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Highlights

It is widely agreed the hippocampus plays a crucial role in memory encoding.

The question of how long a hippocampal trace is required in order to retrieve a memory is

unresolved.

Opposing theoretical accounts advocate either the hippocampus is unnecessary for memory
retrieval in the longer-term or that is it required in perpetuity. There is evidence from
animal and human work to support both views and, consequently, extant theories cannot

account for these conflicting findings.

We suggest that the hippocampal role in memory retrieval is not simply a question of
persistence, but is best characterised as a functional shift over time from retention to

reconstruction of the past in the absence of the original trace.
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This new perspective accounts for existing data, and offers a means to leverage a clearer

understanding of the hippocampal-neocortical interactions that support memory retrieval.

Abstract

The hippocampus is known to be recruited during the recall of experiences from our distant
past, despite evidence that memory traces in this region vanish over time. Extant theories
of systems-level consolidation have yet to accommodate both phenomena. We propose
that the hippocampus reconstructs remote memories in the absence of the original trace. It
accomplishes this by assembling consolidated neocortical elements into spatially coherent
scenes that form the basis of unfolding memory events. This reconstruction is likely
facilitated by input from the ventromedial prefrontal cortex. This process-oriented approach
to hippocampal recruitment during remote recollection is consistent with its increasingly-

acknowledged role in constructing mental representations beyond the domain of memory.
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A Divergent Debate on Hippocampal-Dependent Memory

Hippocampal damage impairs the formation and recall of recent memories in humans [1],
non-human primates [2] and rodents [3]. However, conflicting evidence regarding its
necessity for remote memory retrieval has generated two opposing perspectives. There is
cross-species evidence of temporally-graded retrograde amnesia (see Glossary) — the
preservation of older memories following hippocampal damage [4-6]. This reinforces the
view of the Standard Consolidation Theory, that memories are stored in progressively
strengthened cortico-cortical connections — known as system-level consolidation — while
the hippocampal memory trace fades, after which the hippocampus is no longer required
for retrieval [7] (Figure 1A).

However, comparably strong evidence also exists to the contrary. Impairment in the
recall of memories regardless of their age has been observed following hippocampal
damage, particularly where the retrieval of a specific context is essential —
episodic/autobiographical memories [8, 9]. A resultant reformulation, the Multiple Trace
Theory (and its recent elaboration the Trace Transformation Theory), asserts that episodic
memory traces are cumulatively stored in the hippocampus, thus assigning a perpetual role
to this region in the retrieval of the original complete representations [10, 11] (Figure 1B).
Other prominent accounts of hippocampal functioning also incorporate the notion that
memory retrieval involves the reactivation or recombination of consolidated hippocampal
memory traces [12, 13].

However, recent compelling evidence in both humans [14] and rodents [15] provides
support for the long-standing tenet of the Standard Consolidation Theory that the
hippocampus has a time-limited role in memory storage. To reconcile these findings with

the seemingly perpetual involvement of the hippocampus in episodic memory retrieval, we



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

propose a reconceptualisation of the hippocampal contribution to remote memory. The
hippocampus may reconstruct past experience in the absence of the original trace (Figure
1C). In light of this hypothesis, we outline the mounting evidence for systems-level
consolidation, and consider the neocortical-hippocampal interactions which may facilitate

the reconstruction of remote memories during retrieval.

The Evanescent Hippocampal Engram

Theoretical accounts of how memory traces are stored within the hippocampus have been
motivated both by its architecture and neural activity. Initial input to the hippocampal
circuit generates sparse activity in the dentate gyrus, assumed to reduce interference
between similar memories. These distinct patterns are conveyed to CA3, where intrinsic
recurrent connections are thought to form a complete memory trace. The resultant output
produces a sparse pattern in CAl, and this unique representation is relayed back to the
neocortex [16]. This output has been proposed to index neocortical locations relevant to a
specific memory [17]. Therefore, tracking the structural and functional integrity of
hippocampal memory traces over time is of central importance in resolving the debate
about the role of the hippocampus in remote memory.

Definitive evidence of a permanent hippocampal trace can best be provided at a
cellular level. Long-term potentiation (LTP) and long-term depression (LTD) are considered
the principal forms of plasticity governing hippocampal information storage. Supporting
evidence arises from their enhancement following learning [18, 19] and their association
with memory performance [20]. Such methods of plasticity induction provide a means to
assess the persistence of memory storage, through repetition of the protocol after a period

of time has elapsed. While most studies do not assess LTP changes beyond a 24 hour period,
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it has been shown to persist for up to one year in the rat dentate gyrus [21]. However, this
potentiation can be reversed over just seven days of exposure to an enriched environment
[21]. Therefore, under naturalistic conditions of continuous learning, turnover of
information in the hippocampus is high [22]. In other words, information only persists in the
hippocampus until it is overwritten.

A more direct and naturalistic relationship between learning and the permanence of
hippocampal memory traces can be studied by examining place cells. These cells fire in
response to specific locations in a rodent’s environment [23], with evidence in monkeys [24]
and humans [25] of similar spatially-responsive cells. They represent a useful proxy for long-
term memory as their persistence depends on NMDA receptor activation [26] and protein
synthesis [27]. Furthermore, place cells are sensitive to behaviourally-relevant contexts [28],
are predictive of memory performance [29], and reactivate during memory retrieval [30].
Measuring place cell activity over time can, therefore, provide insights into the persistence
of hippocampal memory storage.

Experiments that have recorded from a small number of place cells have yielded
mixed results. While cessation or attenuation of spatially-selective firing following extensive
[31] or repeated [32] exposure to an environment has been observed, firing fields of
individual cells have also been shown to remain stable for up to six months [33]. Given that
some place fields form instantly in a novel environment [34], persistent firing patterns may
represent an invariant response to spatial topography.

Imaging techniques which permit the simultaneous analysis of hundreds of cells are
more informative, and reveal the hippocampal code for space is highly transient. The
similarity of cell populations firing in the same environment measured five and 30 days

following initial exposure, represents an overlap in neuronal ensembles of just 15% between
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sessions [35]. Importantly, this time window is outside the initial unstable period of place
field formation [36]. This disparity also occurs despite equivalent numbers of participating
cells, arguing against a reduction in activity. Furthermore, the ability to decode an animal’s
precise location based on the entire cell population is sustained over time, the locations at
which individual cells are most likely to fire are conserved, and the size of observed place
fields do not change, implying information content is preserved despite the low neural
overlap. These findings suggest that despite repeated exposure to the same location in an
environment, prior hippocampal representations are rapidly replaced with new experiences.

A likely exacerbating influence on this time-dependent hippocampal instability is
that the allocation of place cells to environmental locations is random [37]. In fact, entire
sequences of place cell firing appear to be randomly assigned from pre-existing
hippocampal sequences which are detectable hours before initial exposure to an
environment [38]. Arbitrary allocation of place cells in the hippocampus is especially evident
during remapping, the shifting of a neuron’s preferred firing field, a phenomenon requiring
only brief optogenetically-induced quiescence in order to occur [39]. This mutability in the
hippocampal spatial code has implications for the retrieval of remote episodic memories.

