for lesions delivered 
after 1 or 28 days, but not after 100 days. Thus, results provided by the 
literature are clear and reliable: animals without a functional hippo-
campus are able to learn and to retain some training information, but are 
clearly disrupted when the lesion is administered after the acquisition of 
the same tasks 

Explanations based on alternate solutions to contextual in-
terpretations have been proposed to explain the discrepancy between 
pre- and post-training hippocampal lesions (Maren and Fanselow, 1997; 
Frankland et al., 1998; Maren et al., 1998; Anagnostaras et al., 2001). 
For instance, the use of compensatory brain circuits that could circum-
vent the loss of the brain structure has also been proposed (for discus-
sion, see Fanselow, 2010). Neverthless, the fact that more disruption is 
obtained after post- than pre- training lesions suggests that being trained 
and tested without a functional hippocampus is less disruptive than 
being trained with an hippocampus and tested without it, fits nicely with 
a state dependent interpretation. 

Fig. 3. A- State dependency: Experimental design used by Overton (1964). Rats 
were trained under drug (D) or no drug (0) to escape from shock in a T maze 
and were tested either in the same or different state. Rats performed well in the 
state in which training had been given but performed almost randomly in the 
other state. 
B- Contextual dependency induces strong performance disruptions when 
occurring after short training-to test intervals (TTI) but weaken when TTIs in-
creases, mimicking temporally graded retrograde amnesia. 
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5.2. Tasks requiring the integrity of the hippocampus should lead to flat 
gradients 

For tasks requiring an intact dorsal hippocampus to be acquired, such 
as allocentric spatial tasks, continuous disruption of performance that is 
invariant over time for spatial navigation tasks should be obtained in 
animals with post-training hippocampal lesions. Interestingly, perma-
nent performance disruption with no time-dependent decreases of 
retrograde amnesia following hippocampal damage performed after the 
acquisition of spatial navigation tasks, has been frequently reported 
(Bolhuis et al., 1994; Mumby et al., 1999; Riedel et al., 1999; Sutherland 
et al., 2001; Clark et al., 2005; Martin et al., 2005; Winocur et al., 2005; 
Broadbent et al., 2006; Kubie et al., 2013). These results, which are not 
explained by the Systems Consolidation, have been the starting point of 
alternative positions such as the multiple trace theory (Nadel and 
Moscovitch, 1997; see below). Interestingly, permanent performance 
disruption with no temporal gradient for retrograde amnesia has also 
been reported after lesions concerning another brain structure, the 
amygdala (Maren et al., 1996). In that case, amnesia was obtained when 
animals were trained to contextual and tone fear conditioning. This 
finding emphasizes that when a structure is required to express the 
retention performance, such as fear with respect to the amygdala or 
spatial abilities for the hippocampus, the disruption is not due to a form 
of state dependency and there is no possibility of recovery. 

5.3. Temporally graded RA should also be obtained for tasks not known 
to require the integrity of the hippocampus 

The hippocampus is an important structure, which, even when not 
essential, participates in most cognitive abilities. If temporally graded 
retrograde amnesia results from a state dependent effect, which disrupts 
retrieval processes, retrograde amnesia should be obtained with various 
tasks including those which are not known to be affected by lesions of 
the hippocampus. This is the case for simple discrimination learning 
(Sutherland et al., 1989; Whishaw and Tomie, 1991; Alvarado and Rudy, 
1995), as well as for visual discrimination tasks (Sara, 1981; Ross et al., 
1984; Sutherland et al., 2001; Driscoll et al., 2004; Epp et al., 2008). 
However, for each of these tasks, temporally graded retrograde amnesias 
have been reported following post training hippocampal lesions. In the 
same way, socially acquired food preference has been largely used to 
demonstrate the effects of post-training lesions to the hippocampal 
formation (e.g. Winocur, 1990). However, this test can be acquired 
without a functional hippocampus (Winocur et al., 2001). All these data 
have been interpreted as indicating that, although acquisition of these 
tasks does not require the integrity of the hippocampus, this structure 
may, however, play a determinant role in the retrieval of long term 
memory. Nevertheless, these data clearly show that temporally graded 
retrograde amnesias are not restricted to tasks generally affected by 
hippocampal lesions, often qualified as “contextual memory” (Sekeres 
et al., 2018a), but can also be obtained after tasks generally analyzed as 
procedural in nature. This observation, enlarging the effects of post 
training hippocampal lesions to all types of tasks, is in agreement with 
our view considering that the performance impairments result from 
retrieval difficulties due to “state” changes between training and testing. 

5.4. Temporally graded RA should not be restricted to lesions of the 
hippocampus 

If temporally graded retrograde amnesia induced by post-training 
hippocampal lesions results from state dependency, similar findings 
should be obtained with lesions of other brain areas. Since studies 
exploring retrograde amnesia due to brain lesions are performed to 
explore the Systems Consolidation, most of them used partial or com-
plete damage to the hippocampus (Sutherland et al., 2008), or dorsal 
hippocampal inactivation (Parsons and Otto, 2010). However, similar 
results have been reported after post-training lesions of related brain 

areas, such as the entorhinal cortex (Cho et al., 1993), the perirhinal 
cortex, or the fornix, when lesioned either separately or conjointly (Wiig 
et al., 1996). Temporally graded retrograde amnesia has also been re-
ported after damage to the amygdala. Liang et al. (Liang et al., 1982) 
showed that retention of an inhibitory avoidance response in rats was 
impaired when the amygdala was electrolytically lesioned 2 but not 10 
days after learning. Similar results have also been reported with 
thalamic lesions. Winocur (1990) reported that rats with dorsomedial 
thalamic lesions failed to recall an acquired food preference when le-
sions occurred shortly after training but had no effect when performed 
more than two days later. These findings have been analyzed as sug-
gesting that these brain structures (the amygdala and the thalamus), like 
the hippocampus, play a temporally limited role in memory processing 
and are not a permanent memory storage site. However, they also 
demonstrate that lesions of brain structures other than those involving 
the hippocampal formation may lead to temporally graded retrograde 
amnesia, supporting the possibility that brain lesions induce contextual 
changes. It is important to emphasize that, just as not all drugs produce 
state dependent effects, not all lesions lead to a state dependency. The 
literature reports many cases in which specific brain lesions do not 
disrupt memory. However, it seems very likely that a brain structure 
highly involved during training, or playing a determinant part in brain 
functioning, should be more likely to induce a state dependence, than 
lesions of less determinant brain structures. This seems particularly true 
for cortical lesions. This null effect was demonstrated years ago by 
Lashley (Lashley, 1950) who did not find any evidence that cortical le-
sions affected performance, regardless of the size or location of the 
lesion. The fact that memory traces are largely redundant and stored in 
widespread cortical areas could explain why their lesions could have less 
impact than lesions in a memory specialized area (Gaffan, 2002). 

