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SUMMARY

Memory systems consolidation is often conceived as the linear, time-dependent, neurobiological shift of
memory from hippocampal-cortical to cortico-cortical dependency. We argue that contrary to this unidirec-
tional view ofmemory reorganization, information about eventsmay be retained inmultiple forms (e.g., event-
specific sensory-near episodic memory, event-specific gist information, event-general schematic informa-
tion, or abstract semantic memory). These representations can all form at the time of the event and may
continue to coexist for long durations. Their relative strength, composition, and dominance of expression
change with time and experience, with task demands, and through their dynamic interaction with one
another. These different psychological mnemonic representations depend on distinct functional and struc-
tural neurobiological substrates such that there is a neural-psychological representation correspondence
(NPRC) among them. We discuss how the dynamics of psychological memory representations are reflected
in multiple levels of neurobiological markers and their interactions. By this view, there are only variations of
synaptic consolidation and memory dynamics without assuming a distinct systems consolidation process.
INTRODUCTION

Consolidation is the process by which memories become more

resistant to loss by psychological interference, neurobiological

intervention, or neurological insult. Mindful of the temptation to

consider consolidation in purely neurophysiological terms, Burn-

ham (1903) warned that consolidation is also a psychological

process by which new information is assimilated or integrated

with existing knowledge and memories. Despite Burnham’s

warnings, investigations of the neurobiological basis of memory

and its psychological aspects proceeded on separate tracks

(Winocur and Moscovitch, 2011; Sekeres et al., 2018b). Picking

up Burnham’s banner, we review the recent evidence on how the

nature of psychological representation goes hand in hand with

the nature of neural representation, and by examining different

levels of analysis, we argue that only by considering both will

we have a full understanding of memory consolidation.

There are two putative forms of consolidation. Synaptic

consolidation is a ubiquitous phenomenon that occurs within mi-

nutes to hours of learning (or reconsolidation) and entails protein

synthesis andconsequent changes to the strength andstability of

connections between neurons. Systems consolidation, which is

the focus of the present review, is thought to take longer (days

to years) and involves reorganizational processesbywhichmem-

ory engrams that initially depend on the hippocampus (HPC)

become independent of it and represented in neocortex (Dudai,

2012). Contrary to synaptic consolidation, whose underlying
cascade of neurobiological changes is described in great detail,

a mechanistic understanding of systems consolidation has been

elusive.

Here, we question the basic tenet of systems consolidation,

namely that there is a linear process by which a single ‘‘memory

engram’’ changes or transforms over time. Instead, we propose

that (1) during and shortly after an event takes place, multiple

psychological and neurobiological representations of the event

are formed (Figure 1). These include detail-rich (episodic)

representations, event-specific but detail-poor generic repre-

sentations (gist), integrated schematic representation of com-

monalities across similar events (schemas), and abstracted

(semantic) representation, not to mention representations that

are inaccessible to consciousness. (2) The particular psycholog-

ical and corresponding neurobiological characteristics of the

different representations determine their initial potency and their

dominance during memory expression (Hebscher et al., 2019b),

with some remaining silent until the proper conditions arise (Jos-

selyn and Tonegawa, 2020). (3) Over time and experience, and

through interactions among them, memory representations un-

dergo dynamic changes to their strength, stability, and compo-

sition. In response to these changes and changes in retrieval

demands and goals, the likelihood of expression of one form of

memory over its counterparts also changes. Thus, we place

memory representation at the heart of understanding what tran-

spires asmemory expressions changewith time and experience.

In short, no consolidation without representation.
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Figure 1. Schematic of the neural-
psychological representation
correspondence (NPRC) view
Multiple event representations can be formed in
parallel at the time of encoding (black straight ar-
rows). The different representations are all subject
to the same principles of synaptic consolidation.
Their dynamics of change over time and experi-
ence differ based on their respective representa-
tional attributes and corresponding systems-level
neural substrates and processes (shaded, blue
text boxes and white arrows). Which representa-
tion dominates at encoding or retrieval depends on
conditions such as contextual relevance and
attention, task demands, prior knowledge, type of
retrieval cue, and time. Importantly, these different
types of representations exist in dynamic interac-
tion (black curved arrows) as memories are en-
coded, retrieved, and re-encoded. The arrows
indicate how different structures interact with each
other to mediate memory types and how different
memory types interact and change each other.
(A) Event-specific representations typically (but not
always) dominate early on; posterior hippocampus
(pHPC)-posterior cortical neural ensembles drive
detailed contextual representations, while the
anterior hippocampus (aHPC) and its interactions
with schematic information mediate by ventrome-
dial prefrontal cortex (vmPFC) lead to more
coarse-level event-specific gist representations.
(B) Statistical regularities can be stored and
retrieved as schematic representations mediated
by vmPFC in interaction with posterior cortical re-
gions. These entail information about general
event details, event structure, and action scripts.
(C) Extraction and integration of decontextualized
semantic information is mediated through in-
teractions of anterior temporal lobe (ATL) and
posterior cortical regions.
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BRIEF HISTORY OF SYSTEMS CONSOLIDATION
THEORIES

The early history of memory consolidation dates back over a

century (Ribot, 1882). Themodern, standard neuropsychological

model of memory consolidation, however, was born with the

publication of evidence that damage to the medial temporal

lobes, particularly the hippocampus, leads to a severe and per-

manent anterograde amnesia for explicit declarative memories

but a retrograde amnesia that seemed to have been limited to

a short period before the neurological insult (Scoville and Milner,

1957; Penfield and Milner, 1958; Moscovitch 2012).

According to standard consolidation theories (SCTs), mem-

ories become reorganized with time via a process of systems

consolidation, so that the very same memories that once were

dependent on the hippocampus for retention and retrieval can
2 Neuron 109, July 21, 2021
now be retained and retrieved directly

from neocortex (and other structures)

without hippocampal involvement. In

other words, there is a change in neural

representation without a corresponding

change in psychological representation.

This stagemarks the endof the consolida-

tion process, indicated by the asymptote

of a temporally graded amnesia.
SCT paid little heed to the relation between memory changes

at the neural level to those at the psychological level. Although

some investigators noted the correspondence between psycho-

logical and neural representations (Penfield and Milner, 1958;

Kinsbourne and Wood, 1975; Cermak, 1984), it was the publica-

tion of multiple trace theory (MTT) in 1997 that brought this issue

to the fore (Nadel and Moscovitch, 1997). Reviewing the evi-

dence, Nadel and Moscovitch emphasized the close correspon-

dence between the nature of memory representation and the

neural structures that mediate them, just as do theories of

recently acquired memories. Episodic memories that preserve

their detailed, perceptually rich representations over time remain

perpetually dependent on the hippocampus, whereas remote

semantic memories, assumed to arise primarily by extracting

statistical regularities among events, are dependent on extra-

hippocampal structures.
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Building onMTT but taking a more dynamic perspective, trace

transformation theory (TTT) (Winocur et al., 2010; Winocur and

Moscovitch, 2011; Sekeres et al., 2018b) posited that though

most event-specific memories are lost or inaccessible, some

memories retain their episodic specificity over time, independent

of influences of schemas and semantics (Alba and Hasher, 1983;

Reyna and Brainerd, 1995; Goldsmith et al., 2005; Evans and

Fisher, 2011; Bonnici and Maguire, 2018; Renoult et al., 2020),

whereas others are transformed into more gist-like representa-

tions, retaining the central elements of the episode, but not the

peripheral details (Sekeres et al., 2018b; Bartlett, 1932; Schacter

et al., 2012). Still other memories may leave a schematic or se-

mantic residue, retaining the overall structure of the event as

part of a class of similar events, or the semantic information ex-

tracted from it, but no information specific to the event itself.

