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A B S T R A C T

The present paper considers the cognitive neuroscience of memory from a representational perspective with the 
aim of shedding light on current empirical and theoretical issues. We focus on episodic memory, differentiating 
active versus latent, and cognitive versus neural memory representations. We adopt a causal perspective, ac
cording to which a memory representation must have a causal connection to a past event to count as a memory. 
We note that retrieved episodic information may nonetheless only partially determine the content of an active 
memory representation, which can comprise a combination of the retrieved information with semantic, sche
matic and situational information. We further note that, especially in the case of memories for temporally remote 
events, re-encoding operations likely lead to a causal chain that extends from the original experience of the event 
to its currently accessible memory trace. We discuss how the reinstatement framework provides a mechanistic 
basis for the causal linkage between an experience, the memory trace encoding it, and the episodic memory of 
the experience, highlighting the crucial role of hippocampal engrams in encoding patterns of neocortical activity 
that, when active, constitute the neural representation of an episodic memory. Finally, we discuss some of the 
ways in which a memory can become modified and hence distanced from the episode that precipitated it.

1. Introduction

In this paper we discuss the concept of a memory representation in 
relation to the cognitive neuroscience of long-term memory. We discuss 
the ways in which cognitive and neural representations and related 
concepts are used in current cognitive neuroscientific theories of 
memory, with a focus on episodic memory (consciously accessible 
memories for personally experienced unique events; Tulving, 1983). We 
touch on some of the problematic issues that arise from this usage and 
tentatively suggest adjustments to current terminology that might help 
to resolve these issues. We consider how notions of memory represen
tations framed in neural and cognitive terms might best be articulated, 
and how these notions might be expanded to incorporate semantic 
memory (conceptual and factual knowledge). We conclude by discus
sing the different factors that might modify or transform a memory 
representation.

The scope of the paper is relatively narrow: our focus is on what is 
historically referred to as ‘declarative’ memory in cognitively healthy 
adults. Thus, we do not discuss important topics such as memory 
impairment or development and nor do we discuss non-declarative 

(implicit) memory. While we briefly discuss what we think to be rele
vant ideas drawn from the philosophy of memory, we acknowledge that 
our acquaintance with this large and technically intimidating literature 
is limited and make no claims for thoroughness or originality in this 
respect.

2. Conceptual underpinnings

2.1. Mental, neural and memory representations

The questions of what in the mind constitutes a ‘representation’, and 
the role that representations play in cognition, have long exercised 
philosophers and, more recently, cognitive scientists and psychologists 
also (Pitt, 2022). Much of this inquiry has focused on the role of mental 
representations – mental entities that are held to have an intentional1

relation with something else (Brentano, 1874). Mental representations 
can not only be about things that are existent (my dog, for example) but 
also things that have never existed (e.g., phlogiston) or, particularly 
relevant here, things that no longer exist, such as my birthday party last 
week. From this perspective, a memory representation has ‘content’, but 
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1 The term ‘intentional’ is employed here in its technical, philosophical, sense. A mental representation is intentional because it ‘stands for’ or is ‘about’ something.
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the content applies to a non-existent ‘object’ (see De Brigard, 2023, for 
discussion of this and related issues).

The concept of a representation has also been applied at the neural 
level, when representations might be defined as spatiotemporal patterns 
of neural activity that encode information about some external or in
ternal input and have the potential to influence behavior and, in some 
cases, awareness (e.g., Baker et al., 2022; Dudai, 2007; Kriegeskorte and 
Diedrichsen, 2019; Poldrack, 2021). The distinction drawn here be
tween mental and neural representations should not be taken to imply 
that mental (hereafter, ‘cognitive’) representations are disconnected 
from the brain – we take it as axiomatic that all cognitive phenomena are 
caused by neurobiological processes. As we discuss below in our dis
cussion of memory representations, however, the mapping between a 
cognitive memory representation and its neural substrate(s) can be 
complex.

2.2. Active versus latent representations

An ambiguity arises from the common practice in the memory field 
of using the term ‘representation’ to mean two different things, which 
we distinguish here as referencing ‘active’ as opposed to ‘latent’ repre
sentations (cf. Frankland et al., 2024). Active memory representations 
refer to information-bearing entities that support the maintenance of a 
retrieved memory in a state that allows the memory to influence 
cognition and behavior. In the case of a cognitive memory representa
tion, this usage usually refers to information corresponding to mne
monic content that can be attended, reported on and employed to guide 
goal-directed behavior2 – that is, there is something ‘it is like’ to have an 
active memory representation. At the neural level, an active represen
tation refers to a neural ensemble, which might be highly distributed, 
that demonstrates a pattern of activity that correlates3 at least partially 
with the pattern that was elicited by, and contributed to the neural 
representation of a past experience (see ‘retrieval-related reinstatement 
below), and which is necessary for a memory of the experience to in
fluence on-going cognition and behavior. There is no reason to suppose 
that every active neural memory representation has a corresponding 
cognitive representation or, at least, a consciously accessible one, as is 
evidenced by the extensive literature on implicit (non-declarative) 
memory (Schacter et al., 1993)4 and by the finding that memory rep
resentations can be activated during sleep (Hu et al., 2020). By contrast, 
what we call a latent representation corresponds to what might be 
described as a ‘dormant’ or ‘potential’ memory, sometimes referred to as 
a memory ‘trace’ or, in the terminology of Semon (1904), an ‘engram’. It 
is unclear to us that the notion of a latent representation can be made 
coherent at the cognitive level; rather, it seems to be meaningful at the 
neural level only (Norman, 2010). By this view, a latent representation 
exists when an event elicits a change in the brain that encodes infor
mation about an experience in a manner that allows at least some of the 
information to later be (re)activated and to contribute to the content of 
an active memory representation.

The distinction between active and latent representations raises the 
question of how a representation is ‘converted’ or ‘transformed’ from a 

latent to an active state. In the case of episodic memory, it is frequently 
proposed that memory retrieval depends on a pattern completion pro
cess, which occurs when a retrieval cue triggers the reactivation of the 
neural population that encoded the episode when it was initially expe
rienced (see Section 3.1). Whether this process is invariably ‘all or none’ 
(cf. Norman, 2010), or whether instead it can be graded, leading to 
episodic memory representations that vary in ‘strength’ (Ingram et al., 
2012), is an unresolved question.

Whereas the distinction between active and latent representations 
might seem obvious, we think there is potential for confusion when a 
single word – representation – is employed to refer to both concepts. 
This potential is not merely hypothetical: for example, one of the present 
authors managed to employ each usage multiple times in the course of a 
single sentence, ‘….pre-retrieval processes responsible for generating a 
representation of a retrieval cue that maximizes overlap with a stored 
memory representation; retrieval (‘ecphoric’) processes that occur when a cue 
representation overlaps sufficiently with a stored (latent) memory represen
tation to cause ‘pattern completion’ and the reinstatement of the represen
tation in the cortex…’ (Rugg, 2024, p. 1062). This unfortunate conflation 
of meanings is somewhat mitigated by the qualifiers ‘stored’ and ‘latent’ 
when referencing non-active representations but, even so, hindsight 
suggests that more consistent terminology would have added clarity to 
these statements. Accordingly, in the rest of the current paper, the term 
‘representation’ will refer exclusively to active representations (whether 
cognitive or neural); latent representations will be referred to as 
‘traces’5; or engrams, consistent with Semon’s original definition of an 
engram (‘….the enduring though primarily latent modifications in the 
irritable substance produced by a stimulus….’; Semon, 1904, p.12; see 
also Josselyn and Tonegawa, 2020).