5.5. Effects of hippocampal lesions should mimic effect of contextual 
changes 

If temporally graded retrograde amnesia resulting from post training 
hippocampal lesions is due to retrieval difficulties coming from changes 
between the training and testing conditions, similar gradients should be 
expected with changes others than those induced by hippocampal le-
sions, such as changes in external contextual cues. This has been 
demonstrated by Winocur, Moscovitch and Sekeres (Winocur et al., 
2007), who trained normal rats in both a food-preference and contextual 
fear conditioning task and tested their memories at short or long delays, 
in either the same training environment or a new environment (see 
Fig. 4). For both tasks a performance disruption was obtained at short 
delays, when rats were tested in the new context. By contrast, after long 
delays (8 days for food preference and 28 days for contextual fear con-
ditioning), normal rats performed well regardless of context. Such 
temporally graded retrograde amnesias obtained after a contextual 
change completely reproduced the results obtained in the same tasks 
after hippocampal lesions (Winocur, 1990). Similar results have been 
obtained in mice trained for contextual fear memory (Wiltgen and Silva, 
2007). In this latter study, a change of contextual environment between 
training and testing disrupted the retention performance up to 14 days 
following fear conditioning, but had no effect after 36 days (see also 
Wang et al., 2009). 

These experiments demonstrate that the retention of the precise 
context in which training took place progressively loses its control over 
the retention performance. More importantly for our purpose, they 
further demonstrate that a change of the initial state transiently disrupts 
the retrieval processes but this effect diminishes over a period of time. 
Hence, “classic” contextual changes concerning the environmental cues 
fully mimic the effects of post training hippocampal lesions, strength-
ening our view suggesting that these lesions could be understood as a 
form of contextual change. 
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5.6. Temporal gradients of retrograde amnesia due to post training 
hippocampal lesions should be obtained for remote memories when 
reactivated 

Memory reactivation is known to replace the memory in an active 
state close to the one prevailing at the time of training. There is some 
evidence indicating that the reactivation of a remote memory can 
reinstate its susceptibility to a contextual change (Gisquet-Verrier and 
Alexinsky, 1986; Zhou and Riccio, 1994; Briggs and Riccio, 2008). Ac-
cording to our hypothesis, the reactivation of a remote memory should 
thus re-introduce its susceptibility to hippocampal lesions. In fact, a few 
studies have demonstrated that retrograde amnesia can be obtained for 
remote memories, provided that a reminder was delivered sometime 
before the lesions. For instance, Land, Bunsey and Riccio (2000- see 
Fig. 5) showed that rats trained in a Y-maze discrimination avoidance 
task demonstrated retrograde amnesia when the lesions to the hippo-
campus were delivered 3 h after training but not when performed 30 
days later. However, when lesions performed after 30 days occurred 3 h 
after exposure to a reminder of the initial task, retrograde amnesia was 
obtained. 

In another experiment, Debiec et al. (2002) showed that 
intra-hippocampal infusions of the protein synthesis inhibitor aniso-
mycin performed 45 days after contextual fear conditioning caused 
amnesia only when animals received a reactivation session before the 
lesions. In the same way, Winocur et al. (2009) using a test of contextual 
fear conditioning, showed that a re-exposure to the fear-conditioning 
environment presented 28 days after the lesions was able to reinstate 
the vulnerability of the memory to the effects of hippocampal lesions. To 

explain these results it has been proposed that the reminder-induced 
reactivation process causes the trace to become again 
hippocampus-dependent and thus susceptible to hippocampal disrup-
tion (Hardt et al., 2009; Sara, 2000; Winocur et al., 2009). However, we 
know that the reactivation rejuvenates the memory, including its 
contextual component, rendering it susceptible again to a contextual 
change (Gisquet-Verrier and Alexinsky, 1986; Gisquet-Verrier and Ric-
cio, 2012), and thus likely susceptible again to an internal change such 
as hippocampal lesions. Similarly, reactivation has been shown to 
render the memory trace susceptible again to state dependency (Sierra 
et al., 2013). 

These data clearly show that contrary to what is generally empha-
sized, post training hippocampal lesions can also disrupt remote mem-
ories when they are previously reactivated, suggesting that memory 
representations are multiple and flexible. They further indicate that 
retrograde amnesia following hippocampal lesions is not determined by 
the age of the memory (recent vs remote) but by the activity state of 
memory (active vs non active)2 . 

5.7. Retrograde amnesia due to hippocampal lesions should be weakened 
by techniques known to reduce state dependency 

The literature indicates the performance disruption due to state de-
pendency can be weakened and even abolished in different ways:  

1 Reinstating the initial state before the retention test abolishes state 
dependency and post training hippocampal lesions. 

One way to demonstrate state-dependency in a case of performance 
disruption is to reproduce the initial state at the time of testing and 
obtain recovery of performance (see Gisquet-Verrier and Riccio, 2018). 
Obviously such a possibility cannot be investigated in the case of brain 
lesions. However, it can simply be mentioned that techniques tending to 
reduce the lesions such as grafts of fetal hippocampal cells have been 
reported to be highly effective in improving recall of simple discrimi-
nation tasks learned before lesioning (Cassel et al., 1997; Sinden et al., 
1997; Virley et al., 1999). Although not conclusive, this result may, 
however, be considered as support to the state-dependency view. An 
indirect evidence for our hypothesis comes from a study showing that 
increasing the level of neurogenesis after an contextual fear condition-
ing disrupts subsequent retrieval (Akers et al., 2014). The authors pro-
posed that neurogenesis induces forgetting or memory clearance. 
However, a state dependency hypothesis can also adequately account for 

Fig. 4. Contextual change effect (adapted from Winocur et al., 2007). Normal rats were trained in either a food-preference (A) or a contextual fear conditioning (B) 
task and tested at short or long delays in either the same (S) or a different (D) context. Note that the contextual change effect obtained in normal rats only affects the 
retention performance shortly after training, perfectly replicating the effects of hippocampal lesions performed shortly or long after training in the same tasks. 