The correspondence between psychological and anatomical

representations has recently been highlighted for themedial pre-

frontal cortex (mPFC) and the anterior temporal cortex as crucial

components of neural networks mediating schemas (Gilboa and

Marlatte, 2017) and semantics (Ralph et al., 2017; but see Martin

et al., 2014, and Martin, 2016), respectively, and the anterior and

posterior hippocampus inmediating gist anddetails, respectively

(Poppenk et al., 2013; Grady, 2020). These developments led

Robin and Moscovitch (2017) to relate the different mnemonic

transformations to the neural structures that are presumed to

mediate them (see Figure 1 and Sekeres et al., 2018b). Following

the principle of the structural functional isomorphism (Mosco-

vitch et al., 2016), they proposed that the nature of the memory

representations is aligned with the structures that mediate them

and the networks of which they are a hub.

According to TTT, these different psychological representa-

tions related to episodic memories and their neural correlate

can coexist from encoding to retrieval and can be in dynamic in-

teractions or flux depending on a variety of factors, including

attention, task demands, prior knowledge, and time. Thus, ac-

cording to TTT, memories of events or experiences consist of

multiple representations that include rich episodic details but

also event-specific gist and general knowledge (schemas and

semantic information) about the remembered event (Tulving,

1983). Episodic details refer to descriptions of a particular event,

such as a birthday party (Figure 1A), including the people who

were there, the shape and color of the room and cake, the

sequence of events that took place, and so on, that together

enable one to re-experience the event. ‘‘Gist’’ refers to a sum-

mary of a particular (specific) event that lacks such a rich

description but retains the central elements of the event. Sche-

mas refer to what happens at a typical event of its kind rather

than to a specific event, such as what birthday parties are typi-

cally like (including rich generic contextual details). Semantics

refers to the meaning of the event or the term ‘‘birthday party’’

without entailing a description of all that transpires there. De-

pending on prevailing conditions, one or the other aspect of

the memory of the event dominates (Winocur and Moscovitch,

2011; Sekeres et al., 2018b). Thus, even shortly after the event

occurs, one can draw on any of these representations to

describe it. Even when a memory appears lost or silent, appro-

priate cues or reminders may revive the specific memory, even

to the level of details, reinstating the dominance of a hippocam-
pal-dependent detailed memory over the ventromedial prefron-

tal cortex (vmPFC)-dependent schematic memory (Sekeres

et al., 2018b; Winocur et al., 2007). Moreover, as episodic mem-

ories are retrieved or revived, they are re-encoded in relation to

the context in which the recovery occurred, allowing for mem-

ories to become updated, altered, or distorted in the process

(Nadel et al., 2000; Schacter et al., 2011; Nadel and Sederberg,

2020). Thus, according to MTT and TTT, the term ‘‘consolida-

tion’’ as construed by some proponents of SCT is misleading,

since it implies the end of a process of memory retention.

MTT/TTT, on the other hand, captures the dynamic, open-

ended, and ongoing nature of memory processes at both the

psychological and neural levels (Dudai, 2012).

Here, we additionally highlight the little-noticed fact that the

principles of neural-psychological representation correspon-

dence (NPRC; see below) and representational dynamics that

apply to different aspects of episodic memories also apply to

schematic and semantic memories (Gilboa and Marlatte, 2017;

Hebscher et al., 2019b). MTT/TTT emphasized these principles

by demonstrating that in the few cases in which remote episodic

memories retain their details, they also retain their hippocampal-

dependent neurobiological characteristics, regardless of mem-

ory age. The other side of this principle is that event-specific,

detail-poor, generic memories, as well as schematic and seman-

tic memories, should display the same psychological character-

istics early on as they do after weeks and years and should be

supported by the same neurobiological substrates and mecha-

nisms. This feature is most obvious at the psychological level;

in the example provided in Figure 1, participants in Aguilar’s

birthday can immediately access both event-specific rich

perceptual details and gist, coarse-level representations of the

event, depending on retrieval demands (Figure 1A). Schematic

representations extracted frommultiple previous similar birthday

events (Figure 1B) help derive event-specific gist information at

encoding and are themselves modified through integration of

novel information (e.g., expansion of the types of games played

in birthdays). Finally, modifications to decontextualized, ab-

stract, semantic knowledge can also take place early after en-

coding (e.g., learning that quinceañera, celebrated at 15 years

in Mexican culture, is akin to ‘‘sweet 16’’ in other cultures;

Figure 1C). Hippocampal-based detail-rich memories typically

dominate memory expression early on, making it difficult to

observe the formation of new schematic and semantic cortical

representations or their alteration in response to new informa-

tion. However, experimental conditions that promote schematic

and semantic memory formation and expression and curb the

expression of episodic memories have begun lending support

to this notion of coexisting and long-lasting multiple mnemonic

representations. Similar ideas from the animal literature have

been proposed, suggesting a dual-storage or distributed rein-

statement dynamic model of memory consolidation (Sutherland

et al., 2010, 2020).

In the remainder of the paper, we examine whether the corre-

spondence between neural and psychological representations

of memory (NPRC) holds at different levels of analysis as mem-

ory expression is transformed with retrieval demands, time,

and experience. We focus on evidence from human research

because animal research tends to be more limited in its
Neuron 109, July 21, 2021 3
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characterization of the psychological attributes of memory.

Where possible, we draw on parallels between human and ani-

mal research because of the latter’s greater precision and exper-

imental control over the neural representational mechanisms of

memory dynamics. We also provide a brief account of recent de-

velopments in animal studies that we think support our view and

could help resolve some inconsistencies in the literature. To

keep matters manageable for this short review, we will focus

on the comparison of event-specific detailed memories to those

that are event specific but gist-like and to schematic and seman-

tic memories, since it is primarily these comparisons that have

informed theories of memory consolidation and transformation.

LESIONS

From our reading of the literature on the effects of hippocampal/

medial temporal lobe (MTL) damage, we believe the evidence is

consistent with the representational views posited by MTT/TTT

(Sekeres et al., 2018b; Grilli and Verfaellie, 2016; Sheldon

et al., 2019; but see Lah and Miller, 2008), namely, that damage

to the hippocampus leads to loss of detailedmemories nomatter

how long ago they were acquired, whereas semantic or sche-

matic aspects of those memories are relatively well preserved.

Moreover, under some conditions, semantic and schematic

memories can be acquired by people with hippocampal damage

during development and in adulthood, consistent with the notion

that these cortical memory traces are formed at the time of en-

coding with minimal hippocampal involvement (see below).

Conversely, because episodic, semantic, and schematic

memories can coexist and interact with one another, detail-rich

aspects of remote semantic and schematic memories are

reduced following hippocampal damage, with only core seman-

tic and schematic information remaining. This outcome has been

observed in recall of specific details of semantic narratives

(Rosenbaum et al., 2009; Verfaellie et al., 2014), public events

(Petrican et al., 2010), famous personalities (Waidergoren

et al., 2012), and familiar routes (Rosenbaum et al., 2000; Herd-

man et al., 2015) and even in generating exemplars on tests of

free association (Sheldon et al., 2013). Because episodic

aspects related to semantic memory, such as the personal sig-

nificance of famous people, may be accessed rapidly and auto-

matically (Moscovitch, 2008), performance on purely semantic

tests, such as name recognition and reading (Westmacott and

Moscovitch, 2003), lexical decision (Sheldon and Moscovitch,

2010), free association (Sheldon et al., 2013), and sense of self

(Sawczak et al., 2019), is enhanced in neurologically intact peo-

ple but absent or reduced in people with medial temporal lobe

damage that includes the hippocampus (for review, see Renoult

et al., 2012, 2019).

To our knowledge, there are no lesion studies in humans that

have examined the differential effects of lesions to the anterior

and posterior hippocampus, though it has been noted that the

extent of damage to the hippocampus is not related to the

severity and extent and retrograde amnesia (Winocur et al.,

2010; Argyropoulos et al., 2020), consistent with evidence from

rodent studies (Winocur et al., 2009; Sutherland et al., 2020).