2.3. What counts as a memory?

Although the answer to this question might seem obvious, philoso
phers would disagree (see, for example, De Brigard, 2023; Michaelian 
and Sutton, 2017). According to one view, for example, there is no ne
cessity for a cognitive representation to have a causal connection with a 
specific past event6 to count as an episodic memory; all that is required is 
that the representation is interpreted as a memory, that is, it is ‘pas
t-oriented’ (e.g., Michaelian, 2016). Like, we suspect, many other 
memory researchers we are unsympathetic to this view, which would 
seem to imply an equivalence between a veridical memory and a 
non-veridical memory, irrespective of how much the latter deviates from 
veracity. Rather, we incline toward the position referred to in the phil
osophical literature as the ‘causal approach’ (e.g., Debus, 2017; Martin 
and Deutscher, 1966; Michaelian and Robins, 2018) and draw a 
distinction between memory and other kinds of cognitive representa
tions, including those that are ‘wrongly’ interpreted as memories. Ac
cording to this position, a necessary, though not a sufficient condition 
for a cognitive representation to count as a memory is that it is causally 

2 We acknowledge that this kind of language invites the accusation of suc
cumbing to the ‘homuncular fallacy’ – the implication that some unspecified 
intelligent agent is doing the ‘attending’, ‘reporting’, etc. Whether and how this 
can be avoided is an important question beyond the scope of the present paper 
(see, e.g., Guest and Martin, 2025).

3 We use the term ‘correlates with’ rather ‘resembles’ because of the possi
bility that the same or similar content (here, an experience and a later memory 
of it) could be represented in different neural populations.

4 It is however questionable whether the neural mechanisms underpinning 
some kinds of implicit memory (e.g. procedural memory or priming) would 
qualify as neural representations if such representations are required to be 
content bearing.

5 This usage of ‘trace’ as synonymous with engram is only one of the ways 
that the term has been interpreted and used in the philosophical and psycho
logical literature; Robins, (2025).

6 The definition of an ‘event’ (episode) is murky. Events can range from a 
temporally circumscribed occurrence such as the appearance of a study item 
during a laboratory experiment (what Tulving, 1983, referred to as a ‘mini
ature-event’) to temporally extended experiences such as viewing a movie or 
going on vacation. See Zacks (2020) for a recent review of the relationship 
between event perception and memory.
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connected to a past event; that is, the representation would not exist if 
the event had not been experienced,7.8 Note that as we interpret it, the 
causal definition of memory does not require that memory content is 
determined exclusively by a unique event (hence, our position deviates 
from what has been called the ‘classical’ causal approach; Michaelian 
and Robins, 2018; see also Andonovski, in press). As we discuss later, 
memory content is often an amalgam of information about an event and 
other, more generic information. That is, as has been discussed many 
times previously (e.g., Addis, 2020; Conway, 2009; Irish, 2019; Schacter 
et al., 2007), the information encoded about an event need not be the 
sole determinant of the content of a later retrieved memory of it 
(Fig. 1A). Furthermore, as we also elaborate below, our interpretation of 
the causal definition of a memory representation allows for the possi
bility that memory for an event, and its corresponding memory trace, 
might depend on a causal chain. This interpretation acknowledges the 
widely held notion that a retrieved memory can be ‘re-encoded’, pre
serving much of its content while reinforcing, replacing or even dupli
cating its neural substrate (the latent neural representation or memory 
trace; note that the last of these possibilities is what is implied by 
‘multiple trace theory’, Nadel and Moscovitch, 1997; see Section 4.1.3.). 
Thus, for any memory that has undergone re-encoding, there can be a 
mismatch between the age of the memory trace (which dates back to the 
last time the memory was retrieved) and the age of the event that is 
represented by the trace; that is, crudely speaking, there is a mismatch 

between the age of the ‘vehicle’ of the memory and its ‘content’ (see, for 
example, Dretske, 2003 for considerably more sophisticated discussion 
of this distinction in relation to mental representations). Moreover, 
especially in the case of memories for temporally remote events, 
re-encoding can be iterative (Moscovitch and Gilboa, 2024), with each 
re-encoding operation potentially adding another link to the causal 
chain that extends from the experienced event to its currently accessible 
memory trace (Fig. 1B).

A causal definition of memory is implicit in innumerable laboratory- 
based studies of episodic memory in which participants are exposed to a 
list of study items and subsequently tested for their ability to recall or 
recognize the items. In such studies, only responses that correctly 
identify items as having been studied are taken as evidence of successful 
memory retrieval; regardless of any accompanying phenomenology 
‘false recalls’ or ‘false alarms’ (items incorrectly endorsed as previously 
studied) are classified as memory errors. The causal definition is also 
applicable to more complex situations such as retrieval of source 
(contextual) information or, more complex still, temporally remote 
memories, although in this latter case verification of a causal link be
tween a reported memory and the event it purports to correspond with 
can be challenging. According to the position adopted here, in the 
absence of such a causal link, a reported memory should be classified as 
a case where the ‘recalled’ information was imagined rather than 
remembered. This distinction raises the question of what in the brain 
distinguishes between the retrieval of a veridical as opposed to a non- 
veridical (imagined) memory, especially since the underlying cogni
tive representations seemingly can be phenomenologically indistin
guishable (Bernstein and Loftus, 2009). As we elaborate below, a 
possible answer to this question is that veridical memories are the 
manifestations of active representations generated by (re)activation of 
the memory trace (engram) that was formed when an event was 

Fig. 1. A. Schematic depiction of the encoding (left) and subsequent retrieval (right) of an episodic memory according to the modified causal theory described in the 
text. A record of the processing accorded an event is encoded in a memory trace which remains dormant (dotted outline) until activated by a retrieval cue. The 
activated trace reinstates the record of the processing of the event, which forms much of the content of a corresponding memory representation. The representation 
also includes a variable amount of non-episodic (e.g. schematic) information elicited both by the cue and the retrieved mnemonic content. B. Schematic of a causal 
chain resulting from iterative re-encoding. The differing hues of the shape symbolizing the retrieved memory representations reflect their gradual modification as a 
consequence of the multiple retrieval-encoding cycles.

7 The concept of causality raises profound issues that have exercised phi
losophers for centuries, and continue to do so (e.g. Gallow, 2022). For present 
purposes, however, we adopt the rather simplistic counterfactual definition of a 
cause implied in the text: i.e. X is a cause of Y if Y would not have occurred had 
X not occurred (e.g., Lewis, 1973; Menzies and Beebee, 2025).

8 Another condition that arguably must be satisfied is that the representation 
is attributed to the past and not to current cognitive processing; cf. ‘unconscious 
plagiarism’; Taylor, (1965).
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experienced or, perhaps, last retrieved.9 A potential obstacle to this line 
of argument is the existence non-veridical memory judgments that arise 
from memory misattributions – for example, prior list intrusions during 
free recall. In our view, however, these sorts of memory errors are better 
construed as a failure of post-retrieval memory monitoring rather than 
faulty memory retrieval (Johnson et al., 1993; for review see Rugg, 
2024). By this argument, these errors arise when an otherwise veridical 
memory is attributed to the ‘wrong’ cause.

2.4. How does the causal definition apply to semantic memory?

The foregoing discussion focused on episodic memory but can be 
extended to the consideration of semantic memory. Semantic memories 
are widely held to arise from the distillation of statistical regularities 
across multiple episodes that contain overlapping information (Renoult 
et al., 2019), although it has been argued that they can also originate 
from a single episode (e.g., Gilboa and Moscovitch, 2021; McClelland 
et al., 1995). Therefore, semantic memories are causally linked to the 
past no less than episodic memories. Unlike in the case of episodic 
memory, however, the causal link ultimately may not be with a specific 
prior episode but with multiple episodes (thereby violating a condition 
of the ‘classical’ causal approach – that of a one-to one mapping between 
an event and the memory of it, Michaelian and Robins, 2018). As has 
been suggested previously (e.g., Kumar, 2021), this aspect of semantic 
memories is likely responsible for their acontextual quality and the 
absence of a phenomenological sense of remembering when they are 
retrieved. An important and much discussed question, which we return 
to below, concerns how an episodic memory becomes incorporated into 
semantic memory.