Fig. 5. Hippocampal lesions induce retrograde amnesia for remote memory 
(adapted from Land et al., 2000). Compared to normal rats (CTRL), rats 
demonstrated strong retrograde amnesia when lesions to the hippocampus were 
performed 3 h after training (HIPP 3 h). The same lesions had no effect when 
performed after 30 days (HIPP 30d versus Sham), except when lesions occurred 
after the reactivation of the initial training (R + HIPP 30d), while the reac-
tivation in itself (R 30d) had no effect on the test performance. 

2 This point has also been well-documented for cellular consolidation (Misanin 
et al., 1968; Lewis, 1969; Alberini and LeDoux, 2013. See Gisquet-Verrier and 
Riccio, 2018, 2019b). 
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the performance disruption because of differences in the hippocampus 
between training and testing (see Josselyn and Frankland (2012) for a 
similar interpretation concerning infantile amnesia).  

2 Reminder cue delivered just before the retention test reduces state 
dependency and post training hippocampal lesions. 

Delivering a pretest exposure to a reminder cue just before the 
retention test is able to abolish various sources of retrieval difficulties 
including those resulting from state dependency (Gisquet-Verrier et al., 
2015; Radulovic et al., 2017). In one study, Land and colleagues (2000) 
trained rats in a brightness discrimination avoidance task in a Y maze 
and showed that hippocampal lesions delivered within 3 h following 
training produced strong retrograde amnesia. 

However, when these lesioned rats were exposed to noncontingent 
footshocks delivered in a different room before testing, they performed 
significantly better than non-reminded rats, and no longer differed from 
control non lesioned animals (see Fig. 6). It must be noted that rats 
trained in a spatial task, requiring the hippocampus to be performed, 
cannot benefit from reminder exposures (Martin et al., 2005), demon-
strating that reminders are only effective in cases of performance 
disruption resulting from retrieval difficulties. In a more recent study, 
recently acquired fear memory in a mouse was disrupted by a contextual 
change (Liu et al., 2012). The authors showed that reactivating the 
hippocampal engram by optogenetic stimulation of hippocampal cells 
engaged during memory encoding can trigger memory expression. This 
experiment suggests that the optogenetic stimulation plays the same role 
as reminders thought to activate a part of the neuronal cell pattern 
involved during initial training, thus allowing memory retrieval. In the 
case of contextual change, the external/internal cues are unable to 
trigger the reactivation of the brain pattern. The optogenetic stimulation 
by directly activating the brain pattern, bypasses this first step and al-
lows memory retrieval, despite a contextual change. 

Interestingly, exposure to salient reminder cues in humans has also 
been shown to possibly reverse retrograde amnesia (but not anterograde 
amnesia) due to brain lesions (left internal capsule and thalamus; Luc-
chelli et al., 1995). 

These studies clearly demonstrate that reminders delivered before 

testing are able to abolish the performance disruption induced by post 
training lesions. This result indicates that hippocampal lesions do not 
destroy the memory but prevent its retrieval, supporting our view that 
the disruptive effects result from retrieval difficulties.  

3 Pre-exposures to the training context can prevent state dependency 
and post training hippocampal lesions. 

The literature provides evidence indicating that state dependency 
can be avoided by providing pre-exposure to the training context (see 
Gisquet-Verrier and Riccio, 2018). For example,pre-exposure to the 
training apparatus (familiarization) prevented ECS induced retrograde 
amnesia (Lewis et al., 1968) Other studies have extended the 
pre-exposure effect to include the prevention of amnesia by repeated 
exposures to the amnestic agent (Hinderliter and Riccio, 1977) and to 
reduction of drug induced state dependency by prior injections of the 
drug (Ahlers et al., 1991). In the same way, context pre-exposure has 
been shown to be effective to protect rats from the amnesia due to 
hippocampal lesions in a contextual fear conditioning (Young et al., 
1994).  

4 Strong training episodes reduce state dependency and post training 
hippocampal lesions. 

Strong training episodes are known to protect from state dependency 
as well as from contextual changes (see Gisquet-Verrier and Riccio, 
2018). There is some evidence that similar effects are also observed for 
post training hippocampal lesions. For example, it is well accepted that 
contextual fear induces weaker memories than tone-fear conditioning. 
Kim and Fanselow (1992) showed that post-training hippocampal le-
sions induces a temporally graded retrograde amnesia for contextual 
fear memories, while having no effect on tone-fear memories. More 
generally, strengthening the original learning seems to reduce the effects 
induced by hippocampal lesions. Most studies involving weak training 
(5 or fewer context-shock pairings) find a substantial amnesia with flat 
gradients (Lehmann et al., 2007; Sutherland et al., 2008; Sparks et al., 
2011), whereas the ones delivering strong training (10 or more trials) 
report a temporal gradient (Anagnostaras et al., 1999; Kim and Fanse-
low, 1992; Winocur et al., 2009). In the same way, it has been reported 
that repeated conditioning sessions make context fear memories more 
resistant to post training hippocampal damage (Lehmann et al., 2009, 
2013; Lehmann and McNamara, 2011). All these observations suggest 
that the magnitude of the deficit (i.e., no effect, gradient, flat gradient) is 
largely determined by the strength of the initial conditioning. 

