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The quest to understand the memory engram has intrigued humans for centuries. Recent technological advances,
including genetic labelling, imaging, optogenetic and chemogenetic techniques, have propelled the field of
memory research forward. These tools have enabled researchers to create and erase memory components. While
these innovative techniques have yielded invaluable insights, they often focus on specific elements of the
memory trace. Genetic labelling may rely on a particular immediate early gene as a marker of activity, opto-
genetics may activate or inhibit one specific type of neuron, and imaging may capture activity snapshots in a
given brain region at specific times. Yet, memories are multifaceted, involving diverse arrays of neuronal sub-
populations, circuits, and regions that work in concert to create, store, and retrieve information. Consideration of

contributions of both excitatory and inhibitory neurons, micro and macro circuits across brain regions, the
dynamic nature of active ensembles, and representational drift is crucial for a comprehensive understanding of

the complex nature of memory.

In his Nobel lecture, Eli Wiesel recounted the Hasidic legend
centered around the revered figure of Rabbi Baal-Shem-Tov, known as
the Besht. This legendary Rabbi, deeply affected by the suffering of the
Jewish people, embarked on a mission to hasten the Messiah’s arrival.
However, his audacious attempt to alter history led to a poignant pun-
ishment—exile to a distant island alongside his devoted servant. In their
isolation, desperation crept in, and the servant implored the Rabbi to use
his magical abilities to guide them home. Tragically, the Rabbi had lost
these powers, and his own memories had abandoned him. The servant,
driven by steadfast loyalty, asked the Rabbi to seek absolution from the
heavens, yet the Rabbi’s memory lapses hindered his ability to recall
prayers or penitent words. In a moment of hopelessness, the servant,
who had also lost his memory, recalled a simple but profound tool—the
alphabet, a basic framework of language and thought. With this modest
yet potent foundation, the servant began reciting the alphabet, softly at
first, then with growing fervor. Miraculously, as the rhythm of the al-
phabet’s cadence enveloped them, the Rabbi’s lost memories began to
return, accompanied by his powers. This allegorical tale embodies
memory’s indomitable influence, serving as a testament to our very
existence. Wiesel eloquently encapsulates this sentiment: “Without
memory, our existence would be barren and opaque, like a prison cell into
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which no light penetrates; like a tomb which rejects the living. Memory saved
the Besht, and if anything can, it is memory that will save humanity. For me,
hope without memory is like memory without hope.”

Elie Wiesel (Wiesel, 1986).

1. Introduction
1.1. Current advances and questions

The narrative featuring the Besht Rabbi emphasizes the concept that
memories are constructed from basic components, creating foundational
knowledge that acts as a framework for assimilating additional infor-
mation. However, the gist representation, symbolized by the alphabet,
does not fully capture the actual memory of the Rabbi. His prayers and
memories come to the forefront only when the alphabet triggers other
elements that gradually merge into the recollection. This story implies
that while certain fundamental elements may play a crucial role in
memory retrieval, and can, in some cases, elicit simple recollections,
recalling complex memories necessitates the activation of components
that may not be inherent to the fundamental units of memory.

Analogous to how the alphabet offers a foundational structure
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enabling the Rabbi to recapture lost memories, recent animal studies
indicate that the activation of specific neurons can recover forgotten
memories (Perusini et al., 2017; Roy et al., 2016; Ryan et al., 2015).
These neurons, referred to as engram cells, are recognized as the
fundamental components of memory (Josselyn and Tonegawa, 2020).
These engrams have been identified through technological innovations
that enable the tracking of neuronal activity over time. Results from
these studies shed critical insights into how specific engram ensembles
can modify, create, or erase simple associations, supporting the view
that they are the elemental units of memory (Josselyn and Tonegawa,
2020). However, despite the extremely valuable information gained
through these studies, their reliance on specific promoters or markers
allowing tracking of only subsets of all active neurons, poses some
constraints to the identification of all the variables that contribute to
memory retrieval. In particular, the contributions of various cell types
with distinct patterns of activity or expressing distinct markers remain
largely unexplored. Furthermore, the majority of engram animal studies
used simple tasks that facilitate the identification of neuronal pathways
engaged in learning, disputing whether recalling a simple association
mirrors the same processes involved in remembering a complex memory
(Ranganath, 2022). Lastly, memory recollections are fluid (Mau et al.,
2020), showing changes over time, which raises questions about how
engram activity maps memory drift. In this review, we concisely explore
the historical journey in pursuit of memory engrams and discuss current
discoveries and unanswered questions in this field. Our scrutiny is
concentrated on memory engrams within the hippocampus (HC) and
medial prefrontal cortex (mPFC), regions recognized for their role in
memory consolidation; but our proposition likely extends to other
interconnected regions and memory processes.