3. Cognitive neuroscience of memory representations

Below, we build on the foregoing discussion and review research 
relevant to the goal of developing a cognitive neuroscientific account of 
memory that is informed by the ideas about neural and cognitive rep
resentations discussed above. We begin by describing and extending a 
long-standing framework that provides a mechanistic basis for the 
causal linkage between an experience, the memory trace encoding it, 
and retrieval of an episodic memory of the experience. We also discuss 
some of the ways in which a memory can become modified and hence 
distanced from the episode that precipitated it.

3.1. Retrieval-related reinstatement

There is a strong consensus that the content of an episodic memory 
representation emerges from distributed patterns of neural activity in 
brain regions that played a role in representing the content during its 
‘on-line’ processing. This general idea receives support from the 

extensive literature describing studies of memory ‘reinstatement’ in 
humans with functional magnetic resonance imaging (fMRI) and related 
non-invasive neuroimaging methods (for reviews, see Danker and 
Anderson, 2010; Favila et al., 2020; Rugg et al., 2008). Of importance, 
reinstatement has been demonstrated not only in studies employing 
individual items such as words and images, but also when more ‘natu
ralistic’, multi-modal materials such as movies are employed (Chen 
et al., 2017; Oedekoven et al., 2017; Reagh and Ranganath, 2023).

Reinstatement (synonymously, reactivation) refers to the idea that 
memory retrieval depends on the re-engagement of neural processes that 
were active when the memory was first encoded. The idea has a long 
history. An early version was proposed by William James (James, 1914) 
and it was articulated in a remarkably modern form by Semon (1904). 
Reinstatement is central to contemporary research on ‘engram cells’ (see 
below) and, more relevant to current concerns, it is an important 
component of several historically influential models of 
hippocampally-mediated memory retrieval (e.g., Alvarez and Squire, 
1994; Marr, 1971; Teyler and Discenna, 1985). In these and related 
models, memory retrieval (what Semon referred to as ‘ecphory’) occurs 
when the pattern of neural activity elicited by an event when it was 
experienced is reinstated by the activation of a hippocampally stored 
engram encoding the pattern. Through this mechanism, the neural 
populations that were concurrently active during the on-line processing 
of the event are co-activated during its retrieval, reinstating associations 
between features of the event that, together, make it distinct from other 
similar occurrences. Because the hippocampus is highly adept at ‘pattern 
separation’ and ‘pattern completion’ (Yassa and Stark, 2011), retrieval 
cues eliciting neural activity that only partially overlaps with the ac
tivity elicited by the original event can be sufficient to elicit activation of 
the entire neural ensemble representing the pattern of cortical activity 
elicited as the event was encoded and hence to reinstatement of the 
activity. By this view, therefore, hippocampal engrams do not directly 
encode memories of prior experiences. Rather, they encode the patterns 
of neocortical activity that, when active, constitute the neural repre
sentations of those memories. Thus, hippocampal engrams can be 
thought of as ‘second order’ representations (representations of repre
sentations). Consequently, an active hippocampal memory representa
tion does not have ‘content’ in the conventional sense but instead 
provides the ‘instructions’ that allow the neocortex to actively represent 
mnemonic content.10This perspective provides a neural basis for an 
important psychological principle embraced by memory researchers 
belonging to the ‘proceduralist’ tradition (e.g., Kolers, 1973; Morris 
et al., 1977): what gets encoded into memory is not an ‘objective’ 
depiction of an event, but rather a record of the processing that the event 
was accorded. That is, memories are a ‘by-product’ of the on-line 

Fig. 2. Episodic memory retrieval involves the reactivation of the cognitive and neural processes which were active when the event was initially experienced. At 
encoding, neural patterns are indexed and stored by the hippocampus, and hippocampally mediated pattern separation processes ensure that similar episodic events 
are stored as non-overlapping memory representations. Later, a retrieval cue which partially overlaps with the neural pattern elicited by the original event triggers 
hippocampal pattern completion, which gives rise to the reinstatement (reactivation) of the neural activity originally elicited by the episode at encoding (Reproduced 
with the authors’ permission from Rugg and Srokova, 2024).

9 As noted previously, the memory trace might have been formed when the 
event was last retrieved, rather than concurrently with the original experience.

10 The focus here on the hippocampus should not be taken to imply that the 
structure acts alone during memory retrieval. There is evidence that the hip
pocampus is a key member of an extended brain network that includes multiple 
neocortical and subcortical regions, the collective function of which is to sup
port successful episodic memory retrieval (see, e.g., Rugg and Vilberg, 2013; 
Ritchey et al., 2015).
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processing that is engaged as we interact with the world (Craik and 
Lockhart, 1972; see also Rugg et al., 2008; Rugg et al., 2015). Fig. 2
illustrates one way these ideas can be schematized in terms of large-scale 
patterns of brain activity.

To the extent that episodic retrieval invariably involves reinstate
ment of neural activity that was elicited when the episode was experi
enced, reinstatement provides a means (at least in principle) of 
distinguishing between ‘memories’ corresponding to prior rather than 
imagined events, regardless of the accompanying phenomenology: 
reinstatement should only be evident in the former case, a consequence 
of the activation of the memory trace (engram) that encoded the pattern 
of activity associated with the event now being remembered. Of course, 
as a memory becomes distanced from the event that was its original 
cause through one or more of the mechanisms discussed in Section 4, the 
completeness of reinstatement will likely decline, ultimately perhaps to 
a point where the causal link with the original precipitating event is 
effectively broken. At this point, the event might be forgotten (corre
sponding to retrieval of no or minimal relevant mnemonic content) or, 
alternately, a ‘memory’ representation that comprises content con
structed from generic information might be misattributed to the event. 
Similarly, a memory might become temporally distanced from its 
precipitating event by virtue of re-encoding (Section 2.3). In this case 
reinstatement would presumably reflect not the pattern of activity eli
cited when the episode was initially experienced, but the pattern asso
ciated with the most recent prior retrieval. To the extent that re- 
encoding is associated with modification of the original mnemonic 
content, a point might be reached where the causal chain originating 
with the original episode is broken.

For a variety of reasons, Fig. 2 should not be interpreted too literally 
(see Rugg et al., 2015 for a fuller discussion). In the first place, overlap 
between encoding- and retrieval-related neural activity must be differ
entiated on a much more fine-grained scale than the regional level 
depicted in the figure (likely at the single neuron level). Thus, the task of 
the hippocampus, or any other structure whose function is to capture 
and later reinstate patterns of activity associated with the processing of 
an event, is considerably more complex than merely registering the 
neocortical areas that were co-activated as the event was processed.