The integrity of thalamic and neocortical structures, however,

is related to the temporal extent of retrograde amnesia (Argyro-
4 Neuron 109, July 21, 2021
poulos et al., 2020; Kopelman, 1989; see Vetere et al., 2021 for

rodents). With respect to hippocampal outputs via fornix (Gilboa

et al., 2006) and subfields, such as CA1 (Bartsch et al., 2011) and

CA3 (Miller et al., 2020), damage or dysfunction led to extended

retrograde amnesia to episodic, but not semantic, aspects, with

CA3 posited to be necessary for integrating information along

the cortical default mode network (Miller et al., 2020). The persis-

tence of autobiographical memory details is also related to the

volume of the left pre- and para-subiculum, although evidence

from lesion studies in humans about the role of the subiculum

is lacking at the moment (Barry et al., 2021).

Although a case can be made to support the alternative that

the effects of hippocampal damage on detailed and precise

memory representations are time limited (Squire et al., 2015;

Dede et al., 2016), attempts to identify the source of the discrep-

ancy between the two views, whether attributed to the sensitivity

of the memory tests or the location and extent of the lesion, have

not been successful (readers are referred to the recent reviews

listed above). Until that occurs, onemust appeal to other sources

of evidence to adjudicate between the two views.

NPRC also predicts that schematic and semantic knowledge

can be acquired despite hippocampal damage; evidence for

such learning is accumulating, although the notion is still contro-

versial (Hebscher et al., 2019b). In developmental amnesia,

semantic memory appears to be intact despite significant hippo-

campal agenesis and episodic memory impairment (Vargha-

Khadem et al., 2001; Gadian et al., 2000; Guillery-Girard et al.,

2004; Elward and Vargha-Khadem, 2018). Though develop-

mental amnesia allows for normal knowledge of intrinsic features

of concepts, it leads to abnormal semantic representations of

extrinsic features of concepts (e.g., typical uses or locations of

objects) (Blumenthal et al., 2017) similar to deficits described in

remote semantic knowledge in adult-acquired amnesia (Waider-

goren et al., 2012; Hilverman and Duff, 2021). Rapid acquisition

of new knowledge has also been described in adult-acquired

amnesia when it is tied to prior knowledge (Skotko et al., 2004;

Ryan et al., 2013; Sharon et al., 2011; Merhav et al., 2014; Kopel-

man and Morton, 2015; Westmacott et al., 2004; Corkin, 2013),

consistent with the notion that cortical memory traces can be

formed rapidly at the time of encoding (Hebscher et al.,

2019b). Interestingly, new cortical memories are highly suscep-

tible to interference (Merhav et al., 2014) as predicted by models

of cortical learning (McClelland et al., 1995) and in line with the

principles of NPRC.

While evidence for acquisition of schematic and semantic

memories despite hippocampal damage is just emerging, there

aremore robust indications that damage to the vmPFC and ante-

rior temporal lobe (ATL) impairs schematic and semantic mem-

ories, respectively, leaving episodic memories relatively intact.

Patients with vmPFC damage showmoderately impaired knowl-

edge of factual semantics (O’Connor and Lafleche, 2004; Kan

et al., 2010; Hebscher et al., 2016) and more pronounced abnor-

malities in schematic processing (Ghosh et al., 2014; Stolk et al.,

2015; Spalding et al., 2015; Warren et al., 2014; Melo et al.,

1999). Conversely, severe impairments of semantic knowledge

are well described following damage to the ATL (Patterson

et al., 2007; Gainotti, 2017 for reviews). Patients with vmPFC

damage do not typically display relatively preserved episodic
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memory, though cases of it have been reported, indicating that

this is possible in principle (see below). This concomitant

episodic deficit may occur because of damage to neighboring

basal forebrain structures that are crucial for cholinergic input

to the hippocampus (Damasio et al., 1985; Gilboa and Mosco-

vitch, 2002) or because access to episodic memories of remote

events often depends on schemas and semantics and the inter-

action of hippocampus with vmPFC (Williams et al., 2020; Mc-

Cormick et al., 2018a, 2018b). If, however, memories of the

events can be accessed, people with vmPFC lesions can

describe scenes from such events with normal detail (Kurczek

et al., 2015; Thaiss and Petrides, 2008) but are deficient in incor-

porating self-schemas (Kurczek et al., 2015) or sequential as-

pects (Bertossi et al., 2016), consistent with our representational

hypothesis.

Comparable studies have not been conducted in people with

focal, lateral, or ATL lesions. Evidence from people with seman-

tic dementia in whom those structures are compromised

presents an inconsistent picture, with some studies showing

preserved episodic details but impaired semantic memory and

others showing impairment in both (Irish and Piguet, 2013).

fMRI

In contrast to evidence from lesion data, the evidence from fMRI

studies in neurotypical people is overwhelmingly consistent with

our representation hypothesis (Sekeres et al., 2018b; Sheldon

et al., 2019). The vast majority of studies have shown that there

is equivalent hippocampal activation for both recent and remote

episodic memory as long as the memories were specific, vivid,

and perceptually detailed. Memories that were not vivid or

detailed, however, showed a marked decrease or absence of

hippocampal activation (Gilboa et al., 2004; Addis et al., 2004).

The latter condition likely applies to the large proportion of

remote memories leading to an expected overall pattern of a

reduction of hippocampal activation with memory age when

episodic detail and richness are not considered (Boccia et al.,

2019; Gilboa et al., 2004).

To date, all the neuroimaging studies on autobiographical

memory had participants either answer true/false questions or

mentally relive the events while being scanned, followed by pro-

duction of narratives offline that were scored for details. Capital-

izing on advances in fMRI denoising, Gilmore et al. (2021) had

participants narrate memories acquired on the day of scanning

to those acquired months to years earlier while they were in the

scanner. Compared to a control condition, they found a decline

in posterior hippocampal activation over that period accompa-

nied by a comparable decline in functional connectivity between

the posterior hippocampus and neocortical regions implicated in

memory. There was no change in anterior hippocampal activa-

tion. Although the authors conclude that this evidence supports

SCT as the role of the hippocampus seems time limited, a closer

examination of the data suggests that the findings are more in

accord with MTT/TTT. Internal details also declined during that

period, with the drop being most prominent in details pertaining

to activity and object, which account for approximately half the

total. Activity in anterior hippocampus, which codes for gist, re-

mained stable across memory age. Thus, as predicted by MTT/
TTT, changes in posterior, but not anterior, hippocampal activa-

tion correspond to changes inmemory representation for details.

The evidence for semantic memory, however, is more

nuanced, as it was in the lesion studies. For the most part, se-

mantic memory tasks do not engage the hippocampus and

instead activate modality-specific regions and supra-modal

cortical convergence zones (e.g., angular gyrus, ATL, inferior

frontal, middle temporal gyri, posterior cingulate, and vmPFC)

(Binder and Desai, 2011). NPRC predicts greater engagement

of these structures under conditions that promote rapid seman-

tic integration of new information into existing knowledge at en-

coding and short-delay retrieval (Hebscher et al., 2019b). For

example, subsequentmemory for associations encoded through

fast-mapping was strongly predicted by multivoxel pattern anal-

ysis of activity in the ATL and less so by hippocampal activity,

whereas hippocampal activity, but not ATL activity, predicted

subsequent episodic memories that were intentionally encoded

(Atir-Sharon et al., 2015; see also Chadwick et al., 2016). The

extent of overlap between the prior knowledge activated at en-

coding and the learned novel information mediates anterior tem-

poral and perirhinal engagement during successful encoding

(Zaiser et al., 2019).

Rapid cortical integration of new semantic knowledge should

be reflected not only by the establishment of new associations

but also by changes to the existing knowledge structures into

which these associations are embedded. At the psychological

level, this prediction has been tested using lexical competition

paradigms in which learning of novel word forms (e.g., cathder-

ook) that share representations with existing ones (e.g., cathe-

dral) lead to changes in the processing of the existing lexical

knowledge, such as changes in performance on lexical decision

tasks (Gaskell and Dumay, 2003). Rapidly emerging competition

effects for existing word forms have been demonstrated in fast

mapping compared with intentional episodic encoding, indica-

tive of more rapid cortical integration (Coutanche and Thomp-

son-Schill, 2014; Zaiser et al., 2021). As predicted, rapid emer-

gence of lexical competition due to learning of novel similar

word forms is associated with increased activity in posterior su-

perior temporal gyrus and middle temporal gyrus, cortical re-

gions known to be critical for lexical access processes and lex-

ical-semantic interactions (Takashima et al., 2014).