6. Neural bases of systems consolidation 

Aside from lesions studies, another approach to systems consolida-
tion was to investigate brain activity during retrieval of recent and 
remote memories. Initially, studies investigating the neural activity 
during the retrieval of recent and remote memory, using metabolic ac-
tivities or early gene expression as well as morphological alterations in 
rodents, showed increases of hippocampal activity relative to that seen 
in cortical structures (mainly prefrontal and anterior cingulate cortex) at 
short delays and the opposite patterns at long delays (Bontempi et al., 
1999; Takehara et al., 2003; Frankland et al., 2004; Maviel et al., 2004; 
Restivo et al., 2009). Globally, all these studies indicated increases of 
hippocampal activity associated with the expression of new memories 
and of cortical activities for remote memories. However, this view is 
challenged by several types of data coming from more recent studies. 
Using fast optogenetic methods, Goshen (Goshen et al., 2011) showed 
that temporary inhibition of CA1 can reversibly abolish contextual fear 
memory recall even weeks after training, while the artificial activation 
of the hippocampal neurons engaged during the initial acquisition 
produces the expression of the context memory even long after training 
(Liu et al., 2012; Ramirez et al., 2013). These findings have been 

Fig. 6. Reversibility of retrograde amnesia induced by hippocampal lesions 
(adapted from Land et al., 2000). Rats trained in a brightness discrimination 
avoidance task demonstrated retrograde amnesia following lesions to the hip-
pocampus administered shortly after training (HIPP vs CTRL). However, a 
pretest exposure to non contingent “reminder” footshock (HIPP + R), which in 
itself did not improve the performance in non trained rats (no T + R), was able 
to reverse the disruptive effect of the hippocampal lesions, indicating that the 
performance disruption was due to retrieval difficulties. 
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interpreted as revealing that the hippocampus is always required during 
retrieval, even for the activation of neocortical memory traces. Such a 
position has been strengthened by several studies involving neuro-
imaging techniques. This growing literature indicates that the hippo-
campus plays an enduring role in mediating episodic memory in 
humans, even long after training, when the performance is no longer 
affected by contextual changes (see Yonelinas et al., 2019; Sekeres et al., 
2020). In addition, other studies indicate that the neocortex presents 
structural and functional neuronal alterations very rapidly after 
contextual fear conditioning (Bero et al., 2014; Vetere et al., 2019) and 
that post training disruption of cortical activity can prevent recent recall 
(Tse et al., 2011). In sum, results from activation studies of both humans 
and rodents suggest that despite the fact that recent memories prefer-
entially activate the hippocampus while remote memories stimulate 
medial regions of the prefrontal cortex, the hippocampus as well as the 
neocortex are engaged during initial training and play a role both in 
recent and in remote memory. 

It must be noted that these studies do not demonstrate that an 
elaborative process takes place after training. They more likely show 
that a memory is coded through several representations (see Gilboa and 
Moscovitch, 2021), which can alternately be used to express the mem-
ory. They suggest that the hippocampus dependent representation is 
predominantly required shortly after training when contextual cues and 
details control the retrieval processes, while cortical dependent repre-
sentations are involved long after training, when these cues no longer 
affect retrieval processes, but both brain areas are involved in recent as 
well as in remote memory. 

7. Current systems consolidation views 

Taken together, these latter results do not support the original 
Standard Consolidation Theory, which proposed that the retention and 
retrieval of long term memory initially rely on the hippocampus, but 
that, with the passage of time, the memory reorganizes. After the reor-
ganization the information becomes independent of the hippocampus 
and is supported by cortico-cortical connections constituting a final form 
of memory, which is a replica of the original hippocampal form (Kim and 
Fanselow, 1992; Squire and Alvarez, 1995; Squire et al., 2015). 

Results obtained with the new technologies described above are in 
agreement with the general position concerning the way contextual 
information evolves in memories. Recent memory remains detailed, 
context-specific (in animals), and vivid (in humans) and very susceptible 
to contextual changes. With the passage of time, however, memories 
become less precise and the retention performance less and less affected 
by contextual changes (Riccio et al., 1984; Gisquet-Verrier and Alex-
insky, 1986; Bouton et al., 1999; Balogh et al., 2002; Wiltgen and Silva, 
2007), including changes induced by drugs (i.e., state dependency; 
MacArdy and Riccio, 1991). Such a view appears more in agreement 
with the Multiple Trace Theory, which then became the Transformation 
hypothesis, postulating that each time a memory is retrieved, a new trace 
is registered, thereby strengthening the memory. It is proposed that, on 
the basis of the multiple representations, a more schematic version of the 
memory is extracted containing only the gist of the initial memory 
(termed schematic or semantic memory), which is thought to be rep-
resented in the neocortex. According to that view, the hippocampus is 
always required to provide memory details (typical for episodic mem-
ory), but when the hippocampus is not functional, a schematic version of 
the memory (a form close to semantic memory) is still available. Hence 
the transformed memory does not replace the initial memory but 
co-exists and may interact with it (Nadel and Moscovitch, 1997, 2001; 
Winocur and Moscovitch, 2011; Winocur et al., 2013; Sekeres et al., 
2018b, 2018a). Sekeres et al. (2018a, 2020) include in their view the 
fact that exposure to a reminder can reinstate a vividness of the memory 
supported by the return of hippocampal activity. This led them to pro-
pose a dynamic interplay between hippocampal and prefrontal cortical 
regions for episodic memory in humans and contextual memory in 

animals. Despite the fact that many aspects of their position are close to 
our view, differences still remain, including among other things analyses 
of the temporal retrograde amnesia induced by hippocampal lesions, the 
idea that an elaborative process take place after training, and the re-
striction of this process to episodic memories (see Section 8). 

During the last few years, the relationships between the temporal 
development of context information memory and remote memory have 
been emphasized and considered in the framework of Systems Consol-
idation (Nadel et al., 2007; Sekeres et al., 2018a, b; Winocur et al., 
2010). Recently, Yonelinas et al. (2019) proposed the Contextual Binding 
Theory, as an alternative to Systems consolidation. According to that 
view, the hippocampus binds together item and context information 
originating from various brain regions, including the neocortex. Only 
the representation in the hippocampus is able to provide details of the 
memory but this representation is highly sensitive to interference pro-
vided by events occurring immediately before or after the event, which 
may impede later retrieval. Contextual Binding assumes that the hippo-
campus supports the encoding and retrieval of episodic memory and 
remains necessary across time, while other structures, especially the 
neocortex, support different types of memory such as semantic. As 
previously emphasized, the Contextual Binding presents some aspects 
close to our view (see Gisquet-Verrier and Riccio, 2019a). However, an 
important difference is that despite the fact that the authors strongly 
emphasize that recent memories are highly susceptible to contextual 
changes, they do not consider the possibility that hippocampal lesions 
may constitute a major contextual change as we have proposed. 

8. An alternative view 

Systems consolidation hypothesis has been widely adopted by 
behavioral neuroscientists mainly because temporally graded retrograde 
amnesia obtained in animals after post training hippocampal lesions 
were considered to mirror observations from amnesic patients. As a 
consequence, temporal changes in the effect of hippocampal lesions has 
extensively been taken as a useful model to understand memory func-
tioning. So, it is important to consider (1) whether the performance 
disruptions obtained in experimental studies on animals replicate 
memory disruption evidenced in amnesic patients and (2) whether the 
temporally graded amnesia induced by delayed hippocampal lesions can 
be analyzed as resulting from a memory disruption. 