Second, Fig. 2 is far from a complete specification of the component 
processes supporting successful retrieval: if this is all there was, it is 
unclear how we would be able to distinguish between the online expe
rience of an event and a later memory of it. Furthermore, if episodic 
retrieval occurred every time there was overlap between current and 
past processing, we would be in a state of almost continuous retrieval. As 
was noted by Tulving (1983), these and related considerations imply 
that episodic retrieval must be under some kind of control. Tulving 
proposed that stimulus events are processed as retrieval cues only when 
the rememberer adopts a specific cognitive state, which he called 
‘retrieval mode’. According to this proposal, depending on whether 
retrieval mode is adopted, the same stimulus event can be processed 
either as an episodic retrieval cue or with respect to its online signifi
cance. Additionally, while reinstatement might contribute to the content 
of a memory representation (see below), the question of how that con
tent is accessed in service of cognition and behavior is not addressed 
within the framework outlined in Fig. 2 (cf. King et al., 2015; Rugg, 
2024; Rugg and Vilberg, 2013). Indeed, recent evidence indicates that 
the content of a retrieved memory representation is itself subject to 
control: as indexed by retrieval-related reinstatement effects, young 
adult participants appear capable of retrieving only those features of an 
encoded episode that are relevant to the current retrieval goal, (a pro
cess that has been referred to as ‘retrieval gating’; de Chastelaine et al., 
2025; Elward and Rugg, 2015; Srokova et al., 2021).

A further qualification arises from the fact that Fig. 2 implies that 
retrieval comprises little more than recapitulation of the processing 
engaged by the original experience. If this were so, then recollection 
presumably would be ‘all or nothing’; either everything that was regis
tered in the brain as an event unfolded would be retrieved, or nothing 

would be. Moreover, memories would be largely veridical. Clearly, 
neither of these scenarios is accurate. Memories can be an imperfect 
mirror of experience and are frequently partial and abstracted records of 
the originally experienced event. Among the factors contributing to the 
incomplete relationship between an event and a later memory of it, three 
stand out. First, different features of an event are not equally likely to be 
encoded. Other things equal, features that are attended the most fully 
are the ones most likely to be later remembered (e.g., Chun and 
Turk-Browne, 2007; Uncapher and Rugg, 2009). Relatedly, temporally 
extended episodes appear to be encoded as compressed segments that 
are separated by ‘event boundaries’, with an emphasis on information 
occurring close to the boundaries (Jeunehomme and D’Argembeau, 
2019, 2020; Zacks, 2020). Thus, memories are not a continuous record 
of experience. Lastly, as discussed in more detail in Section 4, episodic 
retrieval is frequently constructive such that retrieved information is 
combined with non-episodic information and the outcome interpreted in 
the context of current expectations and biases (e.g., Bransford and 
Franks, 1971; Brewer, 1986; Brewer and Treyens, 1981; for reviews see 
Addis, 2018, 2020, Loftus, 2024, Schacter and Thakral, 2024). Thus, 
retrieved episodic information may sometimes only partially determine 
the content of a memory representation (although, as we argued above, 
the content must have some causal connection to a prior event to count 
as a memory11 [it is however worth noting that in some circumstances 
incidentally encoded memories for complex events can remain highly 
accurate over extended time periods, (e.g., Diamond et al., 2020; see 
also Brewin et al., 2020)]. Together, these and other factors act to reduce 
the overlap between encoding- and retrieval-related neural activity to 
considerably less than the 100 % illustrated in Fig. 2. Intriguingly, 
findings from studies examining retrieval-related reactivation of engram 
cells in rodents also suggest that reinstatement is far from complete, with 
only a minority of the neurons identified as active during an encoding 
event demonstrating reactivation at retrieval (for review, see Richards 
and Frankland, 2017).

3.2. Memory consolidation and reinstatement

According to the account given above, a key feature of retrieval- 
related reinstatement is its dependence on the hippocampus. This is 
held to be a consequence of the combination of several functional 
properties of the structure, including its role as a ‘hub’ where different 
types of information (e.g. object and spatial) converge, and its efficacy at 
decorrelating similar input patterns (minimizing overlap between the 
resulting engrams through pattern separation), and selectively acti
vating engrams in response to a sufficiently specific retrieval cue 
(pattern completion). A currently open question is whether the rein
statement account should be extended to include ‘consolidated’ mem
ories that seemingly do not depend on the hippocampus. According to 
‘standard consolidation theory’, for example (Squire et al., 2015), the 
dependency of an episodic memory on the hippocampus is time-limited 
and exists only until the memory has become established in the 
neocortex. If this theory is correct, then the question arises as to what 
supplants the pattern completion operations initially supported by the 
hippocampus that allow a retrieval cue to elicit reinstatement of enco
ded episodic information? One possible answer is that the hippocampus 
is supplanted by a neocortical region such as the medial PFC, which 
takes on the ‘indexing’ role previously played by the hippocampus 
(Euston et al., 2012). Alternately, it might be that, over time, 
neocortical-neocortical connections become strengthened sufficiently to 
permit a retrieval cue to elicit activation of the entirety of a distributed, 
neocortically housed engram. The question is moot, however, if retrieval 
of episodic memories always depends on the hippocampus (for review 
see Moscovitch and Gilboa, 2024; see also Yonelinas et al., 2019). 

11 Just how strong that connection needs to be is an interesting and, within 
the perspective advanced here, unresolved, question.
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According to this view, systems consolidation does not preserve an 
episodic memory but instead ‘transforms’ it, such that it acquires the 
character of a semantic memory. In an extension of this idea, Gilboa and 
Moscovitch (2021) proposed that a semantic memory about a specific 
event might be formed concurrently with the formation of the corre
sponding episodic memory, rather than subsequent to it (see Fig. 1 of 
Gilboa and Moscovitch, 2021). Regardless, the originally encoded 
episodic memory is held to always depend on the hippocampus, where it 
can be refreshed or modified if activated by a retrieval cue or, if left 
dormant, degrade over time and eventually become inaccessible (see 
Box 1). Thus, episodic memories that ‘remain detailed and con
text-specific’ (Moscovitch and Gilboa, 2024, p. 1287) never lose their 
dependence on the hippocampus. Consequently, if the hippocampal 
engram encoding an episodic memory becomes inaccessible, memory 
for specific details of the episode will no longer be available. It should be 
noted, however, that it has been reported that amnesic individuals 
suffering extensive hippocampal damage can acquire novel name-object 
associations in only two study trials when the associations are presented 
in the context of a ‘fast mapping’ study procedure (Sharon et al., 2011). 
This finding implies that there are circumstances in which new mem
ories can be rapidly established in the neocortex independently of the 
hippocampus. The finding has proven difficult to replicate however, 
raising concerns about its generality (see Cooper et al., 2019 and asso
ciated papers in the same issue). Relatedly, it has been proposed, on the 
basis of evidence from functional and structural neuroimaging, that 
repeated study-test cycles can facilitate the rapid formation of what the 
authors refer to as an ‘engram’ in medial parietal cortex (Brodt et al., 
2018, 2016). It should be noted however that unlike the case of fast 
mapping described earlier, there is no suggestion that the hippocampus 
is unnecessary for the establishment of the putative neocortical engram.

What is the role of reinstatement in the retrieval of semantic mem
ories? According to ‘sensorimotor’ theories, the ‘engram’ representing a 
semantic memory is widely distributed across modality-selective 
neocortical regions and is encoded in the same neural ensembles that 
respond selectively to the perceptual and motoric features activated 
when the represented concept is directly experienced (e.g., Chao and 
Martin, 1999; Simmons et al., 2007). In some models (e.g., Martin, 
2016), it is assumed that partial activation of such a neural represen
tation is sufficient for activation to directly spread between different 
neocortical regions and fully activate the memory representation. In 
other models, for example, the ‘hub and spoke’ model of Patterson et al. 
(2007), retrieval of a memory requires the contribution of one or more 
neocortical convergence zones (hubs) that store the patterns of 
co-activation across distributed neural regions that contribute to the 
neural representation of the retrieved concept. In either case, sensori
motor theories propose that semantic memories are represented by 
patterns of neural activity that overlap with the patterns elicited when 
the referents of the memories are directly experienced – that is, as pat
terns of ‘reinstated’ neural activity (for further discussion, see Renoult 
et al., 2019).