As we noted earlier, semantic and episodic aspects of mem-

ory are not processed independently of each other. Some se-

mantic memories of public events, habitual activities, or famous

faces conjure both detailed, likely episodic information about the

event, activity, or person in question and more abstract, seman-

tic information (Westmacott and Moscovitch, 2003; Addis et al.,

2004; Renoult et al., 2012, 2019). Consistent with NPRC, the

extent to which one or the other is invoked will determine the de-

gree of hippocampal activation, even for remotely acquired se-

mantic information, with hippocampal activation modulated by

detail. For example, in a word fluency task that requires listing

the names of exemplars of a category, hippocampal activation

is observed as less common exemplars are named (Sheldon

et al., 2016). These findings on semantic memory, even more

than those on episodic memory, underscore the importance of

considering the nature of the underlying representations in inter-

preting the neural dynamics of memory transformation.
Neuron 109, July 21, 2021 5
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Of the cortical structures involved in remote memory retrieval

(Svoboda et al., 2006; Cabeza and St Jacques, 2007; McDer-

mott et al., 2009), the vmPFC is the primary structure to receive

systematic investigation. Activation of the vmPFC typically in-

creases with time sincememory acquisition. In themost straight-

forward cases, increased vmPFC activation and a concomitant

drop in hippocampal activation is associated with loss of

detailed memories but retention of gist-like memories or sche-

mas (Sekeres et al., 2018b). More interesting are those cases

in which vmPFC activation and differentiation of one memory

from another increases with time, even for memories that appar-

ently remain detailed (Bonnici and Maguire, 2018; Takashima

et al., 2006; Bonnici et al., 2013; Ezzyat et al., 2018) and continue

to be associated with hippocampal activation even after 10 years

(Bonnici and Maguire, 2018; Bonnici et al., 2013). Such findings

suggest that as memories become older, their representations

do not ‘‘transfer’’ from one location to another; rather, memories

have multiple parallel and interactive neural representations that

dynamically change over time. Even memories that remain

detailed and associated with hippocampal activation also

come express their more schematic representations mediated

by the vmPFC. This is especially the case if memories are

schema congruent and can benefit from schema-related cues

for reconstruction by the hippocampus (Bonasia et al., 2018;

van Kesteren et al., 2012). Schema-incongruent memories, how-

ever, show the same level of hippocampal activation immedi-

ately after acquisition and 7 days later (Bonasia et al., 2018).

Longitudinal investigations of newly formed memories over

long durations are challenging and, therefore, rarer, but they

provide an opportunity to examine the dynamics of memory rep-

resentations. Using memory for video clips or and univariate an-

alyses examining changes in activation from minutes to weeks,

investigators (Bonasia et al., 2018; Furman et al., 2012; Sekeres

et al., 2018a) found that the pattern of results resembled those

for autobiographical memory (see below). Hippocampal activa-

tion, particularly in the posterior portion, declined along with a

reduction in memory for details and context but remained rela-

tively stable if memory for details and context was retained,

the extent of activation predicting memory for the videos (Fur-

man et al., 2012). mPFC activation, however, was increased in

both cases (Bonasia et al.,2018; Sekeres et al., 2018a), consis-

tent with the notion that schemas mediated by the mPFC

become increasingly important over time in retention and

retrieval of all episodic memories.

Investigating the relation between memory for objects and

their location in newly formed spatial schemas over 10 months,

Sommer (2017) found that as recollection of object-location

memory declined with delay and high-confidence familiarity

judgements increased, there was a corresponding reduction in

anterior hippocampal activation and an increase in vmPFC and

ventrolateral PFC, structures implicated in schematic and se-

mantic memory, respectively.

These studies show that changes in neural activation are

confounded by the concomitant change in memory accuracy

over time. It is difficult, therefore, to determine whether the

decline in hippocampal activation results from a time-dependent

consolidation process, as SCT predicts, or a decline in detailed

representations, as MTT/TTT predicts. To address this problem,
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Du et al. (2019) studied word-pair associations, a form of rela-

tional memory that is dependent on the hippocampus (Eichen-

baum et al., 2007). By varying the number of repetitions at study,

they equated associative memory as much as possible from

20min to 1month. In accord with NPRC, hippocampal activation

remained relatively stable over time when memory representa-

tions remained similar. (See below for evidence on associations

from single-unit recordings; De Falco et al., 2016.)

Neural similarity analyses afford the opportunity to relate time-

dependent changes at the psychological level, with comparable

changes at the neural level, as required by NPRC. In a paired

associate learning procedure, Tompary and Davachi (2017)

found that it was only at a week’s delay that greater neural repre-

sentational similarity emerged between items that were paired

with a common picture (overlapping) as compared to those

that were paired with different pictures. This similarity, evident

primarily in mPFC and posterior hippocampus (but see Dandolo

and Schwabe below), was inversely related to recognition accu-

racy. Because recognition emphasized detail specificity, this

finding is indicative of greater dominance of gist memory

coupled with less distinct neural representations. Focusing on

the long axis of the hippocampus, Dandolo and Schwabe

(2018) found that over the course of 1 month, as lures became

increasingly mistaken for related targets, indicative of a shift

from distinct to gist-like representations in memory, the neural

similarity at retrieval, particularly in the anterior hippocampus,

increased between related compared to unrelated items, consis-

tent with our model (Figure 1).

Bonnici andMaguire (2018) compared autobiographical mem-

ories at 2 weeks with the same memories at 2 years and then

compared those to 10-year-old memories while ensuring that

all memories were equated for vividness (details) and along other

dimensions. Using multivariate pattern analysis (MVPA), they

found that the 2-year-old, compared to 2-week-old, memories

were most clearly distinguishable from one another in the

mPFC and hippocampus, particularly in its posterior portion,

especially in the CA3/DG subfields, a pattern that was no

different from that of memories that were 10 years older.

Because each of the original memories was unique, differing

from one another in both details and schemas, their distinguish-

ing characteristics, represented in mPFC and posterior hippo-

campus (pHPC), respectively, coexisted as predicted by

NPRC, and were accentuated with time.

FUNCTIONAL CONNECTIVITY

In addition to revealing structures that are activated during pro-

cessing of different types of information, fMRI enables one to

study the functional and effective connectivity among the nodes

in the network. Functional network connectivity associated with

memory transformation or consolidation has been studied

through (1) post-encoding connectivity and representational

similarity during rest to uncover memory-related reactivation

that may predict memory retention (e.g., Tambini and Davachi,

2019). These studies typically involve short durations and for

the most part do not consider possible changes in memory rep-

resentations. Therefore, we review only (2) lab-based memory

studies that examine rapid cortical integration as well as the
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handful of longitudinal studies that examine memory dynamics

over times that range from days to weeks and (3) several

cross-sectional autobiographical memory studies that could

speak to the relationship between changes in functional connec-

tivity and changes in expression of memory representations over

longer durations (up to years).

Longitudinal lab-based studies
Several studies have attempted to examine functional connec-

tivity of lab-based acquisition of episodic memory and cortical

knowledge integration typically over hours to a couple of days.

A handful of other studies attempted to track trajectories of rep-

resentations from days and up to several weeks later. The former

likely tap synaptic consolidation and the latter, the initial phases

of memory transformation or changes to memory expression in

humans. In several of these studies, there was evidence for

increased connectivity between mPFC and hippocampus that

was predictive of memory retention (e.g., Ezzyat et al., 2018;

Liu et al., 2017; Berkers et al., 2018; Thielen et al., 2015), whereas

in others (discussed below) cortico-cortical interactions better

predict memory integration. We suggest that the prominence

of mPFC-hippocampal connectivity in predicting memory acqui-

sition and retention is related to the fact that most studies use

recognition or cued recall of discrete, arbitrary, associative infor-

mation. These designs also restrict conclusions about possible

changes inmemory quality, such as generalization or integration.