The French psychologist Ribot (1882) was one of the first to note that 
amnesic patients demonstrated memory loss for recent events but well 
preserved remote memories, which constitutes an historical root of 
systems consolidation. However, it should be noted that this observation 
was performed on patients suffering from head trauma, i.e. patients with 
an intact hippocampus. This historic finding clearly indicates that in 
humans as well as in animals, temporally graded retrograde amnesia is 
not specific for hippocampal damage. 

At the end of the 50’s, initial observations from Milner and her col-
leagues mentioned that patients with bilateral damage to the hippo-
campus and medial temporal lobe exhibited a temporally graded 
retrograde amnesia characterized by a profound loss of memory for 
events that occurred shortly before surgery but preserved memory for 
events experienced long before (Scoville and Milner, 1957; Penfield and 
Milner, 1958). However, more recent observations, using new methods 
to assess autobiographical memory, revealed that HM exhibited severely 
impaired memory for details of specific episodes for remote as well as for 
recent episodes, illustrating a severe and non-graded retrograde amnesia 
for episodic memory, with relative sparing for semantic memory 
(Steinvorth et al., 2005). In addition, a careful examination of the 
literature on humans with medial temporal lobe damage has yielded 
mixed results, with most of them reporting profound memory loss for 
both recent and remote episodic memory, with no temporal gradient (for 
more details see Yonelinas et al., 2019). Hence, the apparently 
well-documented idea of a severe loss of recent information associated 
with a preserved remote memory does not seem so well established in 
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amnesic patients with hippocampal damage. 
In addition, it should be emphasized that there are important dif-

ferences between amnesic humans and animals with post training hip-
pocampal lesions. Amnesia due to damage to the hippocampal 
formation in human results in a profound and unlimited anterograde 
amnesia for declarative memory, However, except for navigational 
tasks, hippocampal lesions in animals often result in weak anterograde 
amnesia, a result which appears to conflict with data from amnesics. 
Moreover, memory failures in humans are generally considered to be 
specific to declarative, as opposed to nondeclarative memory, but this 
point requires better documentation because it does not seem that it has 
been experimentally investigated and because it is clear that in animals, 
post training hippocampal lesions affect all types of tasks. 

All these elements suggest that post training hippocampal lesions 
performed in the framework of systems consolidation do not fully 
replicate what is observed in amnesic patients for whom hippocampal 
lesions are frequently associated with larger areas of damage, including 
parts of the surrounding cortex. 

With respect to the analysis of the performance disruption induced 
by post training hippocampal lesions, we presented evidence that:  

- Temporally graded amnesia is not specific for hippocampal lesions, 
since similar gradients can be obtained with post training brain le-
sions other than that of the hippocampus, or even a head trauma, 
suggesting that the disruption results more from the alteration of the 
subject’s initial state rather than the lesion of the hippocampus per se.  

- Temporally graded amnesia induced by hippocampal lesions is not 
specific for contextual/episodic tasks, as similar gradients have been 
obtained for tasks which can be acquired without a functional hip-
pocampus, indicating that the lesions have a general effect on the 
retention performance of newly acquired information. 

- Temporally graded amnesia resulting from post training hippocam-
pal lesions is not an effect restricted to recent memory since similar 
gradients can be obtained for reactivated remote memory. 

- Contextual changes in normal rats induce temporally graded retro-
grade amnesia, supporting its analogy with hippocampal lesion.  

- Post training hippocampal lesions do not induce a permanent 
amnesia since it has been repeatedly shown that a pretest exposure to 
a reminder can abolish the induced performance disruption.  

- Retrograde amnesia resulting from post training hippocampal lesions 
can be largely reduced by the same manipulations as those known to 
alleviate state dependency/contextual change.  

- Hippocampal lesions performed before training typically have 
weaker disruptive effects on memory than post-training hippocam-
pal lesions. This finding indicates that the complete absence of hip-
pocampus during training and testing is less disruptive than its 
absence during the retention test only, supporting the view that the 
memory impairment is related to a change between the training and 
the testing conditions. 

All these assertions provide strong support for the view that 
temporally graded retrograde amnesia resulting from progressively 
delayed hippocampal lesions is not due to the disruption of an elabo-
rative process aimed at reorganizing memory overtime. We propose 
instead that temporally graded retrograde amnesia results from retrieval 
difficulties induced by a profound contextual change due to post training 
hippocampal lesions. 

Accordingly, temporally graded retrograde amnesia is only one 
illustration of a very general process by which memory progressively 
becomes less sensitive to changes in the experimental context. This 
finding is not new and has often been presented and discussed (e.g., 
Riccio et al., 1984; Jasnow et al., 2012). Although the mechanisms 
underlying the changes in memory precision over time are a matter of 
debate and have not yet been fully determined, progress is being made 
(Jasnow et al., 2017). 

Such a view is consistent with the encoding specificity principle of 

memory proposed by Tulving and Thomson (1973), which states that 
memories are maximally recalled when information available at 
encoding (both internal and external closely match with those available 
at retrieval. 

It is interesting to note that whereas the cellular consolidation is 
considered to be engaged for several types of memory, the hypothetical 
process of Systems consolidation is only considered to take place for 
episodic/contextual memory. In fact, neuroimaging studies clearly 
showed that the acquisition of experiences leading to motor skills also 
engage the activation of the hippocampus (Gheysen et al., 2010; Albouy 
et al., 2013). 