3.3. fMRI and reinstatement

Given the dominance of fMRI in studies of memory reinstatement in 
humans, three additional points are worth making about the approach. 
First, most studies have examined reinstatement at the ‘category’ rather 
than the ‘item’ level (for a recent review and discussion of this distinc
tion, see Rugg and Srokova, 2024). Category level reinstatement refers 
to overlap between encoding and retrieval in the activity elicited by 
exemplars belonging to different classes of study event, for example, 
events containing face versus scene images (e.g., Hill et al., 2021), or 
requiring different cognitive operations (e.g., Johnson et al., 2009). 
Reinstatement at this level is indicative of memory for aspects of a study 
event that are shared with other members of the same class of event. 
Hence, the mnemonic content associated with category-level reinstate
ment is necessarily generic (e.g., ‘this retrieval cue was associated with a 

face rather than a scene’, a level of discrimination that is sufficient to 
support only a relatively undifferentiated memory of the ‘gist’ of an 
event). By contrast, item-level reinstatement refers to the reinstatement 
of the pattern of encoding activity that is idiosyncratic to a specific 
event, for example, an image of a particular scene. It is this form of 
reinstatement that likely contributes to memory representations that 
contain event-specific information. Surprisingly, only a few published 
studies have examined memory reinstatement at the item level (e.g., Hill 
et al., 2021; Kuhl and Chun, 2014; Wing et al., 2015).

Second, recent findings indicate that the term ‘reinstatement’ is 
something of a misnomer if it is interpreted to mean that encoding- and 
retrieval-related activity always exactly mirror one another. In at least 
some circumstances, the anatomical loci of the two classes of activity 
can differ systematically (for review, see Favila et al., 2020). For 
example, reinstatement of neural activity elicited by visual scenes has 
been reported to demonstrate an ‘anterior shift’ (a term first applied to 
analogous phenomena in studies of semantic memory, Rugg and 
Thompson-Schill, 2013), in that the maxima of retrieval-related activity 
in scene-selective cortical regions such as the parahippocampal cortex is 
displaced anteriorly by some 5–10 mm with respect to the maxima at 
encoding (Srokova et al., 2022; Steel et al., 2021). While alternative 
accounts of the anterior shift have been proposed (Favila et al., 2020; 
Steel et al., 2021), one of the present authors and his colleagues 
(Srokova et al., 2022) have suggested that it reflects ‘representational 
re-weighting’, such that retrieved information about an event is 
weighted more heavily towards conceptual information (relative to 
sensory information) than was the on-line representation of the event 
(see Deng et al., 2021 for a similar proposal). This account is motivated 
by the long-standing idea that occipito-temporal cortical regions 
demonstrate a ‘representational gradient’, such that more posterior as
pects support the representation of lower-level, physical features of a 
stimulus event, while anterior aspects support more abstract semantic or 
conceptual representations (e.g., Kravitz et al., 2013; Peelen and Car
amazza, 2012; Simmons et al., 2007). The re-weighting account is 
consistent with the finding that fine-grained perceptual details of an 
event are retained in memory less well than more general perceptual or 
conceptual features (e.g., Sacripante et al., 2023; Sekeres et al., 2016; 
Zeng et al., 2021).

Lastly, although it is tempting to draw a direct parallel between 
retrieval-related reinstatement as operationalized in human functional 
imaging studies and studies of reinstatement at the single neuron level 
(e.g., Josselyn and Tonegawa, 2020; Khuvis et al., 2021), a word of 
caution is in order. Whereas the neuroimaging findings leave no doubt 
that encoding-retrieval overlap can be detected at the level of small 
populations of voxels, the spatial resolution attainable with even the 
most advanced non-invasive imaging methods is several orders of 
magnitude too coarse to license the conclusion that the overlap extends 
to individual neurons.12 While this might be a reasonable assumption, it 
is no more than that. If the assumption is valid, however, research in 
genetically modified mice over the past decade or so might provide 
useful insights into possible mechanistic bases of hippocampally medi
ated memory reinstatement as it is reflected in fMRI signals. Findings 
from this research suggest that memories for single events (almost 
invariably, a context-shock association) are sparsely encoded in widely 
distributed neuronal ensembles (engram cells). By virtue of their 
co-activation during the learning event, these cells become inter
connected through Hebbian learning, such that activation of a subset of 
the cells (especially cells located in the hippocampus, Roy et al., 2022) 
can lead to activation of additional cells belonging to the ensemble. 
Extending these observations to human episodic memory, one can 
speculate that as an event is experienced, a similar Hebbian process 

12 The disparity in spatial scales is well captured by the fact that a 2x2x2mm 
neocortical MRI voxel contains approximately 120,000 neurons (Shapson-Coe 
et al., 2024).
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operates to strengthen connectivity within ensembles of co-active neu
rons located in different functionally specialized neocortical regions, 
and between these ensembles and a neuronal ensemble located in the 
hippocampus. Because of this experience-dependent process of synaptic 
strengthening, subsequent activation of the hippocampal ensemble will 
lead to reactivation of neurons belonging to the neocortical ensembles 
that were active during the original experience, and hence to memory 
reinstatement.

4. Stability and malleability of memory representations

There are a number of factors that cause memories to change after 
they have been encoded. Some of these factors apply to both episodic 
and semantic memory, although much more work has been conducted 
on the malleability of episodic (e.g., Addis, 2018; Barry and Maguire, 
2019; Schacter and Thakral, 2024) than semantic memory (but see 
Barsalou, 2009; Kumar, 2021; Reilly et al., 2016). As was noted above in 
Section 2.3 episodic memory has typically been studied, at least in the 
laboratory, by investigating the correspondence between an input (i.e., a 
study item) and a later behavioral response (i.e., a memory judgment). 
This is rarely the case for semantic memory, where, except for a rela
tively small number of studies investigating learning of new concepts (e. 
g., Murphy, 2002), memory ‘tests’ typically involve conceptual knowl
edge acquired in the remote past.

4.1. Time and experience-dependent variability in memory

4.1.1. Forgetting
Human forgetting can be intentional or unintentional (Fawcett et al., 

2024) but here we focus on unintentional forgetting (for recent reviews 
on intentional forgetting, see Anderson and Hulbert, 2021; Fawcett 
et al., 2024). Forgetting can be defined as “the inability to recall something 
now that could be recalled on an earlier occasion” (Tulving, 1974). As 
Tulving implied, this definition does not necessarily mean that the 
corresponding memory has been permanently lost, but, rather, that it is 
not currently accessible. Consistent with this possibility, recent findings 
from non-human animal research suggest that forgetting can indeed 
reflect a reversible decline in memory accessibility (O’Leary et al., 2024; 
see also Box 1 and, for relevant human studies, MacLeod and Macrae, 
2001 and Storm et al., 2012).

Classical accounts of forgetting, based on forgetting curves (also 
known as retention functions), seek to explain why forgetting follows a 
negatively accelerated function over time (Anderson, 2025; Ebbinghaus, 
1885; Murre and Dros, 2015; but see Radvansky et al., 2022). Early 
explanations of this pattern focused on the possible contributions of 
time-dependent decay and memory interference, the argument in the 
latter case being that memories become less sensitive to interference 
with increasing time as a result of a time-dependent consolidation pro
cess (Wixted, 2004a, b).