As we will see, however, mPFC-hippocampal interactions at en-

coding or afterward influence the nature of subsequent repre-

sentation, leading to fine resolution and detail-rich memory

specificity (Preston and Eichenbaum, 2013; Guise and Shapiro,

2017; Hebscher et al., 2019b) at short or long delays that dimin-

ishes with time as hippocampal involvement decreases along

with memory specificity.

Rodent research suggests that the trade-off between memory

specificity and generalization is determined by mPFC control

over hippocampal activation levels via the thalamic nucleus re-

uniens (Xu and S€udhof, 2013). Increased hippocampal activation

leads to more incorporation of contextual information and more

memory specificity, countering cortico-cortical abstraction of

gist information. With respect to specificity of arbitrary associa-

tions, increased mPFC-hippocampal connectivity predicts more

distinctive representations. Importantly, these interactions can

occur during, and shortly after, memory encoding but also at

remote time points, via the anterodorsal nucleus of the thalamus

(Vetere et al., 2021), as suggested by NPRC. Human neural con-

nectivity findings are consistent with the animal data, though

task designs often prevent conclusions about psychological

representational dynamics. In tasks using arbitrary associations,

increased mPFC-hippocampal connectivity predicted the

distinctiveness of cortical representation in mPFC (Ezzyat

et al., 2018). Moreover, thalamic midline nuclei were shown to

mediate both hippocampal-mPFC and mPFC-posterior

neocortex connectivity during the first 24 h after encoding,

whereas at longer delays (up to 90 days), direct mPFC-parahip-

pocampus connectivity became more prominent (Thielen et al.,

2015; Sterpenich et al., 2009). Because the tasks in all of these

studies require item-specific or association-specific memory,

the increase in mPFC-thalamic-hippocampal functional axis
connectivity could reflect regulation of memory-relevant cortical

activity levels. Note that the tasks did not probe memory quality,

but recognition memory at longer delays declined significantly,

consistent with reduced memory specificity (Takashima et al.,

2006; Thielen et al., 2015; Vetere et al., 2021).

These findings contrast with studies that report increased cor-

tico-cortical connectivity but no interaction between cortex and

hippocampus (Sterpenich et al., 2009; van Kesteren et al., 2010;

Merhav et al., 2015; Takashima et al., 2014). In these cases, the

information learned is not arbitrary but instead is related to prior

knowledge (van Kesteren et al., 2010; Merhav et al., 2015), and

we predict that appropriate tests would reveal that the memory

is more generalized. One study reported interactions between

mPFC and representational-relevant cortices such as somato-

sensory cortex for visuotactile learning of familiar object-fabric re-

lations (van Kesteren et al., 2010). Another study demonstrated

that learningnewsemantics in thecontextof old knowledgedrove

interactions between ATL and cortical regions that support se-

mantic representations (lateral and inferior temporal cortices,

temporo-parietal junction, andventrolateral anddorsomedial pre-

frontal cortices), regardless of time since encoding (Merhav et al.,

2015). Evenwhen hippocampal-vmPFC connectivity is increased

for information that is related to prior knowledge, there seems to

beadditional cortico-cortical connectivity contributing tomemory

facilitation effects of prior knowledge (Liu et al., 2017). Notably,

vmPFC may be particularly involved when the relationship be-

tween new information and prior knowledge is conceptual. In a

lexical integration study in which lexical competition was invoked

withexistingword forms (Takashimaet al., 2014), but notwithnew

conceptual learning, increased cortico-cortical functional con-

nectivity was observed between auditory cortex and superior

temporal gyrus, with no reported involvement of vmPFC, consis-

tent with the representational demands of the task.

Although null effects of hippocampal connectivity are difficult

to interpret, these imaging findings are consistent with models

that suggest that prior cortical representations can support rapid

integration of novel associations with little or no hippocampal

involvement but may require support from supra-modal cortical

hubs (Hebscher et al., 2019b). By this view, hippocampal-mPFC

interactions are keywhen arbitrary or highly detail-specificmem-

ories are formed, but not when more generic knowledge is

activated, or when new information is integrated into well-estab-

lished knowledge networks (Hebscher et al., 2019b; Coutanche

and Thompson-Schill, 2015).

Recently, Cowan et al. (2020) showed that the type of detail

retrieved could determine which long-axis hippocampal-cortical

circuit would be engaged during synaptic consolidation, pro-

moted by sleep spindles (Peyrache and Seibt, 2020). Overnight

consolidation-related sleep spindles were related to anterior

HPC-vmPFC connectivity for object-word paired associates

and to posterior HPC-posteromedial cortex for scene-word

pairs. This pattern of findings supports the idea that posterior

hippocampus is more engaged for memories high in details,

whereas objects that can be encoded more easily as conceptual

representations engage anterior hippocampus networks (Shel-

don and Levine, 2018). This interpretation is consistent with the

observation of greater consolidation-related representational

overlap in vmPFC for object-word memories that was mediated
Neuron 109, July 21, 2021 7
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by the degree of anterior hippocampal-vmPFC functional con-

nectivity (Cowan et al., 2020).

Autobiographical memory studies
Most studies that explored connectivity patterns in the autobio-

graphical domain have taken a cross-sectional approach. A

typical finding from these studies is that hippocampal connectiv-

ity with cortical structures exists regardless of memory age,

provided memories are roughly equated for qualities such as

vividness, rehearsal, and personal significance (Gilboa et al.,

2004; Addis et al., 2004). In people with unilateral left temporal

lobe epilepsy with hippocampal atrophy, however, functional

connectivity with the hippocampus was much reduced and was

replaced by strong connectivity between the vmPFC and those

structures (Addis et al., 2007). Consistent with NPRC, these pa-

tients have remote memories, but they tend to be more generic

and impoverished in detail (St-Laurent et al., 2009). Differences

sometimes are also reported in functional connectivity within

neurotypical individuals with respect to the precise network of

hippocampal-cortical interactions in recent versus remote mem-

ories that were collected longitudinally (Söderlund et al., 2012;

Bonnici et al., 2012; Sheldon and Levine, 2013; Bonnici and Ma-

guire, 2018). Such findings suggest that similar activity levelsmay

reflect recruitment of distinct networks depending on memory

quality.

Autobiographical memory retrieval unfolds over time, and

some investigators have capitalized on this characteristic to un-

derstand the interaction between the nature of representation

and the network that supports it (St Jacques et al., 2011). Exam-

ining detailed remote memories (typically older than 2 years),

McCormick et al. (2015) observed that during an early construc-

tion phase, the greatest functional connectivity was between the

anterior hippocampi with each other and with the vmPFC and

anterior temporal pole. During a later elaboration phase, howev-

er, the pattern of functional connectivity shifted to the posterior

hippocampi and posterior neocortex, although vmPFC activa-

tion could still be noted. When the same memory is retrieved

multiple times within a session, anterior hippocampus and

vmPFC activity only appears at the first retrieval, while posterior

hippocampus and posterior cingulate activity does not change

across retrievals (Gurguryan et al., 2021). Such shifts from ante-

rior to posterior activation in memory retrieval, first noted by

Conway et al. (2001), are consistent with the idea that schematic

representations of an event coexist and interact with more

detailed ones to support flexible memory expression. Schematic

representations, mediated by vmPFC, first activate the anterior

hippocampus to recover the gist, which, in turn, activates the

posterior hippocampal-posterior neocortical ensembles to

recover perceptually detailed representations of the event (see

Figure 1). In a subsequent fMRI study with temporal lobe epi-

lepsy patients who have impoverished detail memory, McCor-

mick et al. (2018a) found that unlike the case for neurotypical

people, there was no change between the two phases, with

vmPFC-anterior hippocampal connectivity dominating both,

consistent with the patients’ poorly elaborated, gist-like

memories.