Is such representational instability evident during remote contextual memory
retrieval? The reactivation of hippocampal neurons which support a particular memory has
been observed up to 14 days later [40]. Optogenetic manipulation of these sparsely
distributed functionally-active cells during more remote recall would provide strong
evidence of a permanent memory trace. Contextual memory can be temporarily impaired
[41, 42], spontaneously induced [43, 44] or rescued from amnesia [45, 46] by tagging and
selectively silencing or activating these memory-specific neural representations in the

hippocampus. These manipulations simultaneously affect cortical neural reactivation,
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supporting the hippocampal indexing theory of memory retrieval [41]. Unfortunately,
however, to date the majority of studies have only targeted specific memory traces which
are at most two weeks old, whereas recent memories in rodents likely persist for at least
three weeks (see the section below on structural changes). Temporary optogenetic silencing
of CA1 excitatory neurons disrupts recall of four week old memories [47], but this approach
is insufficient to disambiguate global disruption of hippocampal functioning from the
targeted deactivation of a specific trace.

One recent study in mice attempted to revive hippocampal contextual fear engrams
that were encoded during infancy and subsequently forgotten, after considerable delays of
30 and 90 days [48]. However, despite higher levels of freezing in the trained context during
optogenetic stimulation of previously active neurons, this behaviour disappeared when the
neuronal stimulation ceased. As hippocampal reactivation in the presence of the original
cues appeared insufficient to serve as a persistent reminder of remote memory, it is
possible that optogenetic stimulation activated a neural ensemble supporting a general fear
response, rather than reinstantiating the specific memory trace which associated the
context with a shock.

A closer look at the morphology and genesis of hippocampal neurons reveals a
structural instability which would make degradation in the integrity of individual engrams
over such a long timescale almost inevitable. Dendritic spine production in the hippocampus
is altered by both LTP [49] and learning [50]. The resulting changes in synaptic connectivity
are thought to facilitate incorporation of a novel memory trace. High resolution in vivo
imaging of dendritic spines in the hippocampus can therefore provide an insight into time-
dependent changes in structural plasticity. The life span of dendritic spines in the mouse

hippocampus is just one to two weeks (Figure 2A), with a complete turnover of all spines in
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three to six weeks [15]. This implies the synaptic connectivity supporting a memory trace in
the hippocampus is fully erased over this time. There is no obvious reason to preclude the
extrapolation of such an erasure to the human hippocampus.

Hippocampal neurogenesis in both animals and humans provides further evidence of
the transience of memory storage. In rodents, new neurons reach structural and functional
maturity after one month [51]. They display high initial plasticity [52], their survival is
increased by learning [53], and their elimination impairs long term memory [54]. This
suggests a functional integration into pre-existing circuitry in the service of long-term
memory. However, their mnemonic contribution is transient. Optogenetic silencing of
neurons which are four but not two or eight weeks of age impairs spatial memory retrieval
[55]. More importantly, new neurons appear to have a deleterious effect on older
memories, as increased neurogenesis following learning actually impairs memory retrieval
[56]. Conversely, impairing neurogenesis preserves context-dependent neural patterns in
the dentate gyrus [42]. Therefore, the role of neurogenesis in the hippocampus may be to
overwrite old memories with new ones.

While human neurogenesis remains a contested phenomenon [57], supporting
evidence exists [58, 59], with one study concluding that all neurons in the human dentate
gyrus are subject to turnover [14]. With an estimated yearly exchange rate of 1.75% (Figure
2B), the replacement of all neurons in the dentate gyrus is theoretically possible within the
average lifespan. As the dentate gyrus constitutes the initial stage of hippocampal circuitry,
is it difficult to envisage how hippocampal memory traces could remain stable over time.

The emerging picture of information storage in the hippocampus is, therefore, one
of continuous flux. The nature of hippocampal memory traces, whether spatial [60],

temporal [61], scene-like [62] or conceptual [63], has received much attention. A more
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overarching question is, what are the neural processes underlying retention and expression
of memory traces once they have disappeared from the hippocampus? To approach this

guestion, we first consider the evidence for systems-level consolidation.

A Consensus on Consolidation
Systems-level consolidation is a hypothesised time-dependent process of hippocampal-
facilitated strengthening of neocortical neural connections post-learning [64, 65].
Supporting evidence in humans arises from hippocampal [66] and neocortical [67]
reinstatement of activity patterns present at encoding during subsequent quiescence and
sleep. This regional activity is synchronised [68], with bursts of hippocampal activity being
entrained by slower oscillations in the neocortex [69]. Memory replay is well-characterised
in rodents, occurring at high speed in the hippocampus [70], with disruption of this activity
impairing consolidation [71]. Offline bi-directional connectivity between the hippocampus
and neocortex is also observed in animals [72]. The association between sleep architecture
and memory consolidation is a focus of ongoing inquiry. Non-REM (rapid eye movement)
sleep in humans appears to benefit the consolidation of contextual associations [73], with
the replay of neural patterns associated with encoding being predictive of subsequent
memory [74]. This activity facilitates ensuing pattern separation processes [75], with the
presentation of interfering stimuli actually reducing the likelihood of subsequent wakeful
memory intrusions [76]. Conversely, REM sleep seems to promote the extraction of memory
regularities [77], with contemporaneous reminders causing subsequent erroneous
recognition, a phenomenon attributed to generalisation [78].

One neocortical region that is consistently implicated in this consolidation process is

the prefrontal cortex. Replay of recent experience occurs here in a highly compressed
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manner during sleep [79] and wake [80] in rodents. These sequences follow hippocampal
sharp wave ripples by about 100ms suggesting it is receiving information [81]. This
hippocampal input appears to activate prefrontal cells relevant to one context while
suppressing others [82], implying its purpose is the consolidation of specific representations.

Accordingly, there is evidence that interfering with this process can either disrupt or
enhance memory consolidation. Disconnecting the two regions blocks the formation of
episodic memories [83], while offline artificial induction of delta waves and spindles in the
prefrontal cortex timed to coincide with hippocampal sharp wave ripples enhances
subsequent memory performance [84]. Consistent with the role of replay in long-term
memory consolidation, neocortical LTP is enhanced by repeated spaced stimulation, and is
enduring [85]. Furthermore, unlike the hippocampus, dendritic spines in the neocortex can
remain stable for a lifetime, consistent with permanent storage [86], while their targeted
shrinkage eliminates memories [87]. Therefore, it appears that stable memory
representations are consolidated in the neocortex over time, and in particular in the
prefrontal cortex.

How long does this process take? In rodents, replay of an event can be detected 24
hours later, whether asleep [88] or awake [89]. Neural replay of learned information can
also be decoded during subsequent sleep in humans [90], but in both cases, evidence that
more remote events are replayed is lacking. However, animal studies have revealed a critical
window in the initial weeks following learning where neuronal silencing of the prefrontal
cortex [91], or hippocampus [92] disrupts memory consolidation, suggesting the process is
completed relatively quickly.

Neuroimaging studies have suggested that the process of memory trace stabilisation

in the neocortex takes at most four months in humans [93, 94]. This rapid purge of learned
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information from the hippocampus and simultaneous consolidation in the neocortex is
consistent with the Standard Consolidation Theory, where remote memories are presumed
to become hippocampal-independent. Yet there is a persistent problem with this

interpretation, which we address in the next section.

Reconstruction of the Past by the Hippocampus

Hippocampal damage in humans can impair the recollection of specific autobiographical
memories from any period of life before the damage occurred [8, 9] (Figure 2C), and
neuroimaging studies in healthy individuals reveal hippocampal engagement during the
recollection of both recent and remote autobiographical memories [95]. This implies that no
duration of systems-level consolidation will relieve the hippocampus of a role in retrieval.
Likewise, hippocampal lesions in rodents yield a flat retrograde amnesia for contextual
memory [3, 96](Figure 2D), even after allowing for over 100 days of consolidation before
surgery [97, 98]. Given that hippocampal representations are likely to decay over such a
lengthy timescale, its role in remote memory requires clarification.