Interference theories of forgetting have found favor with a number of 
contemporary investigators (e.g., Anderson, 2003; Lechner et al., 1999; 
Robertson, 2012; Wixted, 2004a, b). For instance, while not rejecting 
the possibility of passive memory decay, Wixted (2004ab) argued for the 
crucial role of retroactive interference. Reviewing evidence from psy
chology, psychopharmacology and neuroscience, he proposed that both 
the formation of new memories and the consolidation of recently ac
quired memories rely on the hippocampus, with newly formed mem
ories more vulnerable to interference, and thus to forgetting, than older 
memories. This is because new memories have yet to be consolidated or 
are only partially consolidated, rendering them vulnerable to competi
tion with later acquired memories, perhaps because of competition for a 
‘limited pool of hippocampal resources’ (Wixted, 2004b, p. 264). It is 
assumed that as consolidation proceeds a memory loses its dependence 
on the hippocampus and becomes neocortically established (the ‘stan
dard consolidation theory’ described above), and in doing so lessens its 
vulnerability to interference. Of importance, Wixted argued that the 

deleterious effects of interference are generic and not confined to the 
encoding of new information that resembles or overlaps with previously 
learned information. Rather, any kind of post-encoding processing has 
the propensity to interfere with the consolidation of a previously enco
ded memory.

A radically different interference-based account of forgetting was 
proposed by Yonelinas et al. (2019), who argued that the concept of 
consolidation is unnecessary to explain time-dependent forgetting. Ac
cording to their ‘contextual binding’ (CB) account, forgetting is largely 
the result of ‘contextual interference’. From this perspective, events that 
occur shortly before or after a to-be-remembered event will share its 
context and, consequently, have the potential to interfere with subse
quent retrieval of the event by virtue of contextually cued co-activation. 
An advantage of this account is that, unlike standard consolidation 
theory, it can explain why episodic memories are negatively impacted 
not only by the occurrence of post-encoding events, but also by events 
occurring prior to encoding. A potential weakness of the account, 
however, is the absence of a clear explanation, beyond an appeal to the 
effects of repeated retrieval, of how an episodic memory becomes 
established in the neocortex in a semanticized form (see Section 3.2).

Despite their marked divergences, the two accounts of forgetting 
outlined above appear to share the assumption that a memory is either 
wholly retrievable or wholly irretrievable (forgotten). This assumption 
is highly questionable. As is well documented, different features or as
pects of an encoded memory can be forgotten at different rates. For 
example, and as was noted above (Section 3.3), ‘low level’ sensory and 
perceptual features of an event are more likely to be forgotten than 
central and conceptual features. Thus, a fully developed theory of 
forgetting will need to include an account of why memories of some 
kinds of features are more vulnerable to the effects of time than others 
(e.g., Andermane et al., 2021), and a mechanism by which the features 
become ‘unbound’ or ‘detached’ from the memory trace encoding the 
event.

4.1.2. Degradation of hippocampal engrams
As was discussed in Section 3.2, proposals such as the Trace Trans

formation Hypothesis (Moscovitch and Gilboa, 2024; Winocur and 
Moscovitch, 2011) argue that systems consolidation involves not merely 
the neocortical consolidation of an episodic memory, but its trans
formation (semanticization). The hypothesis further proposes that the 
originally encoded memory trace remains in the hippocampus, where it 
might be strengthened or modified if activated by a retrieval cue (see 
below). Thus, the trace transformation hypothesis and its later revisions 
propose that information about an event is retained in multiple forms. It 
has been proposed however that, if it remains dormant, the hippocampal 
trace degrades and eventually become inaccessible (Golbabaei and 
Frankland, 2025; McClelland et al., 1995; see Box 1). As we noted pre
viously (Section 3.2), this view proposes that the hippocampus is always 
needed to support a detailed episodic memory and that the trace will 
likely need to be periodically ‘refreshed’ or re-encoded (see below for 
the role of retrieval in this process).

4.1.3. Retrieval-induced memory modification
As alluded to above and emphasized by Tulving (1972), who was 

articulating an idea that goes back at least to Semon (1904), retrieval 
from either semantic or episodic memory constitutes an episode in its 
own right that can potentially be ‘re-encoded’ as a new memory. Sub
sequently, findings from both non-human animal and human research 
have been interpreted as evidence that the retrieval of an episodic 
memory can make the memory susceptible to modification, perhaps by 
returning it to a labile state and hence to the need for ‘reconsolidation’ 
(e.g., Misanin et al., 1968; Nader et al., 2000; see also Antony et al., 
2017; Dudai, 2012; Scully et al., 2017). In principle, retrieval could lead 
to modification of the original memory trace (sometimes referred to as 
memory updating), the ‘strengthening’ of the trace without modifica
tion, the formation of a new trace (as originally envisaged by Tulving), 
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or to a scenario in which the original trace co-exists with the re-encoded 
trace. While much of the evidence seems to be compatible with this 
latter possibility, whether and when retrieval leads to the formation of a 
new memory trace, as opposed to the strengthening or modification of 
the existing trace, is unclear (Golbabaei and Frankland, 2025; Phelps 
and Hofmann, 2019; Tompary and Murty, 2025). Moreover, the amount 
of updating of the original trace, and its subsequent accessibility, might 
vary with the relative relevance of the original and modified memories 
to current and anticipated circumstances (Wahlheim and Zacks, 2025).

Findings from behavioral studies in humans using ‘memory updat
ing’ paradigms have been interpreted as evidence that a ‘reminder cue’ 
can lead to the addition of new information to an existing memory 
(Hupbach et al., 2007, 2009, 2008). For example, in the study of Hup
bach et al. (2007), participants studied two separate lists of items (A and 
B). Prior to studying items from list B, some participants were reminded 
of list A. These participants showed a higher number of list B intrusions 
than the control group when asked to recall list A items, a finding that 
was interpreted as indicating that ‘reactivation’ of a memory allows for 
its updating (see also Hupbach et al., 2009). Updating effects such as 
these have been reported to emerge gradually over time and to be spe
cific to the reactivated study list (see also Lee et al., 2017; Scully et al., 
2017; St Jacques et al., 2015).

It has been argued however that updating effects like those described 
above can be explained in terms of the influence of ‘temporal context’ 
(Sederberg et al., 2011) rather than as a consequence of reconsolidation. 
According to this explanation, in the reminder condition, the reactivated 
list A context serves as the context for list B, thus linking both lists of 
items to a common context. Subsequent attempts to recall list A items 
will ‘reactivate’ this shared context, facilitating access to items 
belonging to both lists and leading to list B intrusions. From this 
perspective, therefore, the presence of list B intrusions does not signify 
modification of the original List A memories.

In a similar vein, studies employing the ‘misinformation paradigm’ 
(Loftus and Hoffman, 1989) demonstrate that retrieval of the memory of 
an event can make participants susceptible to inaccurate information 
about it (e.g., Butler and Loftus, 2018; Chan et al., 2009; Rindal et al., 
2016). In this paradigm, participants are first exposed to a complex 
event, such as a brief film (Loftus, 1975; Loftus and Palmer, 1974). 
Subsequently, they receive erroneous information about the event, after 
which their memory is tested. A consistent finding is that participants 
tend to incorporate the erroneous information into their reported 
memory of the original event. Such findings have frequently been 
interpreted as reflecting a modification of the originally encoded 
memory (e.g., Barry and Maguire, 2019; Loftus and Loftus, 1980). 
However, like the ‘reconsolidation’ findings described earlier, the 
misinformation effect can also be explained by temporal context models. 
According to this account, erroneous memory judgments are a conse
quence of the attribution of the post-event information to the wrong 
source (Sederberg et al., 2011; see Johnson et al.,1993 for a similar 
interpretation). This account leaves the original memory intact and, 
given a sufficiently specific cue, accessible (e.g., Mccloskey and Zar
agoza, 1985).