The leading role played by mPFC in guiding retrieval (Mosco-

vitch, 1992) in healthy adults is confirmed by a follow-up study
8 Neuron 109, July 21, 2021
using magnetoencephalography (MEG) and broadband source

analysis which showed mPFC activation precedes hippocampal

activation by 65 ms for detailed autobiographical memories that

range in age from 4 months to 5 years (McCormick et al., 2020).

Using effective connectivity analysis, they showed that mPFC

drove HPC activity throughout the entire retrieval phase, consis-

tent with predictions from working-with-memory models (Mos-

covitch, 1992; Gilboa et al., 2004).

Connectivity analyses of prospectively collected everyday

events, which addresses some of the inherent difficulty of biased

retrospective selection of memories, demonstrated that when

vividness is equated, the hippocampus was part of a network

that included structures in posterior parts of the autobiographical

memory network (Sheldon and Levine, 2013), similar to other

studies equating vividness. Months-old memories that were

beginning to change their nature and become less detailed acti-

vated a functional network that included the anterior cingulate,

lateral prefrontal, and lateral temporal cortices, as well as the

lateral and posterior regions of the thalamus, consistent with the

anterior and lateral patterns that more gist-like memories evoke.

Together, findings from longitudinal lab-based memory

studies and autobiographical memory studies suggest that func-

tional connectivity patterns reflect the psychological representa-

tional characteristics of the memory from the time of encoding

and may either change over time or remain stable as a function

of the dynamics of memory expression. When highly specific as-

sociations and accuracy of arbitrary associations serve as a

measure of memory, or when detail-rich autobiographical mem-

ories are accessed, hippocampal-cortical interactions dominate,

regardless of memory age. Conversely, more direct mPFC-

cortical connectivity is at play for integration of new information

with prior knowledge and for schema-based memory represen-

tations (Hebscher et al., 2019b).

OSCILLATORY ACTIVITY AND MEMORY TYPES

Measures of neural firing rhythms, their possible anatomical dis-

tribution, and their interactions can reflect representational vari-

ations of different memory types and their evolution over time.

Specifically, neural oscillations and cross-regional coupling of

oscillatory activity may control or orchestrate the process of

memory formation and specify memory representational domi-

nance. Broadly speaking, synchrony/desynchrony between

distant cortical cell assemblies is indexed by changes in phase

coherence and phase-amplitude coupling, whereas local cell as-

sembly synchrony/desynchrony is indexed by changes in ampli-

tude (or power) and local phase-amplitude coupling. As we

describe below, detail-rich episodic memories appear to entail

changes in the theta (�4–7 Hz) and gamma (approximately

>30 Hz) frequency ranges, whereas semantic and schematic

representations and their influence on episodic memories are

mediated more by cortical theta, alpha (�8–12 Hz), and beta

(�12–30 Hz) frequency ranges.

There is an emerging literature of studies in rodents that

directly track changes in oscillatory communication across

time, neurofunctional networks, and memory kinds. For

example, hippocampal-mPFC theta-phase coupling during

retrieval of well-established context-specific memories reflects
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hippocampal inputs about contextual information early in

retrieval, followed by mPFC control over the hippocampus for

retrieval of context-appropriate representations (Place et al.,

2016; cf. Guise and Shapiro, 2017). The latter may occur through

multiplexing hippocampal theta-gamma synchrony that sup-

ports successful learning (Tort et al., 2009). To our knowledge,

there are no similar studies with this temporal resolution in hu-

mans, but clues from studies that examine well-established

memories suggest that differential function of cortical and hippo-

campal oscillatory activity may be reflected in timing and direc-

tionality of cross-regional and cross-frequency coupling, similar

to the findings in rodents.

Hippocampal-theta driving or ‘‘clocking’’ (Staresina and Wim-

ber, 2019) cortical-gamma as a mechanism underlying recollec-

tion that retains details and vividness has been described in

humans during context-rich retrieval of both recently acquired

lab-based memories (Vaz et al., 2019; Köster et al., 2019) and

remote autobiographical ones (Hebscher et al., 2019a; Fuente-

milla et al., 2014). Inhibiting cortical function using Transcranial

Magnetic Stimulation leads to altered network level connectivity

of hippocampal-cortical phase-amplitude theta-gamma coupling

(Hebscher et al., 2019a). This alteration, in turn, reduces the vivid-

nessof autobiographicalmemories that are recalled, suggestinga

causal role (Hebscher et al., 2019a) possibly driven by altered

timing of electrophysiological responses (Hebscher et al., 2020).

In another study, statisticalmodelingof hippocampal-mPFC theta

coupling was more consistent with mPFC driving hippocampal

processing of mismatch signals (Garrido et al., 2015) similar to

the findings from the Place et al. (2016) study mentioned above.

These data are consistent with the idea that interactions between

hippocampus and cortical modules support recollection of vivid

memories, whether recent or remote. mPFC-HPC axis coupling

appears to support online predictions and detection of prediction

violations by hippocampal representations.

Theta/gamma multiplexing that supports binding and retrieval

of episodic information has received much attention. Also

commonly observed, however, are cortical alpha/beta syn-

chrony and desynchrony. These appear to support multisensory

information processing, including long-term knowledge repre-

sentations whose activations may precede episodic encoding

(Tulving, 2001). Intracranial recordings from humans performing

an associative memory encoding/retrieval task demonstrate the

expected precedence of cortical desynchrony during encoding

and hippocampal gamma synchrony during retrieval (Griffiths

et al., 2019). Together, such data are consistent with models

that suggest that cortical time-frequency information aids the

encoding of attributes in coordination with theta and gamma fre-

quency bands in the hippocampus (Fell et al., 2001; Staresina

et al., 2012; Halgren et al., 2015; Hanslmayr et al., 2016; Stare-

sina andWimber, 2019). Alpha and beta synchrony/desynchrony

reflect activation of existing (semantic) cortical knowledge struc-

tures (Klimesch et al., 2010; Hanslmayr et al., 2016) that support

the extraction of context-sensitive meaningful information for in-

terpreting and encoding ongoing perceptual information (Kli-

mesch et al., 2010; Gilboa and Marlatte, 2017).

It is not known, however, whether such hippocampal/cortical

time-frequency modulations and coupling described in studies

of recently acquired episodic memory support similar or different
memory traces as representations transform with time or as their

expression is altered. A clue is provided by the cortico-cortical

time-frequency phenomena described in studies on well-estab-

lished semantic and schematic knowledge. Using representa-

tional similarity of time-frequency information, Clarke et al.

(2018) found that during basic level naming, visual perceptual in-

formation represented in alpha activity feeds forward along the

ventral visual pathway; correspondingly, abstracted semantic

meaning was represented in theta and centered on ATL, reflect-

ing both feed-forward and feed-backward connectivity. Theta

effects for semantic category of words has also been shown in

both anterior and posterior cortico-cortical connections in

human intracranial recordings (Halgren et al., 2015). Causal evi-

dence for the importance of cortico-cortical mPFC theta interac-

tions during retrieval of schema-related information was

described in a combined lesion-electrophysiological study (Gil-

boa and Moscovitch, 2017). Patients with vmPFC damage

showed reduced schema-related pre-stimulus cross-regional

theta desynchrony and smaller or absent markers of interactions

between perceptual information and prior knowledge.

One study that examined changes to existing word represen-

tations following acquisition of new words (Bakker et al., 2015)

found evidence consistent with NPRC’s prediction that changes

to existing semantic knowledge can be rapid and be reflected by

the same neural mechanisms as ‘‘old’’ semantic information.

Specifically, recently acquired novel words showed the same

desynchronization in the high beta range as existing words,

and both differed from comparable non-words that were never

trained. Interestingly, in the lower beta and theta ranges, novel

words behaved like existing words only after a night’s consolida-

tion period, consistent with the idea that semantic integration it-

self is a dynamic process that depends on synaptic consolida-

tion and that different frequency bands may differentially drive

these dynamics.