Hippocampal-dependent functions beyond memory may illuminate this issue. The
capacity to imagine novel scenes and scenarios and to think about the future are
compromised following hippocampal damage in humans [99, 100], and hippocampal
activation has been shown to predict anticipated stimuli [101]. The rodent hippocampus
also behaves in a manner suggestive of planning and imagination, with place cell sequences
pre-activating upon observation of a novel route, regardless of whether the path is
subsequently navigated [102], or not [103]. Such imagined and anticipatory representations
are difficult to accommodate within a simple encoding account of hippocampal functioning.

Likewise, the alternative conceptualisation of imagination as a novel recombination of
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existing hippocampal memory traces [12, 13], in light of evidence presented here, would
restrict constructed representations to a limited pool of recent memories. In fact,
hippocampal activity during future thinking displays the opposite trend, increasing with
temporal distance, when recent memory traces would cease to have relevance [104].
Furthermore, such an account could not explain the predictive processing of novel
navigation routes for which no trace exists.

Adopting a more wide-ranging perspective on hippocampal functioning generates an
interesting hypothesis on its contribution to remote memory retrieval. Just as the
hippocampus is necessary for de novo construction of imagined scenarios, it could perform
the same function for remote memories long after the original hippocampal trace has
decayed. Neocortically-stored elements of remote memories which have become associated
throughout the consolidation period are therefore reconstructed into a new hippocampal
representation (Figure 1C and Figure 3, Key Figure).

One putative supporting mechanism is ‘scene construction’ [62]. The Scene
Construction Theory proposes that the hippocampus continuously constructs and
anticipates scene representations beyond our immediate sensorium. In this context, a scene
is a naturalistic three-dimensional spatially coherent representation of the world typically
populated by objects and viewed from an egocentric perspective [105, 106, 107]. Scenes
represent the fundamental components of unfolding mental events [108], whether recalling
autobiographical memories, navigating through environments, forecasting plausible futures,
or creating novel, scenarios, all domains in which hippocampal-damaged patients are
impaired. Neuroimaging studies have shown a consistent functional overlap across these
tasks in the anterior hippocampus [109] (Box 1), highlighting this area as a potential hub for

scene construction. Henceforth, in the context of remote memory retrieval, construction
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will be referred to as “reconstruction” to reflect the recapitulation of prior experiences,
although we speculate that the underlying hippocampal neural dynamics are similar to
those involved in the construction of novel or future scenarios.

An obvious implication of reconstruction in the absence of the original hippocampal
trace is that memories would become increasingly vulnerable to inaccuracy and distortion.
Alternatively, cumulative hippocampal traces which strengthen over time should generate
representations which become stable and resistant to interference. Behavioural evidence
favours the former hypothesis. The passage of time has a deleterious effect on recall
accuracy [110], without affecting the level of reported detail [111]. The ease with which
memory can be distorted via misinformation is well documented; people readily incorporate
events that never transpired into a memory if they seem plausible [112] and involve self-
relevant information [113]. Furthermore, individuals with exceptional autobiographical
memory are even more vulnerable to misinformation [114], suggestive of reconstructive
processes.

Of most relevance here, susceptibility to distortion increases in accordance with the
age of memories [115], with remote life periods highly sensitive to spontaneous fictional
[116], or provoked, false memories which can match or exceed the vividness and confidence
in recall of real memories [117]. Remote memories can, therefore, be rich and detailed
without being veridical, and thus constitute a reinvention of the past rather than faithful re-
experiencing. This phenomenon is better accounted for by a hippocampal memory trace
which requires reconstruction following its decay, rather than one which stabilises over
time.

This reconstructive interpretation may also have implications for the well-

documented phenomenon of reconsolidation [118]. Memories are thought to undergo
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subsequent consolidation upon retrieval, evidenced by a transient vulnerability to
disruption [119]. This is because the cellular machinery which facilitated initial consolidation
is reengaged and is therefore susceptible to interference [120]. Given that human
autobiographical memories are subject to such interference following retrieval [121],
reconsolidation provides a putative mechanism through which newly constructed
representations can interfere with and distort remotely consolidated memories. This
emergent view of consolidation as a continuous phenomenon [122] is congruent with the
perspective presented here, that hippocampal representations are constructed and stored
in a transient manner (Fig. 3).

Clearly, many memories become faded, impoverished and schematic over time,
rather than distorted. Existing theories typically associate this phenomenon with decayed
hippocampal traces [11]. However, given mounting evidence of universal hippocampal trace
transience, all memories should succumb to this fate. Conversely, if the hippocampus
constructs a relevant scene from immutable neocortical representations, all remote
memories would be richly detailed. Therefore, we propose that remote memory
impoverishment is a result of cortico-cortical trace decay, such that insufficient relevant
content then exists to reconstruct coherent scene representations via cortical-hippocampal
interactions.

Our scene construction perspective shares descriptive aspects with others, such as
reconstruction in the Constructive Episodic Simulation Theory [12], and the hippocampal-
dependence of detailed remote memories in the Multiple Trace Theory/Trace
Transformation Theory [10, 11]. We differ fundamentally on the underlying mechanisms.
These perspectives propose that remote memory traces remain in the hippocampus [11],

and reconstruction relies on their activation and recombination [123]. Our view is novel
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because it renders these traces unnecessary for remote memory reconstruction, and is
compatible with recent neurobiological evidence. We do not dispute the necessity of
temporary hippocampal indexes for systems-level consolidation [17], but propose these
disappear rapidly and are replaced by different traces during reconstruction [93]. A second
unique feature of our perspective is a privileged role for the hippocampus in the processing
of scene imagery. In contrast, the Competitive Trace Theory attributes remote memory
distortions in the hippocampus to interfering cortical memories [124], whether or not there
is a spatial component, whereas the High Resolution Binding account implicates the
hippocampus in the precise processing of any complex associations [125].

The spatial component of remote memory in hippocampal-damaged patients further
illuminates this debate. A range of premorbid topographical information remains spared,
with normal performance on general route navigation, map generation, and the estimation
of distance and direction [126-129] findings which, on the surface, appear to support the
Standard Consolidation Theory. However, specific deficits are present. Patient K.C. failed to
recognise all non-salient landmarks in his home neighbourhood [127]. Patient T.T., a taxi
driver, was impaired when navigating minor roads [129]. Both patients had previously
navigated these environments extensively for approximately 40 years. These deficits have
been attributed to a loss of detail in accordance with the Multiple Trace Theory [130].
However, an alternative explanation in line with the view presented here, is an impairment
in the mental construction of scene imagery. In support of this perspective, patient T.T.
could not describe (and by inference envisage) any route he had previously navigated
perfectly in a virtual environment [129], nor could he construct in advance the mental
scenes of the turns he should take to access the minor roads [108]. Patient K.C. appeared

strikingly oblivious to the typical architectural style of buildings in his neighbourhood [127],
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general schematic knowledge which should be preserved according to both the Standard
Consolidation Theory and Multiple Trace Theory/Trace Transformation Theory. The Scene
Construction Theory, however, would predict this deficit because of an absence of

internally-generated scene imagery against which to compare exemplars.

The Remote Control of Memory

Time-dependent strengthening of connectivity between neocortical modules is thought to
form the basis of systems-level consolidation. The medial prefrontal cortex becomes an
increasingly important hub during this process, with lesions selectively disrupting remote
memories in animals [131]. Likewise, in humans, memory-specific activity patterns emerge
in the ventromedial prefrontal cortex (vmPFC) over the course of consolidation [93, 94, 132]
while vmPFC damage impairs autobiographical memory retrieval [133]. Why does memory
reconstruction come to depend on the prefrontal cortex?