Somewhat in keeping with the foregoing account, recent neuro
imaging findings from the misinformation paradigm have been inter
preted according to a ‘multiple trace’ model. According to this model, 
the hippocampal trace representing the original event remains intact 
and competes for expression with the memory trace of the misinfor
mation (Shao et al., 2023). The basis for this claim was the finding that 
across-voxel patterns of activity in the hippocampus elicited by the 
original experience and the misinformation appear to co-exist. Shao 
et al. (2023) proposed that source monitoring processes supported by 
lateral prefrontal regions play a key role in resolving the conflict be
tween the two classes of mnemonic information (see also Brunswick 
et al., 2025).

Findings from other neuroimaging studies are also consistent with 
the possibility of a coexistence of an original memory trace and a newer 

trace associated with the same items. In an fMRI study by Kuhl et al. 
(2012), participants repeatedly studied words, either associated with the 
same picture (e.g., a face) or with a different picture (e.g., an object) 
before being asked to retrieve the most recent associated picture with 
the word as cue. The authors trained a pattern classifier to discriminate 
between the picture categories (faces, objects, but also scenes) and re
ported parallel activation in ventral temporal cortex for new memories 
(i.e., the object recently associated with the word) and older memories 
(i.e., the face originally associated with the word), even when newer 
memories were successfully retrieved by the participants. Stronger 
activation of older memories was associated with slower reaction time 
and with activation of the anterior cingulate cortex, while activity in the 
left inferior frontal gyrus predicted successful retrieval of newer 
memories.

Finally, the findings from another recent neuroimaging study 
(Molitor et al., 2021) employing multi-voxel pattern analyses suggest 
that reactivation of a memory during new learning can lead to subse
quent expression of a memory representation that combines the original 
and the new information and, concurrently, to the expression of separate 
representations. An AB-AC paradigm was employed in which two im
ages (B and C) became indirectly related to one another through their 
common association with image A. When memory was later cued with 
image A, memory differentiation (distinct A-B and A-C activity patterns) 
was identified in the dentate gyrus/CA2,3 subfields and the subiculum, 
whereas memory integration (overlap between the two patterns) was 
evident in the CA1 sub-field. For the reasons outlined in Box 2, however, 
findings such as these do not necessarily imply modification at the level 
of the underlying engrams.

As was noted by Roediger and Abel (2022), memory retrieval can be 
viewed as a ‘double-edged sword’: while retrieval can enhance memory 
for items that are correctly recalled, it can also strengthen ‘memories’ for 
incorrectly recalled material (whether erroneously recalled by partici
pants spontaneously or induced experimentally via exposure to misin
formation). In addition to these retrieval-induced increases in correct 
and incorrect recall, memory retrieval can also lead to the weakening of 
competing memories (e.g., items associated with the same retrieval 
target), a phenomenon referred to as retrieval-induced forgetting and 
that is thought to reduce interference via an inhibitory control mecha
nism (Anderson et al., 1994; Wimber et al., 2015). Moreover, as was 
noted by Nadel and Moscovitch (1997, p. 223), ‘each reactivation of a 
memory trace occurs in an altered neuronal and experiential context’. 
Retrieval thus allows a memory to become associated with a new 
context: in such cases, later attempts to retrieve the episode will benefit 
from reinstatement not just of the original encoding context (e.g., Xue 
et al., 2010), but the context associated with its ‘re-retrieval’ (for re
views, see Roediger and Abel, 2022; Gilboa and Moscovitch, 2021).

Together, the evidence from human behavioral and neuroimaging 
studies is compatible with the proposal that memory retrieval can pro
mote the co-existence of an original memory trace and a new trace. 
Thus, the seeming incorporation of new information into an existing 
memory does not necessarily mean that the original memory is no longer 
available (Phelps and Hofmann, 2019). An important implication of 
these findings is that it is unclear whether there is such a thing as 
‘memory updating’, that is, retrieval-induced modification of the con
tent of a reactivated memory trace. Rather, the original memory may 
simply be ‘out competed’ by a newly formed one. This conception of 
memory updating is consistent with the results from a recent study in 
rodents in which it was reported that reminder cues initiated the for
mation of a de novo hippocampal ensemble of engram cells which 
demonstrated little or no overlap with the ensemble associated with the 
originally encoded memory (Lei et al., 2025).

4.2. Memory construction

The content of a retrieved episodic memory is commonly proposed to 
reflect the outcome of the same constructive processes that are engaged 
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during other types of mental construction, such as future thinking or 
imagination. A major line of evidence held to support this contention is 
that episodic retrieval, future thinking and imagination all engage the 
same or a very similar large scale brain network, which has variously 
been referred to as the ‘default mode’, autobiographical’, ‘core recol
lection’ or just the ‘core’ network (Addis, 2018; Rugg and Vilberg, 2013; 
Schacter et al., 2007). As has been discussed previously, however 
(Binder and Desai, 2011; Renoult et al., 2019), essentially the same 
network (now in the guise of the ‘semantic network’; Binder and Desai, 
2011) is also engaged during semantic memory retrieval. Therefore, it 
would seem either that semantic retrieval engages the same constructive 
processes argued to be common to episodic retrieval, imagination and 
future thought, or that the explanation for the overlap in the activation 
patterns observed across these different cognitive activities lies else
where. Following Renoult et al. (2019), we propose that the common 
factor is their reliance on the extensive engagement of semantic (con
ceptual) processing and not a shared mental construction process (see 
also Robins, 2022).

Regardless of this issue, an important aspect of the constructive 
perspective is that the content of a memory representation is deter
mined, at least in part, by the retrieval process itself, rather than merely 
reflecting the invariant content of a ‘reactivated’ memory trace (e.g., 
Klein, 2013; Moscovitch, 2007). For example, to retrieve a specific 
memory (e.g., the New Year party you attended in 2023), you might rely 
on general knowledge about the people likely to have been present, the 
likely location, the type of event, and so on (e.g., Reagh and Ranganath, 
2018; Sekeres et al., 2018). Such constructivist views of memory imply 
that the content of a memory for the same event might differ each time it 
is retrieved in ways that distance the memory from the initial experi
ence. The addition of such generic information likely depends on the 
form of the memory and the integrity of the relevant hippocampal 
engram. For example, compared with traditional ‘list learning’ labora
tory experiments, the complexity of autobiographical memory provides 
many more opportunities for the influence of extra-mnemonic infor
mation (Wardell and Palombo, 2024), especially for remote memories 
when the hippocampal engram may have become severely degraded or 
inaccessible. In such cases, verification of a causal link between a re
ported memory and the event it purports to correspond with can be 
challenging and may rely largely on the confidence with which the 
rememberer asserts that the event occurred (Johnson et al., 1988; Rubin 
et al., 2003).