1.2. Historical search for the “engram”

The term “engram” was first coined by Richard Semon, who postu-
lated that experiences activate networks of interconnected elements,
producing enduring changes that can be reactivated during recall by
appropriate external or internal cues (Schacter, 2001; Schacter et al.,
1978; Semon, 1923). Semon outlines four essential characteristics of an
engram. Firstly, engrams should produce enduring changes in the brain
resulting from experiences. Secondly, the behavioral manifestation of an
engram should emerge through interaction with retrieval cues, a process
termed ecphory. Thirdly, the content of an engram ought to mirror the
events during encoding and accurately reflect what can be retrieved
during recall. Finally, an engram could exist in dormant states between
the encoding and retrieval phases (Schacter, 2001; Schacter et al.,
1978). Although Semon’s view was initially ignored, some of its main
elements were discussed in Donald Hebb’s “Theory of Cell Assemblies,”
which postulated that memories do not reside in a specific region but are
distributed throughout the brain’s interconnected cell networks (Hebb,
1949). In Hebb’s view, neurons could form part of many cell assemblies
participating in various functions and memory traces. He further sug-
gested that the efficiency of communication among cell assemblies could
be enhanced through the coordinated activity of presynaptic and post-
synaptic neurons. A view that became widely known as “cells that fire
together, are wired together”. Experimental evidence in support of the
structural changes postulated by Hebb emerged with the discovery of
long-term potentiation (LTP), a perduring mechanism of synaptic
enhancement (Bliss and Lgmo, 1973). This finding gave rise to the
conceptualization of engrams as neural changes involving the
strengthening of synaptic connections among neurons engaged in
encoding (Bliss and Collingridge, 1993), a perspective that continues to
be supported by several researchers to this day [for review see, (Poo
et al., 2016)].

The idea that memories entail lasting structural changes in specific
brain networks prompted researchers to investigate the neural substrate
responsible for these changes. Pursuing this goal, Karl Lashley con-
ducted experiments with rats trained to navigate a maze for a food
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reward. He then systematically removed various portions of cortical
regions in an attempt to pinpoint the spatial memory engram for this
task (Lashley, 1931, 1950). The results revealed a positive correlation
between cortex removal and the number of errors made by the rats but
failed to pinpoint a specific engram location. These findings led Lashley
to conclude that memories were distributed throughout the cortex, a
concept known as equipotentiality, indirectly implying that memory did
not produce synaptic structural changes only in specific brain circuits
(Lashley, 1950). It is essential to note that Lashley’s removal of cortical
regions limited the evaluation of subcortical memory substrates.
Furthermore, since Lashley overtrained the animals in the maze, it re-
mains possible that the task engaged the striatum, a subcortical area
recognized for its role in habitual exploratory behavior (Howe et al.,
2011).

While Lashley’s ideas exerted a significant influence for decades
(Bruce, 2010), the notion of equipotentiality encountered challenges
from both animal and human lesion studies. In studies involving lesions
in monkeys, a link was established between the medial temporal lobe-,
encompassing the HC and amygdala, and specific memory deficits
(Kliiver and Bucy, 1938), such as the absence of fear responses to
predators. Subsequent research emphasized the role of the amygdala,
rather than the HC, in emotional memory (Weiskrantz, 1956). The
exploration of engram substrates gained momentum as researchers
observed selective memory impairments in patients with brain lesions or
neurodegeneration in specific brain regions. These findings emphasized
that memory is not a singular phenomenon but rather comprises mul-
tiple cognitive processes with varying levels of awareness. The prime
illustration of this dissociation is the case study of Henry Molaison,
known as HM. In the early *50s, HM underwent bilateral removal of the
medial temporal lobe, including the HC, to treat severe epilepsy. While
the surgery left HM’s perceptual abilities and personality intact, it
resulted in significant deficits in declarative memories—the conscious
recollection of facts and events. Remarkably, his ability to form proce-
dural associations, involving unconscious memories of skills and habits,
remained unaffected. This revelation led researchers to posit the exis-
tence of distinct memory systems, with the medial temporal lobe being
crucial for declarative memories and other brain substrates associated
with procedural memories. (Corkin, 1984, 2002; Milner, 2005; Penfield
and Milner, 1958; Schacter and Tulving, 1994; Scoville and Milner,
1957; Squire and Zola-Morgan, 1991; White and McDonald, 2002).