One perspective is that when the hippocampal memory trace decays, the prefrontal
cortex assumes its role as an indexer of memory by linking neocortical modules together
[131]. However, consistent hippocampal recruitment during remote memory retrieval
suggests prefrontal activation plays a complementary role. One such conceptualisation of
vmPFC function is the integration of experiences across time to form a schema, a composite
representation which is used to bias memory retrieval in posterior regions [134]. However,
opposing evidence suggests that vmPFC-damaged patients have a selective impairment in
the recall of specific, rather than general details [133]. Accordingly, vmPFC may directly
recruit individual neocortical memory traces prior to hippocampal reconstruction [108].

Alternative perspectives propose that vmPFC inhibits the expression of irrelevant

memory traces in the hippocampus during retrieval [13], such as representations which are
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temporally confused [135] or contextually inappropriate [136]. These accounts find support
in confabulation - the recollection of temporally or factually inaccurate information arising
from vmPFC damage - which can be frequent, florid and held with conviction [137]. One
possible mechanism underlying vmPFC control over remote memory retrieval is that return
projections to the hippocampus via the entorhinal cortex and thalamic nuclei [138],
strengthen over the course of consolidation [139], providing a route to control the flow of
information entering the hippocampus and modulate its activity [140].

These diverse perspectives furnish numerous testable hypotheses regarding the
hippocampal-neocortical interactions that may support the reconstruction of remote

memory in the absence of an enduring hippocampal index.

Concluding Remarks and Future Perspectives
A proliferation of evidence challenges the notion of permanent hippocampal memory
traces. Core assumptions underlying extant perspectives on systems-level consolidation and
the fundamental role of the hippocampus may need to be reassessed. The hippocampus is
unlikely to be a permanent indexer of memories. Given the extraordinary demands placed
upon the hippocampus for continuous encoding of experience, and the required
representational flexibility involved in imagination and future-thinking, mnemonic
transience is a desirable property. Its fleeting role in consolidation may be subservient to its
primary function as a constructor of scenes, whether past, future or fictive.

The question for future research is not how the hippocampus retrieves a single trace
from the neocortex, but how consolidated elements are flexibly processed to generate
diverse mental representations (see Outstanding Questions). To address this in humans will

involve tracking the stability of individual hippocampal and neocortical memory traces
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during consolidation using high-resolution fMRI, and characterising the electrophysiological
dynamics underlying retrieval using source-level magnetoencephalography or intracranial
electroencephalography.

We predict that the neural signatures of memory reinstatement in the hippocampus
should become increasingly divergent from recent to remote memories [93]. Furthermore,
this representational instability should correlate with the degree of memory distortion,
independent of subjective vividness or recall confidence. This would have implications for
establishing a timeline of reliable memory in applied settings such as eyewitness testimony.
Beyond this period, people may erroneously incorporate related elements into their
reconstructed scene imagery, as is evident during misinformation [112, 113]. In this context,
we further predict that immersion in virtual reality crime scenes would minimise
reconstructive errors and yield more accurate remote recollection. In an educational setting,
given that we consider scenes to be the scaffold for systems-level consolidation, the use of
scene imagery strategies during learning may facilitate subsequent consolidation of
information. The contribution of vmPFC to the instantiation or inhibition of remote
memories also requires further investigation. We predict that interactions between the
hippocampus and vmPFC during the imagination of novel events will closely mirror remote
memory reconstruction as they rely on similar mechanisms.

The role of the hippocampus in systems-level consolidation is not simply a question
of persistence, but is best characterised as a functional shift over time from retention to
reconstruction (Figure 3, Key Figure). Appreciating the pivotal role of the hippocampus
across multiple cognitive domains permits us to ask more constructive questions about its

recruitment during the retrieval of remote memories.
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Outstanding Questions

Precisely how long do hippocampal memory traces persist in humans? Can we gain

traction on this question using intracranial EEG?

What aspects of remote memory are most prone to time-dependent distortion?
Given the role of the hippocampus in constructing scene imagery, is this component

disproportionately affected?

Do pattern separation and pattern completion processes only underlie temporary
storage, or are they critical online operations for remote memory, imagination and

navigation?

Do the electrophysiological interactions between the hippocampus and neocortex

differ between recent and remote memories?

How do the vmPFC and hippocampus coordinate to facilitate imagination and future
thinking? Does this interaction mirror neural activity during remote memory

retrieval?

Given that the posterior hippocampus has been implicated in representing remote
memories in humans, what aspects of remote memory necessitate additional

processing in the posterior hippocampus?

The vmPFC is composed of numerous subregions. Do they play different roles in the

retrieval of remote memories?
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Glossary

Consolidation: The strengthening of neuronal connections on both a cellular and network
level, manifesting as the successful subsequent retention of learned information.

Delta waves: Low frequency (1-4 Hz) synchronised neural activity which is prevalent during
sleep.

Episodic/autobiographical memory: The multisensory mental reconstruction of a personally
experienced past event from a particular place and time.

Long-term potentiation/depression: The persistent strengthening or weakening of post-
synaptic neuronal excitability following pre-synaptic stimulation, and a long-standing model
of memory storage.

Memory trace/engram: A distributed network of inter-neuronal structural connections
which facilitates subjective re-experiencing of a past event when activated.

Multiple Trace Theory: The proposed perpetual dependence of detailed episodic memories
on traces stored in the hippocampus; its further elaboration is called the Trace
Transformation Theory.

Neurogenesis: The creation of new neurons which occurs throughout adulthood,
predominantly observed in the granule cell layer of the dentate gyrus in the hippocampus.
NMDA receptor: The N-methyl-d-aspartate (NMDA) receptor is a primarily post-synaptic
excitatory receptor, gated by glutamate and implicated in learning and memory.
Optogenetics: The targeting of photo-sensitive proteins by light, to either activate or silence
a neuron which expresses these proteins.

Place cell: Hippocampal neurons which increase their firing rate in a particular

environmental location, known as a “place field”, irrespective of where an animal is looking.
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Reconsolidation: The process by which previously consolidated memories can become
destabilised or strengthened upon reactivation.

Reinstatement: A spatially distributed or temporal neural pattern observed during memory
retrieval which was previously present during encoding.

Retrograde amnesia: An impairment in recalling the past, affecting either all memories (flat
gradient), or disproportionately affecting either recent or remote memories (temporal
gradient).

Scene Construction Theory: A proposal that the hippocampal contribution to memory,
imagination, prospection and navigation is the construction of naturalistic three-
dimensional spatially coherent scene representations of the world typically populated by
objects and viewed from an egocentric perspective.

Sharp wave ripples: Irregular large negative deflections in hippocampal electrical activity
(sharp waves), followed by high-speed (110-200 Hz) synchronised activity (ripples), observed
during resting states, and which are assumed to be associated with the replay of past
experiences.

Spindles: Periodic transient oscillations between 10-15 Hz observed in the thalamus and
neocortex during sleep, and which are thought to facilitate systems-level consolidation.
Standard Consolidation Theory: A hypothesised time-dependent shift from reliance upon
the hippocampus to the neocortex during memory retrieval.

Systems-level consolidation: The gradual strengthening over time of cortico-cortical

connections supporting a particular memory.
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Figure 1. Three Perspectives on the Hippocampal-Neocortical Connectivity Underlying
Systems-Level Consolidation.