As we discussed above, sensorimotor theories propose that semantic 
memories are represented by distributed patterns of neural activity that 
overlap with the patterns elicited when the referents of the memories 
were directly experienced. However, as for episodic memory, functional 
neuroimaging research suggests that, depending on the retrieval 
context, different patterns of brain activity can be associated with the 
retrieval of ostensibly the same concept (Reilly et al., 2016, 2025). For 
example, motor regions are activated when an object is processed with 
respect to potential actions, but not when it is processed in respect of its 
color (van Dam et al., 2012; see also Raposo et al., 2009; Willems and 
Casasanto, 2011). Thus, the features that are incorporated into an active 
representation of the concept are not invariant but differ according to 
task and contextual factors (Kumar, 2021). As has been proposed in the 
case of episodic memory (Rugg, 2024), selection of the goal-relevant 
features of a concept has been argued to depend on top-down control 
processes (e.g., Badre and Wagner, 2007; Lambon Ralph et al., 2017; 
Novick et al., 2009; Vatansever et al., 2021). A constructive perspective 
of semantic memory might be compatible with some contemporary 
‘embodied’ perspectives, by which semantic processing takes the form of 
‘simulation’ processes that are driven by pattern completion mecha
nisms (Barsalou, 2009). Such approaches imply that knowledge of 
concepts is grounded in the brain’s sensory and motor systems, as 
described previously (see Section 3.2), and that access to this knowledge 
involves a simulation of the sensorimotor processing engaged by the 
referent of the concept. According to this view, simulation is a basic 

computational mechanism that applies to all kinds of memory (Barsalou, 
2003; see also Addis, 2018, 2020). Pattern completion in this context 
refers to unconscious ‘inferential’ processes based on previous knowl
edge. For example, upon seeing a new coffee house, one would ‘infer’ 
‘that it contains tables, chairs, and people talking, reading and working’ 
(Barsalou, 2016). According to this framework, the level of detail in a 
simulation can vary widely, from highly detailed to skeletal and vague, 
depending on current goals and task demands (Barsalou, 2009).

Thus, while the evidence is more limited than in the case of episodic 
memory, the literature on semantic memory is compatible with the idea 
that, like episodic memory, the manner in which a semantic memory 
‘trace’ influences the content of an active semantic memory represen
tation is context dependent. That is, the content of the representation 
can be influenced by external and internal factors just as in the case of 
episodic memory. And, also as proposed for episodic memory, these 
factors might be more relevant for complex (e.g., knowledge about 
events) than more basic semantic knowledge (e.g., knowledge about 
category exemplars). Finally, one can speculate that the extent to which 
a semantic memory trace is updated will vary with the relevance of 
existing semantic knowledge to current and anticipated future situa
tions, and whether the knowledge is obsolete (see Wahlheim and Zacks, 
2025).

4.3. Concluding comments

We hope that, like ourselves, readers will find value in thinking 
about the cognitive neuroscience of memory from a representational 
perspective. We particularly hope such a perspective will be helpful in 
clarifying unresolved empirical and theorical issues and considering 
new research directions. In developing a cognitive neuroscientific ac
count of human episodic and semantic memory that is informed by ideas 
about neural and cognitive representations, we have benefited greatly 
from the rich philosophical literature on this topic, as well as the recent 
literature describing research focusing on ‘engram cells’. At the least, we 
hope that our appeal for terminological and conceptual clarity in the use 
of the term ‘representation’ in the cognitive neuroscience of memory – 
especially regarding the benefits of distinguishing between neural 
versus cognitive, and active versus latent representations - will strike a 
chord with other researchers in the field.

5. Box 1

5.1. Mechanisms of change in memory representations: cellular and 
molecular findings

One factor often discussed in relation to degradation of memory 
traces is molecular turnaround. In mammals, most excitatory axo- 
dendritic synapses are found on dendritic spines (Grutzendler et al., 
2002). In the hippocampus, significant amounts of spine turnover may 
occur within 1–2 weeks, with Attardo et al. (2015) estimating 100 % 
turnover in 3–6 weeks in mice. These observations have been inter
preted by some investigators as a significant challenge for the long-term 
maintenance of hippocampal engrams and an important reason they 
would be expected to weaken over time (e.g. Barry and Maguire, 2019). 
However, as noted by Moscovitch and Nadel (2019), cellular in
stabilities such as those observed in the hippocampus would not 
necessarily prevent a neural ensemble as a whole from stably encoding 
long-lasting engrams. This view is consistent with the non-human ani
mal literature on ‘representational drift’ that suggests that within a 
neuronal ensemble, different neurons are responsible for encoding a 
memory at different times (Rule et al., 2019). Representational or neural 
drift (Lopez et al., 2024) refers to the observation that, in various 
neocortical areas and in the hippocampus, neurons tend to change their 
tuning properties over time. Thus, persistence of representations is 
maintained at the population rather than the single cell level (Keinath 
et al., 2022; Lopez et al., 2024). Moreover, in addition to synaptic 
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plasticity such as that arising from modification of dendritic spines, 
intra-cellular modifications (such as RNA, DNA methylation and histone 
modification) could also be crucial to the long-term maintenance of 
engrams (Gallistel, 2017, 2021; Gershman, 2023), serving as the 
“engram code” (Gallistel, 2017). For instance, DNA methylation has 
been reported to be necessary for the formation of neocortically 
dependent remote memories (Tonegawa et al., 2018).

Finally, the non-human animal literature has described so-called 
‘silent’ engrams which cannot be activated by natural cues, but which 
can be activated artificially (e.g., through optogenetic stimulation; 
Tonegawa et al., 2018). Such phenomena are reminiscent of Tulving’s 
distinction between memory availability and accessibility (silent en
grams representing memories that are available but not accessible; 
Tulving and Pearlstone, 1966).

6. Box 2

6.1. fMRI multi-voxel pattern analyses and memory representations

The development of multi-voxel pattern analysis (MVPA) – a 
collection of fMRI analysis approaches focused on across-voxel profiles 
of blood oxygen level dependent (BOLD) signal amplitude – has led to 
the use of fMRI to examine ‘representational’ questions in cognitive 
neuroscience (indeed, the name of one such analysis approach is 
‘Representational Similarity Analysis’, Kriegeskorte et al., 2008). The 
idea that MVPA can provide insights into neural representations arises 
from the assumption that the representations are manifest in patterns of 
neural activity that are distributed across spatial scales compatible with 
the spatial resolution of fMRI. The underlying premise is that the more 
similar two neural patterns are to one another, the more similar are their 
neural representations. This premise is at the heart of the employment of 
MVPA to examine phenomena like retrieval-related reinstatement (e.g. 
Johnson et al., 2009), and the factors responsible for memory ‘integra
tion’ versus memory ‘separation’ (e.g. Schlichting and Preston, 2015), to 
give just two examples.

There is no doubt that MVPA has a valuable role in addressing 
questions about the variables responsible for similarities (and dissimi
larities) in patterns of neural activity elicited by different experimental 
items or in different experimental conditions. Nor is there any doubt that 
MVPA can yield theoretical insights that go beyond what can be ach
ieved with ‘univariate’ approaches to fMRI data analysis. Nonetheless, 
two caveats are worth noting. First, while it is tempting to interpret 
variability in across-voxel profiles of BOLD activity in terms of vari
ability in neural representations, such interpretations are not necessarily 
valid. Davis et al. (2014) compellingly demonstrated that differences in 

the similarity of multi-voxel activity patterns can be driven entirely by 
univariate effects, that is, by differences in the across-voxel mean BOLD 
signal, and hence differences between patterns may have no represen
tational implications (see also Gessell et al., 2021). Second, even when 
MVPA findings can be given a representational interpretation, the 
findings are relevant only at the level of active representations (note that 
such representations could be active at the neural level only, with no 
corresponding cognitive representation, as might be the case when 
memories are cued during sleep; see Section 2.2), and only as these 
representations are expressed in the brain at a relatively large spatial 
scale (see footnote 12). Thus, the finding that a manipulation results in 
the multi-voxel activity profiles associated with the retrieval of two 
memories becoming more similar to one another (becoming ‘inte
grated’) does not necessarily mean that the memory traces representing 
the memories have been modified or integrated. Instead, the findings 
might reflect changes in the relative strengths of simultaneous activation 
of the different traces, leading to a change in the ‘blending’ of the neural 
patterns associated with the separate activation of each trace (see 
Fig. 3).
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