As illustrated by the present paper, memories do not seem to reach an 
immutable form, since as previously noted, the initial susceptibility to 
contextual change of remote memory can reliably be reinstated by a 
reminder exposure (Briggs and Riccio, 2008; Gisquet-Verrier and Alex-
insky, 1986; Sekeres et al., 2020; Winocur et al., 2009; Zhou and Riccio, 
1994). Under these conditions, it has been shown that the reactivated 
memory is also sensitive to hippocampal lesions, even long after training 
(Debiec et al., 2002; Land et al., 2000; Winocur et al., 2009). Hence, 
even when not expressed, the representation of the original context re-
mains and the memory can shift from a context-independent form after a 
long interval to a context dependent form typical of a short retention 
interval. This evidence indicates that both forms may co-exist, chal-
lenging the sequential view proposed by the original version of the 
Systems Consolidation hypothesis. The notion of interplay recently 
adopted by the Transformation hypothesis (Sekeres et al., 2018a, 2020) is 
close to this view of both forms of memory co-existing. Recently, Gilboa 
and Moscovitch (2021) went further in proposing that new information 
is coded in multiple forms of representations which continue to coexist 
over time. Such a concept implies a considerable flexibility of the 
memory representation,and is not easily made consistent with the idea 
of a progressive and sequential elaborative process occurring between 
the hippocampus and the prefrontal cortex and restricted to episodic 
memory. 

In fact, contextual changes concerning details that link the target 
event to any other aspects surrounding that event, including external 
and internal cues, disrupt memory retrieval in animals for a wide range 
of memory tasks, even those which are not known to be disrupted by 
hippocampal lesions, such as runway alley training, tone fear condi-
tioning (for review see Jasnow et al., 2012). Similarly, in humans, 
contextual change has repeatedly been described to disrupt the retention 
of various tasks including learning lists of words and motor tasks 
(Wapner et al., 1967; Godden and Baddeley, 1975; Smith et al., 1978, 
2014; Borovsky and Rovee-Collier, 1990; Smith and Vela, 2001). 

As previously noted, contextual changes largely affect relatively new 
memories but their effects are strongly reduced and even abolished after 
repeated experiences in the original context and for memories with 
strong emotional contents. This could explain why contextual changes in 
general and hippocampal lesions in particular typically affect contextual 
memory in animals and episodic memory in humans more than exten-
sively trained learning or strong conditioning in animals, as well as 
automatized procedural memory and semantic memory in humans 
(Sekeres et al., 2018a, 2018b; Yonelinas et al., 2019). One may thus 
propose that contextual changes, including those resulting from hippo-
campal lesions, induce retrieval difficulties for conscious/explicit 
retrieval but not for implicit retrieval. Interestingly, this hypothesis can 
account further for the effects reminders may have on retrieval processes 
impaired by contextual changes, including those induced by post 
training hippocampal lesions, a finding reported both for humans and 
animals (Land et al., 2000; Lucchelli et al., 1995). There is some evi-
dence indicating that reminders are effective even in the absence of 
hippocampal integrity, suggesting that they facilitate retrieval through 
implicit processes (Winocur and Black, 1978; Gisquet-Verrier and 
Schenk, 1994; Lucchelli et al., 1995; Gisquet-Verrier, 2009). 
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9. Concluding remarks 

The present paper provides evidence indicating that post training 
hippocampal lesions may not disrupt a systemic consolidation process 
for long term memory. We propose instead to consider these lesions as 
inducing post-training contextual changes responsible for retrieval dif-
ficulties. In a previous paper, we showed that poor retention perfor-
mance due to an amnesic treatment delivered just after a training 
episode may not disrupt the presumed Cellular Consolidation process. 
Alternatively, we proposed that immediate post-training treatments are 
integrated within the training information content, and that the per-
formance disruption results from retrieval difficulties due to their sub-
sequent absence during the retention test i.e., another case of state 
dependency (our best evidence is that reintroducing the amnesic treat-
ment before the retention test abolishes the performance disruption (see 
Gisquet-Verrier and Riccio, 2018, 2019b) 

For both types of consolidation, treatments (amnesic agents or hip-
pocampal lesions) delivered after varying intervals following a training 
episode induce temporally graded retrograde amnesia. These gradients 
have been interpreted as evidence supporting the hypothesis of elabo-
rative processes taking place after training, allowing either the pro-
gressive stabilization of the memory for Cellular Consolidation or the 
progressive independence of the memory from the hippocampus for 
Systems Consolidation. We have proposed an alternative interpretation 
of the results taking into account the general conditions in which 
memory is encoded and retrieved. In both situations, the post training 
treatments introduce a contextual change between training and testing 
that is known to affect the retrieval process. From this perspective, 
temporally graded retrograde amnesias result from strong retrieval 
difficulties when the lesion is produced shortly after training. However, 
the impaired retrieval decreases over time due to the progressive loss of 
control that the altered context exerts on the retrieval processes. 

Cellular and Systems memory consolidations refer to the trans-
formation over time of a new memory trace, first at the cellular level and 
then at the level of brain circuits. The roots of these memory consoli-
dation interpretations rely on an impressive number of studies adopting 
a single and unique experimental design: delivering a treatment (drug or 
lesions) between the training and the testing phase, and studying its 
effect on the retention performance. This experimental design has led to 
very consistent data indicating time-dependent retrograde amnesias. 
These results are replicable and not questioned, but what can be called 
into question is the way they have been interpreted. In the field of 
memory research, poor retention performance typically tended to be 
equated with a permanent loss of memory, without considering alter-
native possibilities. Analyzing temporal gradients of retrograde amnesia 
as resulting from the disruption of some elaborative processes required 
to establish a more permanent representation was clearly an option, but 
it is not the only one. An alternative position is that amnesia instead 
reflects retrieval difficulties due to contextual changes induced either by 
an immediate post-training treatment (Cellular Consolidation) or by the 
hippocampal lesions (Systems Consolidation). As reviewed in the pre-
sent paper and in our previous ones, such a simple explanation is able to 
account for most, if not all, of the results obtained in consolidation 
studies. 

The consolidation hypotheses postulate a long series of various and 
time consuming elaborative processes that come to protect the memory 
from disruption after various periods of time. For more than fifty years, 
the consolidation hypotheses led to the idea that (1) memories are 
fragile and can easily be disrupted and (2) memories require several 
hours to be encoded (Cellular Consolidation), and very extensive periods 
of time (days to weeks and even months and years), to be definitely 
stabilized (Systems Consolidation). Although these views rely on well 
substantiated findings, their interpretation can be called into question. 
We suggest that it will be fruitful to consider the brain as a powerful, 
plastic, dynamic and sophisticated organ able to create memories 
immediately fixed on line (Lewis, 1969; Hebscher et al., 2019), highly 

flexible and rapidly updated. 
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Hardt, O., Einarsson, E.Ö., 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. https://doi.org/10.1146/annurev. 
psych.093008.100455. 