(A) Standard Consolidation Theory [7] proposes that a declarative memory (a past event or
factual information) is initially encoded in a hippocampal-neocortical trace (left, red lines
and spheres) but, over time, becomes stabilised in a pattern of connectivity between
neocortical modules (middle, red lines and spheres, adapted from [131] with permission
from Nature Publishing Group). After this consolidation period, the original hippocampal
trace is no longer required to reactivate the memory (middle panel). This is true for any
subsequent retrieval of this memory (right panel). (B) Multiple Trace Theory/Trace
Transformation Theory states that a hippocampal-neocortical trace (left, blue lines and red

spheres) is always required for a detailed episodic memory (middle, blue lines and red
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spheres), with repeated retrieval of this memory increasing the number of these permanent
hippocampal traces (middle and right, red spheres) [10]. The intrinsic neocortical
connectivity which emerges over time (middle and right, green lines) supports memories of
a more factual and semantic nature, which have been derived from repeated recall [11]. (C)
Scene Construction Theory [62] proposes that during the recall of a recent event, the
hippocampus constructs a series of coherent scenes from this episode through
hippocampal-neocortical interactions (left, blue lines and red spheres). These fade rapidly
from the hippocampus as representations are consolidated in the neocortex (middle, green
lines). Each time this memory is recalled the neocortically consolidated elements are
reconstructed into a new hippocampal trace (middle, yellow sphere; right, cyan sphere) of

the sequence of scenes that comprise the past event [108].
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Figure 2. The Empirical Quandary of Hippocampal-Dependent Memory and Transient
Hippocampal Storage.

(A) The estimated lifetime of mouse hippocampal dendritic spines - the proposed
fundamental neural substrates of memory. While models incorporating a stable spine
subpopulation cannot be completely rejected (red arrow), the model which best fitted the
observed data was 100% impermanent spines with an average lifetime of 10 days (green
arrow) [15] (adapted with permission from Nature Publishing Group). (B) In humans,
assuming zero neuronal turnover in the hippocampus, neuronal age should be equivalent to
that of the person (dashed straight line). Nuclear-bomb test generated 4¢C levels in post-
mortem hippocampal tissue samples have been leveraged to accurately date the age of
neurons, and predicted complete ensemble renewal within the dentate gyrus over a healthy
individual’s lifespan (full curved line) [14] (reproduced with permission from Elsevier). (C)
Despite such structural instability, intact human hippocampi (black squares) were still
necessary for retrieval of autobiographical memories from remote life periods, whereas
patients with hippocampal damage (circles and black triangle) failed to recall an equivalent
level of specific detail from past events, or none at all [9] (adapted with permission from
Elsevier). (D) Likewise, in rodents, selective lesions of hippocampal area CA1 (black circles)
impaired remote (> 30 day) memories for spatial locations (left panel) and abolished

freezing behaviour in an environment where a shock was experienced (right panel) [96]
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552  (adapted with permission from the authors). Consequently, if the hippocampus does not
553  store traces of remote memories, why does it remain essential for their expression?
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Box 1. Remote Memory and the Anterior-Posterior Hippocampal Axis

Located deep in the medial temporal lobe, the hippocampus is considered a structurally and
functionally heterogeneous structure. This is based on a changing gradient of differential
connectivity and gene expression along its longitudinal axis [141]. The anterior hippocampus
is preferentially connected to the prefrontal cortex, amygdala, nucleus accumbens and
temporal pole, whereas the posterior hippocampus displays stronger connectivity with
retrosplenial and inferior temporal cortices [142]. Accordingly, the hippocampus is often
parsimoniously segmented into posterior (yellow) and anterior (pink) portions (Figure I) to
dissociate their relative contributions. Of most relevance here is whether a functional
segregation between these areas exists with regards to the retrieval of consolidated
memories.

Remote memories appear to be more distinctly represented in the posterior
hippocampus than recent memories [132], a transition which has been observed with
individual memory traces over time [93]. This effect has been localised to the dentate gyrus
and CA3 [95], hippocampal subregions which appear to coordinate the disambiguation of
competing representations during memory recall [143, 144]. From this perspective, remote
memories may require additional processing in the posterior hippocampus during their
reconstruction. In further support of this idea, increased posterior hippocampus volume is
associated with better recollection [145] and extraordinary spatial memory demands [146].
However, the anterior hippocampus also activates strongly during autobiographical memory
retrieval [147], and scene construction [148], a recruitment which increases across the
earliest stages of consolidation [149]. The precise differential contribution of anterior and
posterior hippocampus to memory retrieval remains unclear for now. What is becoming
evident, and in striking contrast to the original conceptualisation of systems-level
consolidation, is that the passage of time and associated decay of local memory

representations, places an increasing burden on hippocampal constructive processes.
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588  Figure l. Sagittal and Coronal Views of the Hippocampus and its Subregions.

589 The most parsimonious distinction along the hippocampal longitudinal axis is a boundary
590 between posterior (yellow) and anterior (pink) portions, conventionally placed at the apex
591  of the uncus. However, the underlying anatomical and functional differences along this axis
592 are more continuous than discrete in nature. Inset: Coronal slice of the anterior
593  hippocampus with labelled subregions [150] (reproduced with permission from the
594  authors).
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Figure 3. A Chronology of Consolidation.

(A) During the retrieval of a recent memory, experience-dependent traces in the
hippocampus reconstruct disparate neocortical elements into a coherent scene which
accurately depicts the recent event. (B) With the passage of time, systems-level
consolidation creates strong associations between these elements in the neocortex, while
the hippocampal scene representation fades. (C) When this experience is recalled some
months later, the hippocampus reconstructs a coherent version of the original scene from
these consolidated neocortical elements. (D) This scene representation persists for a limited
period of time in the hippocampus while its elements are reconsolidated in the neocortex,
further strengthening the associations between them. (E) Remote memories are particularly
vulnerable to misinformation during retrieval. This can involve the inclusion of semantically-
related elements which were not present in the original experience, which are then
erroneously incorporated into a reconstructed scene. (F) This altered scene representation
in the hippocampus facilitates the reconsolidation and association of both true and false
memory elements in the neocortex. This novel interpretation of the hippocampus as a
flexible reconstructor of remotely experienced scene imagery is not only consistent with
recent evidence of transient hippocampal storage, but also explains the dependence of
imagination and future thinking on this brain region which, by definition, occur in the

absence of an experience-dependent trace.

28



620

621

622

623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

Acknowledgements

The authors are supported by a Wellcome Principal Fellowship to E.A.M. (210567/2/18/Z).

References

1. Spiers, H.J. et al. (2001) Hippocampal amnesia. Neurocase 7, 357-82

2. Forcelli, P.A. et al. (2014) Memory loss in a nonnavigational spatial task after hippocampal
inactivation in monkeys. Proc. Natl. Acad. Sci. U. S. A. 111, 4315-4320

3. Winocur, G. et al. (2013) Factors affecting graded and ungraded memory loss following
hippocampal lesions. Neurobiol. Learn. Mem. 106, 351-364

4. Zola-Morgan, S.M. and Squire, L.R. (1990) The primate hippocampal formation: evidence
for a time-limited role in memory storage. Science 250, 288-290

5. Kim, J.J. and Fanselow, M.S. (1992) Modality-specific retrograde amnesia of fear. Science
256, 675-677

6. Bayley, P.J. et al. (2006) The fate of old memories after medial temporal lobe damage. J.
Neurosci. 26, 13311-13317.

7.Squire, L.R. et al. (2015) Memory consolidation. Cold Spring Harb. Perspect. Biol. 7,
2021766

8. Cipolotti, L. et al. (2001) Long-term retrograde amnesia...the crucial role of the
hippocampus. Neuropsychologia 39, 151-172