Based on the available cross-sectional data on differences in

neural oscillations for episodic, semantic, and schematic infor-

mation (Halgren et al., 2015; Gilboa and Moscovitch, 2017;

Clarke et al., 2018), we propose that schematized/semantic rep-

resentations are supported by cortico-cortical interregional in-

teractions through theta, alpha, and beta desynchronization,

while detail-rich episodic representations are mediated by hip-

pocampal-cortical theta/gamma coupling. During schema-

mediated memory formation, HPC-mPFC theta coupling is crit-

ical for the interactive, bi-directional, process by which mPFC

provides context information to bias hippocampal function under

conditions in which new information is inconsistent or only

weakly related to prior knowledge (e.g., toward binding novel

arbitrary associations or novel unexpected information). This

functional axis allows the extraction of gist for ongoing events

based on prior knowledge (Figure 1A), as well as the assimilation

of new relevant information into existing schematic knowledge.

This axis may be especially active when information is

novel and needs to be integrated into existing knowledge.

Note that although it is most commonly presumed that theta

coupling drives theta/gamma phase-amplitude coupling during

information processing of encoding and retrieval (e.g., Canolty

et al., 2006; Hasselmo and Stern, 2014; Staresina and Wimber,

2019), it may also be the case the hippocampal gamma
Neuron 109, July 21, 2021 9
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oscillation drive theta (Nandi et al., 2019). The former patternmay

reflect the influence of prior knowledge on encoding, whereas

the latter may reflect processing of arbitrary associations.

Evidence for NPRC’s prediction that multiple memory repre-

sentations are formed during the initial experience has yet to

be tested using oscillatory activity. There is evidence that cortical

beta desynchrony emerges as soon as new semantic learning

occurs. However, whether a form of cortical schematized mem-

ory is also created at the time of encoding, independent of the

context-rich representation, has still to be determined. Human

models of mPFC contributions to schema and decision-making

emphasize the generalized context-sensitive application of

knowledge in the service of action plans or scripts across time

(Schoenbaum et al., 2011; Ghosh and Gilboa, 2014; Wilson

et al., 2014; Yu et al., 2019; Hebscher et al., 2019b), but the oscil-

latory signature of these processes has yet to be investigated.

ECog AND SINGLE-UNIT RECORDINGS

Recordings from linear arrays of electrodes (ECog) provide more

precise measures of neural activity than surface recordings of

electromagnetic fields. ECog recordings lend support to some

of our speculation regarding the neural correlates of the oscilla-

tions. Foster et al. (2013, 2015) reported that during retrieval of

autobiographical, but not semantic, memory, there were tran-

sient increases in theta-phase synchronization between medial

temporal lobes and restrosplenial cortex that preceded sus-

tained theta activity in the latter, whose activity, in turn, was syn-

chronized with inferior parietal cortex. Likewise, Steinvorth et al.

(2010) reported theta, delta, and gamma oscillations in left ento-

rhinal cortex, particularly for retrieval of remote autobiographical

memory. Whereas gamma was predominant in hippocampally

projecting layers, prolonged theta, consistent with Foster’s

data, was evident in cortically projecting layers. Together, these

data are consistent with our suggestion that hippocampal-pos-

terior cortical communications, mediated through theta-phase

coupling and theta/gamma phase-amplitude coupling, support

retrieval of detailed episodic memories regardless of their age

(Figure 1A).

Although not concerned with remote memory, evidence from

studies examining sharp-wave ripples (SWRs) emanating from

the hippocampus is consistent with the view that hippocampal

activity at retrieval precedes activation in neocortex related to

the retrieved information. Thus, in recognition memory of words,

faces, and places, SWRs from the hippocampus precede word

recognition (Vaz et al., 2019) and free recall of pictures of people

and places (Norman et al., 2019) and the concomitant cortical

reinstatement of patterns of activity observed at encoding.

Single-unit recordings from the hippocampus suggest that

similar mechanisms are involved in retrieving remote episodic

memories. Quian Quiroga (2019) and Rey et al., 2020 found that

modality invariant activation of hippocampal ‘‘concept’’ cells by

pictures of people and faces is related to personal autobiograph-

ical episodes and items associated with these stimuli (cf. Viskon-

tas et al., 2009; Renoult et al., 2019). Likewise, De Falco et al.

(2016) show that long-term coding of associations in human

MTL neurons, apparent from the very first recording trials, reflect

personal experiences rather than semantic categorization. Sup-
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porting this interpretation, there is no topographic organization

in thehippocampus, asoccurs in neocortex. In neocortex, nearby

neurons respond to similar items, supporting a hierarchical orga-

nization characteristic of semantic memory, whereas in the hip-

pocampus, they responded to completely different items, an

organizational structure that facilitates forming associations

rapidly between any arbitrary items (Ison et al., 2015), as is

required for episodic memory. These associations, however,

may themselves be organized according to a hierarchical struc-

ture determined by hippocampal subfields and gradients along

the hippocampal axis. Thus, the anterior hippocampus and the

CA1 subfields, which are preferentially found there, may code

for general context and statistical regularities among events

and stimuli. By comparison, the posterior hippocampus and

CA3 subfields code for details that distinguish similar events, or

aspect of the same event, from one another (Poppenk et al.,

2013; Brunec et al., 2018; Schapiro et al., 2017).

A NOTE ON STUDIES IN NON-HUMAN ANIMALS ON
MEMORY CONSOLIDATION AND TRANSFORMATION

In previous reviews, we have noted a strong correspondence be-

tween human studies on memory consolidation and transforma-

tion and rodent studies conducted at the same level of analyses

(Winocur et al., 2010; Dudai, 2012; Kandel et al., 2014; Sekeres

et al., 2018a, 2018b, 2019). Here, we briefly review such findings

in light of the different types of representations: detailed versus

gist event-specificmemory (Figure 1A), schematic event-general

knowledge (Figure 1B), and what might be considered an animal

analog to human abstract (semantic) knowledge (Figure 1C).

The main paradigm that has been used to investigate consol-

idation of event-specific memory in animals is contextual fear

conditioning. Rodents receive shock in a particular context,

and their memory for that context is measured by how much

they freeze when reintroduced to it. By comparing performance

when the organism is reintroduced to the identical context as at

training to performance in a novel, yet similar, context, one can

assess the specificity of the memory that serves as the rodent

homolog of episodic memory. Recent studies on reactivation

and suppression of engram cells by optogenetic and molecular

biological intervention using that paradigm (Sekeres et al.,

2018b; Moscovitch and Nadel, 2019; Josselyn and Tonegawa,

2020) are generally supportive of NPRC. The primary findings

are that recovery or loss of precise, context-specific memories

is related to reactivation or suppression, respectively, of hippo-

campal engram cells by natural or artificial means. Loss of

context specificity over time, but development and maintenance

of a generalized memory, as measured by increased freezing in

the novel context, is related to hippocampally mediated forma-

tion of engram cells in the mPFC (Kitamura et al., 2017; Sekeres

et al., 2018b; Moscovitch and Nadel, 2019; Josselyn and Tone-

gawa, 2020; Sekeres et al., 2019). Moreover, cortical memory

engrams in mPFC are formed at the time of encoding and reflect

a generalized, decontextualized form of the memory (de Sousa

et al., 2019), the rodent analog of gist or schematic memory.

An often-overlooked characteristic of contextual fear condi-

tioning is that it is disrupted by hippocampal damage in the retro-

grade direction, but not in the anterograde direction; contextual
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fear conditioning can be acquired by animals with hippocampal

damage (Ross and Eichenbaum, 2006; Maren et al., 1997; Su-

therland et al., 2010; Wiltgen et al., 2006), as can a number of

other tasks presumed to be dependent on the hippocampus (Su-

therland et al., 2020). Such findings are difficult to reconcile with

either SCT or MTT but can be accommodated within TTT when

NPRC principles are considered. Specifically, such patterns are

consistent with the idea that multiple memory representations

for an event are formed at encoding but compete for expression

dominance, which may shift over time and retrieval conditions.