Hebscher, M., Wing, E., Ryan, J., Gilboa, A., 2019. Rapid cortical plasticity supports 
long-term memory formation. Trends Cogn. Sci. 23 (12), 989–1002. https://doi.org/ 
10.1016/j.tics.2019.09.009. Epub 2019 Nov 6. PMID: 31703929.  

Hinderliter, C.F., Riccio, D.C., 1977. Long-term effects of prior experience in attenuating 
amnesia. Am. J. Psychol. 90, 407–418. Available at: http://www.ncbi.nlm.nih. 
gov/pubmed/563178.  

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

Jasnow, A.M., Cullen, P.K., Riccio, D.C., 2012. Remembering another aspect of 
forgetting. Front. Psychol. 3 https://doi.org/10.3389/fpsyg.2012.00175. 

Jasnow, A.M., Lynch, J.F., Gilman, T.L., Riccio, D.C., 2017. Perspectives on fear 
generalization and its implications for emotional disorders. J. Neurosci. Res. 95, 
821–835. https://doi.org/10.1002/jnr.23837. 

Josselyn, S.A., Frankland, P.W., 2012. Infantile amnesia: a neurogenic hypothesis. Learn. 
Mem. 19, 423–433. https://doi.org/10.1101/lm.021311.110. 

Kim, J.J., Fanselow, M.S., 1992. Modality-specific retrograde amnesia of fear. Science 
256, 675–677. https://doi.org/10.1126/science.1585183. 

Kim, J.J., Clark, R.E., Thompson, R.F., 1995. Hippocampectomy impairs the memory of 
recently, but not remotely, acquired trace eyeblink conditioned responses. Behav. 
Neurosci. 109, 195–203. https://doi.org/10.1037/0735-7044.109.2.195. 

Kubie, J.L., Sutherland, R.J., Muller, R.U., 2013. Hippocampal lesions produce a 
temporally graded retrograde amnesia on a dry version of the Morris swimming task. 
Psychobiology 313–330. https://doi.org/10.3758/BF03332125, 1999 273 27.  

Land, C., Bunsey, M., Riccio, D., 2000. Anomalous properties of hippocampal lesion- 
induced retrograde amnesia. Psychobiology 28, 476–485. 

Lashley, K., 1950. Psychological mechanisms in animal behavior. Society of 
Experimental Biology Symposium 454–482. N◦4.  

Lee, J.L.C., 2009. Reconsolidation: maintaining memory relevance. Trends Neurosci. 32, 
413–420. https://doi.org/10.1016/j.tins.2009.05.002. 

Lehmann, H., McNamara, K.C., 2011. Repeatedly reactivated memories become more 
resistant to hippocampal damage. Learn. Mem. 18, 132–135. https://doi.org/ 
10.1101/lm.2000811. 

Lehmann, H., Lacanilao, S., Sutherland, R.J., 2007. Complete or partial hippocampal 
damage produces equivalent retrograde amnesia for remote contextual fear 
memories. Eur. J. Neurosci. 25, 1278–1286. https://doi.org/10.1111/j.1460- 
9568.2007.05374.x. 

Lehmann, H., Sparks, F.T., Spanswick, S.C., Hadikin, C., McDonald, R.J., Sutherland, R. 
J., 2009. Making context memories independent of the hippocampus. Learn. Mem. 
16, 417–420. https://doi.org/10.1101/lm.1385409. 

Lehmann, H., Rourke, B.K., Booker, A., Glenn, M.J., 2013. Single session contextual fear 
conditioning remains dependent on the hippocampus despite an increase in the 
number of context-shock pairings during learning. Neurobiol. Learn. Mem. 106, 
294–299. https://doi.org/10.1016/j.nlm.2012.10.011. 

Lewis, D.J., 1969. Sources of experimental amnesia. Psychol. Rev. 76, 461–472. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/4900729.  

Lewis, D.J., Miller, R.R., Misanin, J.R., 1968. Control of retrograde amnesia. J. Comp. 
Physiol. Psychol. 66, 48–52. https://doi.org/10.1037/h0025963. 

Liang, K.C., McGaugh, J.L., Martinez, J.L., Jensen, R.A., Vasquez, B.J., Messing, R.B., 
1982. Post-training amygdaloid lesions impair retention of an inhibitory avoidance 
response. Behav. Brain Res. 4, 237–249. https://doi.org/10.1016/0166-4328(82) 
90002-x. 

Liu, X., Ramirez, S., Pang, P.T., Puryear, C.B., Govindarajan, A., Deisseroth, K., et al., 
2012. Optogenetic stimulation of a hippocampal engram activates fear memory 
recall. Nature 484, 381–385. https://doi.org/10.1038/nature11028. 

Lucchelli, F., Muggia, S., Spinnler, H., 1995. The ‘Petites Madeleines’ phenomenon in 
two amnesic patients. Brain 118, 167–181. https://doi.org/10.1093/brain/ 
118.1.167. 

MacArdy, E., Riccio, D., 1991. Increased generalization between drug-related 
interoceptive stimuli with delayed testing. Behav. Neural Biol. 56 https://doi.org/ 
10.1016/0163-1047(91)90608-S. 

Mactutus, C.F., Riccio, D.C., Ferek, J.M., 1979. Retrograde amnesia for old (reactivated) 
memory: some anomalous characteristics. Science 204, 1319–1320. Available at: htt 
p://www.ncbi.nlm.nih.gov/pubmed/572083.  

Madsen, M.C., McGaugh, J.L., 1961. The effect of ECS on one-trial avoidance learning. 
J. Comp. Physiol. Psychol. 24, 522–523. 

Maren, S., Fanselow, M.S., 1997. Electrolytic lesions of the fimbria/fornix, dorsal 
Hippocampus, or entorhinal cortex produce anterograde deficits in contextual fear 
conditioning in rats. Neurobiol. Learn. Mem. 67, 142–149. https://doi.org/10.1006/ 
nlme.1996.3752. 

Maren, S., Aharonov, G., Stote, D.L., Fanselow, M.S., 1996. N-methyl-D-aspartate 
receptors in the basolateral amygdala are required for both acquisition and 
expression of conditional fear in rats. Behav. Neurosci. 110, 1365–1374. https://doi. 
org/10.1037/0735-7044.110.6.1365. 