9. Steinvorth, S. et al. (2005) Medial temporal lobe structures are needed to re-experience
remote autobiographical memories: evidence from H.M. and W.R. Neuropsychologia 43,
479-496

10. Nadel, L. et al. (2007) Systems consolidation and hippocampus: two views. Debates in
Neuroscience 1, 55-66

11. Moscovitch, M. et al. (2016) Episodic memory and beyond: the hippocampus and
neocortex in transformation. Annu. Rev. Psychol. 67, 105-134

12. Schacter, D.L. and Addis, D.R. (2007) The cognitive neuroscience of constructive
memory: remembering the past and imagining the future. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 362,773-786

13. Eichenbaum, H. (2017) Prefrontal-hippocampal interactions in episodic memory. Nat.
Rev. Neurosci. 18, 547-558

14. Spalding, K.L. et al. (2013) Dynamics of hippocampal neurogenesis in adult humans. Cell
153, 1219-1227

15 Attardo, A. et al. (2015) Impermanence of dendritic spines in live adult CA1
hippocampus. Nature 523, 592-596

16. O’Reilly, R.C. et al. (2014) Complementary learning systems. Cogn. Sci. 38, 1229-1248.
17. Teyler, T.J. and DiScenna, P. (1985) The role of hippocampus in memory: a hypothesis.
Neurosci. Biobehav. Rev. 9, 377-389

18. Li, S. et al. (2003) Dopamine-dependent facilitation of LTP induction in hippocampal CA1
by exposure to spatial novelty. Nat. Neurosci. 6, 526-531

19. Kemp, A. and Manahan-Vaughan, D. (2008) The hippocampal CA1 region and dentate
gyrus differentiate between environmental and spatial feature encoding through long-term
depression. Cereb. Cortex 18, 968-977

20. Nakao, K. et al. (2002) Hippocampal long-term depression as an index of spatial working
memory. Eur. J. Neurosci. 16, 970-974

29



665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710

21. Abraham, W.C. et al. (2002) Induction and experience-dependent consolidation of stable
long-term potentiation lasting months in the hippocampus. J. Neurosci. 22, 9626-9634

22. Irvine, G.I. et al. (2006) Enriched environment exposure regulates excitability, synaptic
transmission, and LTP in the dentate gyrus of freely moving rats. Hippocampus 16, 149-160
23. O'Keefe, J. and Dostrovsky, J. (1971) The hippocampus as a spatial map. Preliminary
evidence from unit activity in the freely-moving rat. Brain. Res. 34, 171-175

24. Ludvig, N. et al. (2004) Detecting location-specific neuronal firing rate increases in the
hippocampus of freely-moving monkeys. Brain. Res. 1014, 97-109

25. Ekstrom, A.D. et al. (2003) Cellular networks underlying human spatial navigation.
Nature 425, 184-188

26. Kentros, C. et al. (1998) Abolition of long-term stability of new hippocampal place cell
maps by NMDA receptor blockade. Science 280, 2121-2126

27. Renaudineau, S. et al. (2009) Impaired long-term stability of CA1 place cell
representation in mice lacking the transcription factor zif268/egrl. Proc. Natl. Acad. Sci. U.
S.A. 106, 11771-11775

28. Kentros, C.G. et al. (2004) Increased attention to spatial context increases both place
field stability and spatial memory. Neuron 42, 283-295

29. Robitsek, R.J. et al. (2013) Place cell activation predicts subsequent memory. Behav.
Brain. Res. 254, 65-72

30. Miller, J.F. et al. (2013) Neural activity in human hippocampal formation reveals the
spatial context of retrieved memories. Science 342, 1111-1114

31. Ludvig, N. (1999) Place cells can flexibly terminate and develop their spatial firing. a new
theory for their function. Physiol. Behav. 67, 57-67

32. Jeantet, Y. and Cho, Y.H. (2012) Evolution of hippocampal spatial representation over
time in mice. Neurobiol. Learn. Mem. 98, 354-360

33. Thompson, L.T. and Best, P.J. (1990) Long-term stability of the place-field activity of
single units recorded from the dorsal hippocampus of freely behaving rats. Brain. Res. 509,
299-308

34. Hill, A.J. (1978) First occurrence of hippocampal spatial firing in a new environment. Exp.
Neurol. 62, 282-297

35. Ziv, Y. et al. (2013) Long-term dynamics of CA1 hippocampal place codes. Nat. Neurosci.
16, 264-266

36. Frank, L.M. et al. (2004) Hippocampal plasticity across multiple days of exposure to novel
environments. J. Neurosci. 24, 7681-7689

37. Rich, P.D. et al. (2014) Large environments reveal the statistical structure governing
hippocampal representations. Science 345, 814-817

38. Dragoi, G. and Tonegawa, S. (2013) Distinct preplay of multiple novel spatial experiences
in the rat. Proc. Natl. Acad. Sci. U. S. A. 110, 9100-9105

39. Schoenenberger, P. et al. (2016) Activity-dependent plasticity of hippocampal place
maps. Nat. Commun. 7, 11824

40. Tayler, K.K. et al. (2013) Reactivation of neural ensembles during the retrieval of recent
and remote memory. Curr. Biol. 23, 99-106

41. Tanaka, K.Z. et al. (2014) Cortical representations are reinstated by the hippocampus
during memory retrieval. Neuron 84, 347-354

42. Denny, C.A. et al. (2014) Hippocampal memory traces are differentially modulated by
experience, time, and adult neurogenesis. Neuron 83, 189-201

30



711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

43. Liu, X. et al. (2012) Optogenetic stimulation of a hippocampal engram activates fear
memory recall. Nature 484, 381-385

44. Kitamura, T. et al. (2017) Engrams and circuits crucial for systems consolidation of a
memory. Science 356, 73-78

45. Ryan, T.J. et al. (2015) Engram cells retain memory under retrograde amnesia. Science
348, 1007-1013

46. Roy, D.S. et al. (2017) Silent memory engrams as the basis for retrograde amnesia. Proc.
Natl. Acad. Sci. U. S. A. 114, E9972-E9979

47. Goshen, . et al. (2011) Dynamics of retrieval strategies for remote memories. Cell 147,
678-689

48. Guskjolen, A. et al. (2018) Recovery of "lost" infant memories in mice. Curr. Biol. 28,
2283-2290

49. Tonnesen, J. et al. (2014) Spine neck plasticity regulates compartmentalization of
synapses. Nat. Neurosci. 17, 678-685

50. Leuner, B. et al. (2003) Associative memory formation increases the observation of
dendritic spines in the hippocampus. J. Neurosci. 23, 659-665

51. Ge, S. et al. (2007) A critical period for enhanced synaptic plasticity in newly generated
neurons of the adult brain. Neuron 54, 559-566

52. Danielson, N.B. et al. (2016) Distinct contribution of adult-born hippocampal granule
cells to context encoding. Neuron 90, 101-112

53. Ambrogini, P. et al. (2000) Spatial learning affects immature granule cell survival in adult
rat dentate gyrus. Neurosci. Lett. 286, 21-24

54. Imayoshi, I. et al. (2008) Roles of continuous neurogenesis in the structural and
functional integrity of the adult forebrain. Nat. Neurosci. 11, 1153-1161

55. Gu, Y. et al. (2012) Optical controlling reveals time-dependent roles for adult-born
dentate granule cells. Nat. Neurosci. 15, 1700-1706

56. Akers, K.G. et al. (2014) Hippocampal neurogenesis regulates forgetting during
adulthood and infancy. Science 344, 598-602

57. Sorrells, S.F. et al. (2018) Human hippocampal neurogenesis drops sharply in children to
undetectable levels in adults. Nature 555, 377-381