The formation of a dominant hippocampal trace at the time of

encoding may render memory traces formed in other neural

structures too weak to support behavior (Maren et al., 1997; Su-

therland et al., 2010). Reaching the same level of a freezing

response to a context despite extensive hippocampal damage

can be achieved with some additional training (Wiltgen et al.,

2006). Because usually single, prominent, contexts are used,

however, it remains an open question whether in all cases ex-

tra-hippocampal memory representations can support fine detail

discrimination or whether they only support coarse-level contex-

tual discrimination (Jasnow et al., 2017), as predicted by TTT and

in accord with NPRC.

Socially acquired food preference (Galef and Wigmore, 1983;

Galef, 2012), in which an active social interaction leads to long-

term changes in food choice behavior, is another single-event

memory paradigm that is typically dependent on the hippocam-

pus (Winocur et al., 2007; Pilarzyk et al., 2019). Using a similar

rationale as the contextual fear experiments, investigators

found that when the food choice is tested in a different context

from the one in which the social interaction took place, rats with

hippocampal damage show enhanced preference at 24 h, indi-

cating that more generalized representations are operating (Wi-

nocur et al., 2007). Even with no context manipulation, there is

evidence for parallel formation and consolidation of more than

one memory trace in this paradigm, namely, a hippocampal

trace dominating behavior after 1 day of consolidation and an

independent cortical trace that dominates behavior after a

week, even when the hippocampal trace is absent in the interim

(Pilarzyk et al., 2019). This pattern hippocampal-independent

single-event cortical learning is inconsistent with systems

consolidation models which posit that the formation of remote

extra-hippocampal traces always depend on a prolonged pro-

cess of hippocampally guided modifications. Interestingly, the

deficit in recent long-term memory was associated with

reduced activation in ventral hippocampus (akin to aHPC in

Figure 1A), whereas the cortical network supporting remote

long-term food-preference memory included the mPFC (Pilar-

zyk et al., 2019; see also Cullen et al., 2015). We suspect,

based on previous research, that these remote traces repre-

sented a more generalized (gist/schematic) form of event mem-

ory, though this was not tested.

Unlike event-specific memory paradigms, only a handful of

studies have directly addressed the formation and long-term

retention of schematic representations in animal models (Wino-

cur et al., 2005; Tse et al., 2007; 2011; Hasan et al., 2019;

Richards et al., 2014). These studies have demonstrated howdy-

namic interactions betweenwell-established schemas and novel

arbitrary associations accelerate the ability of cortical traces to
express memory independently of the hippocampus (Winocur

et al., 2005; Tse et al., 2007, 2011; Hasan et al., 2019). Impor-

tantly, evidence from early gene expression (Tse et al., 2011)

and lidocaine infusion (Hasan et al., 2019) indicates that assimi-

lation of newly acquired memories into existing memory net-

works requires simultaneous encoding in hippocampus and

mPFC and involves synaptic plasticity and myelinization sup-

ported by peri-neuronal nets. The establishment of schematic

memory itself over weeks of training is associated with increased

myelinization in mPFC and neurophysiological mechanisms

such as increases in theta band power, spike-field coherence,

and phase locking (Hasan et al., 2019) that have also been

identified in the human literature (Gilboa and Moscovitch,

2017). In these studies (Tse et al., 2007; 2011; Hasan et al.,

2019), prior knowledge involved specific patterns of well-learned

odor-location paired associates, which may not capture the

extraction of statistical regularities across multiple similar, but

not identical, event types (Ghosh and Gilboa, 2014; Gilboa and

Marlatte, 2017).

One study provided evidence for differences in the psycholog-

ical representations associated with schematic representations

extracted from statistical regularities versus event-specific

memory representations (Richards et al., 2014). In a modified

Morris water maze, mice learned platform locations that varied

stochastically from a spatial distribution. Schematic knowledge,

which depended on intact mPFC at encoding, only emerged af-

ter a delay of 30 days, after event-detail memory for specific lo-

cations ‘‘faded’’. Learning of new schema-consistent locations

was enhanced by schema knowledge, but when new locations

conflicted with previously established knowledge, interference

occurred.

Evidence of schema-like representations has been reported in

the hippocampus of monkeys (Baraduc et al., 2019) and rats

(McKenzie et al., 2014), which the authors interpreted to ‘‘.indi-

cate that the hippocampus records common features of events

within overlapping networks that link related memories’’ (p.

211). It is not clear, however, whether these representations,

likely derived by extracting statistical regularities, resemble

concept cells and gist more than schemas and whether and

how they can be distinguished from related representations

mediated by mPFC (Preston and Eichenbaum, 2013).

While most animal research has focused on detailed or gist

event-specific memories, and a handful of studies have begun

to emerge focusing on schema memory, the animal equivalent

of abstract semantic knowledge (Figure 1C) has yet to be found.

One potentially interesting representation learned by animals in

many experiments is learning task principles and rules

(Freedman and Miller, 2008; Miller and Wallis, 2010), but their in-

fluence on new event-specific memory (Hebscher et al., 2019b)

and associations (Brincat and Miller, 2015; Cruzado et al., 2020)

is just beginning. For example, animals that learned a variant of

the classical Morris water maze could later learn event-specific

information in another, similar task despite damage to CA1 sub-

field of the hippocampus (Ocampo et al., 2017). Moreover, even

animals with total hippocampal damage demonstrated their

generalized knowledge by completely altering their swim strate-

gies, which also marginally improved performance on this highly

hippocampal-dependent task.
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CONCLUSION

In this review, we concentrated on only two major theories,

MTT/TTT and SCT. Other theories, however, have been pro-

posed in recent years that have elements in common with

one or the other of these two but differ with respect to particu-

lars (Dudai, 2012; Squire et al., 2015; Kandel et al., 2014; Se-

keres et al., 2018b; Barry and Maguire, 2019; Quian Quiroga,

2019; Yonelinas et al., 2019; Josselyn and Tonegawa, 2020;

Takehara-Nishiuchi, 2020; Jasnow et al., 2017; Hardt and Na-

del, 2018; Sutherland et al., 2010; McClelland et al., 1995;

McClelland, 2013; Goode et al., 2020; Yassa and Reagh,

2013). A systematic comparison of the theories with each other

merits its own review (Moscovitch and Gilboa, 2021). Despite

their differences, all are consistent with the main thesis advo-

cated in this review that memory representations mediated by

extra-hippocampal structures differ fundamentally from those

mediated by the hippocampus. Here, we argue, in addition,

that these different kinds of representations can all be formed

at the time of the event, can coexist, and can be expressed

as needed. Systems consolidation by this view may be a

misnomer, as it suggests a uni-directional time-dependent

neurobiological process that is merely influenced by conditions

such as relatedness to prior knowledge or context specificity.

Instead, in accord with the principle of NPRC, these different

representations undergo interactive (bi-directional), dynamic

changes in strength, composition, and dominance of expres-

sion influenced by task demands and time. This view does

not negate the possibility that some neocortical representations

can be modified by hippocampal input and are needed for

remote memory formation and stabilization as systems consol-

idation posits. Instead, our view posits that (1) the neocortical

representation that ensues is different from the hippocampal

one, (2) neocortical representations are often laid down concur-

rently with hippocampal ones, (3) hippocampal memory trace

formation is influenced by cortical representations of prior

knowledge just as cortical traces are influenced by the hippo-

campus, and (4) neocortical and hippocampal representations

continue interacting with one another and in the process can

modify each other or their expression throughout the life of a

memory. It remains to be determined whether the neurobiolog-

ical mechanisms underlying these interactions are variations of

synaptic consolidation that occurs at initial, hippocampal-

dependent learning or are distinct from them, as some recent

evidence suggests (Finnie et al., 2018).

Our understanding of the psychological processes and the

neural mechanisms underlying the dynamics of memory for-

mation, retention, and change not only challenges some

models of systems consolidation but calls the very concept

of systems consolidation into question (Sutherland et al.,

2010, 2020). The present review suggests that many of the

phenomena of memory dynamics are described best by the

concept of ‘‘memory systems reorganization and expression.’’

Given our current state of knowledge, we believe that MTT/

TTT and the guiding principle of NPRC provide the best

account of this dynamic view of the varieties of memory rep-

resentation and expression that are observed across time

and experience.
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