Maren, S., Anagnostaras, S.G., Fanselow, M.S., 1998. The startled seahorse: is the 
hippocampus necessary for contextual fear conditioning? Trends Cogn. Sci. 2, 39–42. 
https://doi.org/10.1016/S1364-6613(98)01123-1. 

Martin, S.J., De Hoz, L., Morris, R.G.M., 2005. Retrograde amnesia: neither partial nor 
complete hippocampal lesions in rats result in preferential sparing of remote spatial 
memory, even after reminding. Neuropsychologia 43, 609–624. https://doi.org/ 
10.1016/j.neuropsychologia.2004.07.007. 

Maviel, T., Durkin, T.P., Menzaghi, F., Bontempi, B., 2004. Sites of neocortical 
reorganization critical for remote spatial memory. Science 305, 96–99. https://doi. 
org/10.1126/science.1098180. 

McClelland, J.L., McNaughton, B.L., O’Reilly, R.C., 1995. Why there are complementary 
learning systems in the hippocampus and neocortex: insights from the successes and 
failures of connectionist models of learning and memory. Psychol. Rev. 102, 
419–457. https://doi.org/10.1037/0033-295X.102.3.419. 

McGaugh, J.L., 1966. Time-dependent processes in memory storage. Science 153, 
1351–1358. Available at: http://www.ncbi.nlm.nih.gov/pubmed/5917768 
(Accessed October 10, 2017).  

P. Gisquet-Verrier and D.C. Riccio                                                                                                                                                                                                          

https://doi.org/10.1002/hipo.20056
https://doi.org/10.1016/S0896-6273(02)01001-2
https://doi.org/10.1016/S0896-6273(02)01001-2
https://doi.org/10.1037/0735-7044.118.6.1427
https://doi.org/10.1016/j.neuron.2015.09.004
https://doi.org/10.1101/lm.788008
https://doi.org/10.1016/j.tics.2009.10.008
https://doi.org/10.1038/nrn1607
https://doi.org/10.1037//0735-7044.112.4.863
https://doi.org/10.1037//0735-7044.112.4.863
https://doi.org/10.1126/science.1094804
https://doi.org/10.1098/rstb.2002.1110
https://doi.org/10.1016/S0166-4328(97)00144-7
https://doi.org/10.1016/S0166-4328(97)00144-7
https://doi.org/10.1007/s00221-010-2186-6
https://doi.org/10.1007/s00221-010-2186-6
https://doi.org/10.1016/j.neuron.2021.04.025
https://doi.org/10.1016/j.neuron.2021.04.025
https://doi.org/10.1037/h0058634
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0175
https://doi.org/10.3758/BF03200078
https://doi.org/10.3758/BF03200078
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0185
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0185
https://doi.org/10.1016/j.pneurobio.2018.10.002
https://doi.org/10.1016/j.pneurobio.2018.10.002
https://doi.org/10.1038/s41583-019-0188-3
https://doi.org/10.1038/s41583-019-0188-3
https://doi.org/10.3389/fnsys.2018.00071
https://doi.org/10.3758/BF03327112
https://doi.org/10.3758/BF03205220
https://doi.org/10.1523/JNEUROSCI.1386-15.2015
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0220
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0220
https://doi.org/10.1016/j.cell.2011.09.033
https://doi.org/10.1101/lm.1267409
https://doi.org/10.1146/annurev.psych.093008.100455
https://doi.org/10.1146/annurev.psych.093008.100455
https://doi.org/10.1016/j.tics.2019.09.009
https://doi.org/10.1016/j.tics.2019.09.009
http://www.ncbi.nlm.nih.gov/pubmed/563178
http://www.ncbi.nlm.nih.gov/pubmed/563178
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0250
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0250
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0250
https://doi.org/10.3389/fpsyg.2012.00175
https://doi.org/10.1002/jnr.23837
https://doi.org/10.1101/lm.021311.110
https://doi.org/10.1126/science.1585183
https://doi.org/10.1037/0735-7044.109.2.195
https://doi.org/10.3758/BF03332125
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0285
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0285
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0290
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0290
https://doi.org/10.1016/j.tins.2009.05.002
https://doi.org/10.1101/lm.2000811
https://doi.org/10.1101/lm.2000811
https://doi.org/10.1111/j.1460-9568.2007.05374.x
https://doi.org/10.1111/j.1460-9568.2007.05374.x
https://doi.org/10.1101/lm.1385409
https://doi.org/10.1016/j.nlm.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/4900729
https://doi.org/10.1037/h0025963
https://doi.org/10.1016/0166-4328(82)90002-x
https://doi.org/10.1016/0166-4328(82)90002-x
https://doi.org/10.1038/nature11028
https://doi.org/10.1093/brain/118.1.167
https://doi.org/10.1093/brain/118.1.167
https://doi.org/10.1016/0163-1047(91)90608-S
https://doi.org/10.1016/0163-1047(91)90608-S
http://www.ncbi.nlm.nih.gov/pubmed/572083
http://www.ncbi.nlm.nih.gov/pubmed/572083
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0355
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0355
https://doi.org/10.1006/nlme.1996.3752
https://doi.org/10.1006/nlme.1996.3752
https://doi.org/10.1037/0735-7044.110.6.1365
https://doi.org/10.1037/0735-7044.110.6.1365
https://doi.org/10.1016/S1364-6613(98)01123-1
https://doi.org/10.1016/j.neuropsychologia.2004.07.007
https://doi.org/10.1016/j.neuropsychologia.2004.07.007
https://doi.org/10.1126/science.1098180
https://doi.org/10.1126/science.1098180
https://doi.org/10.1037/0033-295X.102.3.419
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0390
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0390
http://refhub.elsevier.com/S0149-7634(21)00551-0/sbref0390


Neuroscience and Biobehavioral Reviews 132 (2022) 420–432

431

McGaugh, J.L., 2000. Neuroscience - memory - a century of consolidation. Science (80-.) 
287, 248–251. https://doi.org/10.1126/science.287.5451.248. 

Misanin, J.R., Miller, R.R., Lewis, D.J., 1968. Retrograde amnesia produced by 
electroconvulsive shock after reactivation of a consolidated memory trace. Science 
160, 554–555. Available at: http://www.ncbi.nlm.nih.gov/pubmed/5689415 
(Accessed October 10, 2017).  

Müller, G., Pilzecker, A., 1900. Experimentelle beiträgesur Lehre vom gedächtnis. 
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