58. Eriksson, P.S. et al. (1998) Neurogenesis in the adult human hippocampus. Nat. Med. 4,
1313-1317

59. Boldrini, M. et al. (2018) Human hippocampal neurogenesis persists throughout aging.
Cell Stem Cell 22, 589-599

60. O'Keefe, J. and Nadel, L. (1978) The Hippocampus as a Cognitive Map, Oxford: Clarendon
Press

61. Eichenbaum, H. (2013) Memory on time. Trends Cogn. Sci. 17, 81-88

62. Maguire, E.A. and Mullally, S.L. (2013) The hippocampus: a manifesto for change. J. Exp.
Psychol. Gen. 142, 1180-1189

63. Quiroga, R.Q. (2012) Concept cells: the building blocks of declarative memory functions.
Nat. Rev. Neurosci. 13, 587-597

64. Marr, D. (1970) A theory for cerebral neocortex. Proc. R. Soc. Lond. B Biol. Sci. 176, 161-
234

65. Marr, D. (1971) Simple memory: a theory for archicortex. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 262, 23-81

66. Tambini, A. and Davachi, L. (2013) Persistence of hippocampal multivoxel patterns into
postencoding rest is related to memory. Proc. Natl. Acad. Sci. U. S. A. 110, 19591-19596

31



758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803

67. Hermans, E.J. et al. (2017) Persistence of amygdala—hippocampal connectivity and multi-
voxel correlation structures during awake rest after fear learning predicts long-term
expression of fear. Cereb. Cortex 27, 3028-3041

68. de Voogd, L.D. et al. (2016) Awake reactivation of emotional memory traces through
hippocampal—-neocortical interactions. Neurolmage 134, 563-572

69. Staresina, B.P. et al. (2015) Hierarchical nesting of slow oscillations, spindles and ripples
in the human hippocampus during sleep. Nat. Neurosci. 18, 1679-1686

70. Davidson, T.J. et al. (2009) Hippocampal replay of extended experience. Neuron 63, 497-
507

71. Ego-Stengel, V. and Wilson, M.A. (2010) Disruption of ripple-associated hippocampal
activity during rest impairs spatial learning in the rat. Hippocampus 20, 1-10

72. Rothschild, G. et al. (2017) A cortical-hippocampal-cortical loop of information
processing during memory consolidation. Nat. Neurosci. 20, 251-259

73. Groch, S. et al. (2015) Dissociating the contributions of slow-wave sleep and rapid eye
movement sleep to emotional item and source memory. Neurobiol. Learn. Mem. 122, 122-
130

74. Zhang, H. et al. (2018) Electrophysiological mechanisms of human memory
consolidation. Nat. Commun. 9, 4103

75. Hanert, A. et al. (2017) Sleep in humans stabilizes pattern separation performance. J.
Neurosci. 37, 12238-12246

76. Seibold, M. et al. (2018) Reactivation of interference during sleep does not impair
ongoing memory consolidation. Memory 26, 377-384

77. Schapiro, A.C. et al. (2017) Sleep benefits bemory for semantic category structure while
preserving exemplar-specific information. Sci. Rep. 7, 14869

78. Sterpenich, V. et al. (2014) Memory reactivation during rapid eye movement sleep
promotes its generalization and integration in cortical stores. Sleep 37, 1061-1075

79. Euston, D.R. et al. (2007) Fast-forward playback of recent memory sequences in
prefrontal cortex during sleep. Science 318, 1147-1150

80. Peyrache, A. et al. (2009) Replay of rule-learning related neural patterns in the
prefrontal cortex during sleep. Nat. Neurosci. 12, 919-926

81. Wierzynski, C.M. et al. (2009) State-dependent spike-timing relationships between
hippocampal and prefrontal circuits during sleep. Neuron 61, 587-596

82. Jadhav, Shantanu P. et al. (2016) Coordinated excitation and inhibition of prefrontal
ensembles during awake hippocampal sharp-wave ripple events. Neuron 90, 113-127

83. Barker, G.R. et al. (2017) Separate elements of episodic memory subserved by distinct
hippocampal-prefrontal connections. Nat. Neurosci. 20, 242-250

84. Maingret, N. et al. (2016) Hippocampo-cortical coupling mediates memory consolidation
during sleep. Nat. Neurosci. 19, 959-964

85. Trepel, C. and Racine, R.J. (1998) Long-term potentiation in the neocortex of the adult,
freely moving rat. Cereb. Cortex 8, 719-729

86. Yang, G. et al. (2009) Stably maintained dendritic spines are associated with lifelong
memories. Nature 462, 920-924.

87. Hayashi-Takagi, A. et al. (2015) Labelling and optical erasure of synaptic memory traces
in the motor cortex. Nature 525, 333-338

88. Kudrimoti, H.S. et al. (1999) Reactivation of hippocampal cell assemblies: effects of
behavioral state, experience, and EEG dynamics. J. Neurosci. 19, 4090-4101

32



804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

89. Karlsson, M.P. and Frank, L.M. (2009) Awake replay of remote experiences in the
hippocampus. Nat. Neurosci. 12, 913-918

90. Schonauer, M. et al. (2017) Decoding material-specific memory reprocessing during
sleep in humans. Nat. Commun. 8, 15404

91. Takehara-Nishiuchi, K. et al. (2006) Systems consolidation requires postlearning
activation of NMDA receptors in the medial prefrontal cortex in trace eyeblink conditioning.
J. Neurosci. 26, 5049-5058

92. Shimizu, E. (2000) NMDA receptor-dependent synaptic reinforcement as a crucial
process for memory consolidation. Science 290, 1170-1174

93. Bonnici, H.M. and Maguire, E.A. (2018) Two years later - revisiting autobiographical
memory representations in vmPFC and hippocampus. Neuropsychologia 110, 159-169

94. Barry, D.N. et al. (2018) Nonmonotonic recruitment of ventromedial prefrontal cortex
during remote memory recall. PLoS Biol 16, e2005479

95. Bonnici, H.M. et al. (2013) Representations of recent and remote autobiographical
memories in hippocampal subfields. Hippocampus 23, 849-854

96. Ocampo, A.C. et al. (2017) Hippocampal area CA1 and remote memory in rats. Learn.
Memory 24, 563-568

97. Broadbent, N.J. and Clark, R.E. (2013) Remote context fear conditioning remains
hippocampus-dependent irrespective of training protocol, training-surgery interval, lesion
size, and lesion method. Neurobiol. Learn. Mem. 106, 300-308

98. Clark, R.E. et al. (2005) Hippocampus and remote spatial memory in rats. Hippocampus
15, 260-72

99. Hassabis, D. et al. (2007) Patients with hippocampal amnesia cannot imagine new
experiences. Proc. Natl. Acad. Sci. U. S. A. 104, 1726-17231

100. Kwan, D. et al. (2010) Deficits in past remembering extend to future imagining in a case
of developmental amnesia. Neuropsychologia 48, 3179-3186

101. Jafarpour, A. et al. (2017) Human hippocampal pre-activation predicts behavior. Sci.
Rep. 7, 5959

102. Dragoi, G. and Tonegawa, S. (2011) Preplay of future place cell sequences by
hippocampal cellular assemblies. Nature 469, 397-401

103. Gupta, A.S. et al. (2010) Hippocampal replay is not a simple function of experience.
Neuron 65, 695-705

104. Addis, D.R. and Schacter, D.L. (2008) Constructive episodic simulation: temporal
distance and detail of past and future events modulate hippocampal engagement.
Hippocampus 18, 227-237

105. Mullally, S.L. et al. (2012) Attenuated boundary extension produces a paradoxical
memory advantage in amnesic patients. Curr Biol 22, 261-268.

106. Clark, I.A. et al. (2018) Verbal paired associates and the hippocampus: the role of
scenes. J. Cogn. Neurosci. (in press: doi: 10.1162/jocn_a_01315)

107. Dalton, M.A. and Maguire, E.A. (2017) The pre/parasubiculum: a hippocampal hub for
scene-based cognition? Curr. Opin. Behav. Sci. 17, 34-40

108. McCormick, C. et al. (2018) Comparing and contrasting the cognitive effects of
hippocampal and ventromedial prefrontal cortex damage: a review of human lesion studies.
Neuroscience 374, 295-318

109. Zeidman, P. and Maguire, E.A. (2016) Anterior hippocampus: the anatomy of
perception, imagination and episodic memory. Nat. Rev. Neurosci. 17, 173-182

33



850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895

110. Anderson, S.J. et al. (2000) Rewriting the past: Some factors affecting the variability of
personal memories. Appl. Cogn. Psychol. 14, 435-454

111. Campbell, J. et al. (2011) Remembering all that and then some: recollection of
autobiographical memories after a 1-year delay. Memory 19, 406-415

112. Pezdek, K. et al. (2006) Imagination and memory: does imagining implausible events
lead to false autobiographical memories? Psychon. Bull. Rev. 13, 764-769

113. Desjardins, T. and Scoboria, A. (2007) "You and your best friend Suzy put slime in Ms.
Smollett's desk": producing false memories with self-relevant details. Psychon. Bull. Rev. 14,
1090-1095

114. Patihis, L. et al. (2013) False memories in highly superior autobiographical memory
individuals. Proc. Natl. Acad. Sci. U. S. A. 110, 20947-20952

115. Barclay, C.R. and Wellman, H.M. (1986) Accuracies and inaccuracies in autobiographical
memories. J. Mem. Lang. 25, 93-103

116. Akhtar, S. et al. (2018) Fictional first memories. Psychol. Sci. 956797618778831

117. Lindsay, D.S. et al. (2004) True photographs and false memories. Psychol. Sci. 15, 149-
154

118. Elsey, J.W.B. et al. (2018) Human memory reconsolidation: a guiding framework and
critical review of the evidence. Psychol. Bull. 144, 797-848

119. Nader, K. (2015) Reconsolidation and the dynamic nature of memory. Cold Spring Harb.
Perspect. Biol. 7, 2021782

120. Nader, K. et al. (2000) Fear memories require protein synthesis in the amygdala for
reconsolidation after retrieval. Nature 406, 722-726

121. Schwabe, L. and Wolf, O.T. (2009) New episodic learning interferes with the
reconsolidation of autobiographical memories. PLoS One 4, 7519

122. Dudai, Y. (2012) The restless engram: consolidations never end. Annu. Rev. Neurosci.
35, 227-247

123. Addis, D.R. et al. (2007) Remembering the past and imagining the future: common and
distinct neural substrates during event construction and elaboration. Neuropsychologia 45,
1363-1377

124. Yassa, M.A. and Reagh, Z.M. (2013) Competitive trace theory: a role for the
hippocampus in contextual interference during retrieval. Front Behav Neurosci 7, 107

125. Yonelinas, A.P. (2013) The hippocampus supports high-resolution binding in the service
of perception, working memory and long-term memory. Behav. Brain Res. 254, 34-44

126. Teng, E. and Squire, L.R. (1999) Memory for places learned long ago is intact after
hippocampal damage. Nature 400, 675-677

127. Rosenbaum, R.S. et al. (2000) Remote spatial memory in an amnesic person with
extensive bilateral hippocampal lesions. Nature Neuroscience 3, 1044-1048.

128. Rosenbaum, R.S. et al. (2005) "Where to?" remote memory for spatial relations and
landmark identity in former taxi drivers with Alzheimer's disease and encephalitis. J Cogn
Neurosci 17, 446-462

129. Maguire, E.A. et al. (2006) Navigation around London by a taxi driver with bilateral
hippocampal lesions. Brain 129, 2894-2907.

130. Moscovitch, M. et al. (2005) Functional neuroanatomy of remote episodic, semantic
and spatial memory: a unified account based on multiple trace theory. J. Anat. 207, 35-66.
131. Frankland, P.W. and Bontempi, B. (2005) The organization of recent and remote
memories. Nat. Rev. Neurosci. 6, 119-130

34



896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

132. Bonnici, H.M. et al. (2012) Detecting representations of recent and remote
autobiographical memories in vmPFC and hippocampus. J. Neurosci. 32, 16982-16991.

133. Bertossi, E. et al. (2016) Ventromedial prefrontal damage causes a pervasive
impairment of episodic memory and future thinking. Neuropsychologia 90, 12-24

134. Gilboa, A. and Marlatte, H. (2017) Neurobiology of schemas and schema-mediated
memory. Trends. Cogn. Sci. 21, 618-631

135. Schnider, A. (2003) Spontaneous confabulation and the adaptation of thought to
ongoing reality. Nat. Rev. Neurosci. 4, 662-671

136. Gilboa, A. et al. (2006) Mechanisms of spontaneous confabulations: a strategic retrieval
account. Brain 129, 1399-1414

137. Turner, M.S. et al. (2008) Confabulation: damage to a specific inferior medial prefrontal
system. Cortex 44, 637-648

138. Cavada, C. et al. (2000) The anatomical connections of the macaque monkey
orbitofrontal cortex. A review. Cereb. Cortex 10, 220-242

139. Nieuwenhuis, I.L. and Takashima, A. (2011) The role of the ventromedial prefrontal
cortex in memory consolidation. Behav. Brain Res. 218, 325-334

140. Anderson, M.C. et al. (2016) Prefrontal-hippocampal pathways underlying inhibitory
control over memory. Neurobiol. Learn. Mem. 134, 145-161

141. Strange, B.A. et al. (2014) Functional organization of the hippocampal longitudinal axis.
Nat. Rev. Neurosci. 15, 655-669

142. Aggleton, J.P. (2012) Multiple anatomical systems embedded within the primate medial
temporal lobe: implications for hippocampal function. Neurosci. Biobehav. Rev. 36, 1579-
1596

143. Baker, S. et al. (2016) The human dentate gyrus plays a necessary role in discriminating
new memories. Curr. Biol. 26, 2629-2634

144. Chadwick, M.J. et al. (2014) CA3 size predicts the precision of memory recall. Proc. Natl.
Acad. Sci. U. S. A. 111, 10720-10725

145. Poppenk, J. and Moscovitch, M. (2011) A hippocampal marker of recollection memory
ability among healthy young adults: contributions of posterior and anterior segments.
Neuron 72, 931-937

146. Maguire, E.A. et al. (2000) Navigation-related structural change in the hippocampi of
taxi drivers. Proc. Natl. Acad. Sci. U. S. A. 97, 4398-4403

147. Addis, D.R. et al. (2012) Routes to the past: neural substrates of direct and generative
autobiographical memory retrieval. Neuroimage 59, 2908-2922

148. Hassabis, D. et al. (2007) Using imagination to understand the neural basis of episodic
memory. J. Neurosci. 27, 14365-14374

149. Zeidman, P. et al. (2015) Investigating the functions of subregions within anterior
hippocampus. Cortex 73, 240-256

150. Dalton, M.A. et al. (2017) Segmenting subregions of the human hippocampus on
structural magnetic resonance image scans: An illustrated tutorial. Brain and Neuroscience
Advances 1, 239821281770144

35