Further insights about declarative memory emerged when Endel
Tulving proposed dividing this type of memory into semantic and
episodic components (Tulving, 1972). Semantic memory represents
general knowledge about historical events, people, and places, whereas
episodic memory reflects events at specific times in particular contexts.
These two forms of memory are not entirely independent since their
interaction influences declarative recall (De Brigard et al., 2022;
Greenberg and Verfaellie, 2010). A widely accepted notion is that se-
mantic memories arise through the decontextualization of episodic
memory over time (Baddeley, 1988), a concept that is supported by
some theories of memory consolidation (see below). It is noteworthy
that while memory taxonomies didn’t elucidate the neural and molec-
ular mechanisms of engrams, they did emphasize key characteristics
that engrams should display. For instance, as engrams reduce reliance
on contextual information, their dependence on the HC is anticipated to
decrease, supporting the idea that remote consolidation of engrams
occurs in other brain regions. Furthermore, dynamic shifts between
episodic and semantic recollections suggest that engrams should also be
fluid.

1.3. Theories of consolidation

To be remembered, learned episodic or semantic information must
be stabilized and stored in the long term through a process known as
consolidation. Consolidation involves synaptic and system changes
occurring over varying time scales. Synaptic consolidation requires RNA
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production and protein synthesis, molecular changes that lead to more
efficient synaptic coupling (Bailey et al., 1996). Conversely, systems
consolidation involves reorganization of memory traces across brain
regions as the consolidation progress advances (Tonegawa et al., 2018;
Wiltgen and Tanaka, 2013). Numerous reviews have extensively
detailed the molecular cascades underlying synaptic consolidation (Abel
and Kandel, 1998; Alberini and Kandel, 2014; Asok et al., 2019; Josselyn
and Nguyen, 2005; Lisman et al., 2018; Morris, 2013; Rogerson et al.,
2014; Schoch and Abel, 2014; Silva et al., 1998; Takeuchi et al., 2014).
In this review, we will focus on exploring the interplay between synaptic
and systems consolidation, as elucidated by several consolidation the-
ories. This emphasis is crucial for gaining insights into the nature of
memory engrams.

The Standard Consolidation Theory (SCT) posits that the HC plays a
pivotal role in the initial synaptic consolidation phase, but over time,
memories progressively emancipate themselves from the HC as infor-
mation is stored in neocortical networks (Dudai et al., 2015; Squire,
1992; Squire and Alvarez, 1995). Advocates of this perspective propose
that once cortical engrams are consolidated, they give rise to stable
representations, suggesting that the same ensembles are activated dur-
ing each recollection ( Fig. 1A). This notion finds support across various
species, including humans, where hippocampal lesions show minimal
impact on the recall of old memories (Dede et al., 2016; Kapur and
Brooks, 1999; Kim et al., 1995; Kim and Fanselow, 1992; Manns et al.,
2003; Takehara et al., 2003; Zola-Morgan and Squire, 1990). Notably,
SCT does not differentiate between context-dependent episodic and se-
mantic memories, assuming that the same reorganization process affects
these memory types equally (Winocur and Moscovitch, 2011).
Furthermore, it is implied thatthere is a transition towards a more se-
mantic nature in episodic recall with the passage of time .

The Indexing Theory (IT) shares similar memory temporal dynamics
as those postulated by SCT but offers a potential mechanism through
which neocortical memory traces become consolidated over time (Tey-
ler and Rudy, 2007). According to this view, experiences activate pat-
terns of activity in neocortical ensembles that project to the HC. The
hippocampal cells receiving these inputs consolidate this information in
potentiated synapses. During retrieval, a subset of the original inputs
activates the strengthened hippocampal ensemble, which in turn, re-
trieves the cortical representation of the memory. In this view, the HC
stores an index of cortical patterns of activity during encoding, but the
actual memory traces are stored in cortical networks. Repeated activa-
tion of the hippocampal index during recall reinforces connections
among neocortical memory traces, gradually making the cortical en-
grams less reliant on the hippocampal index (Teyler and Rudy, 2007).
Therefore, according to this view, episodic memories may progressively
transition to semantic as they become independent of the HC (Fig. 1B).

The SCT and IT have faced challenges from accounts suggesting that,
although recall remains possible, old memories become less accurate
when the HC is compromised (Nadel and Moscovitch, 1997). These
observations led researchers to propose the Multiple Trace Theory
(MTT). According to this view, during HC-dependent retrieval, new
trace elements are added to the original memory, leading to the notion
that older memories are more widely distributed in the HC than newer
ones. Moreover, MTT suggests that semantic memories initially rely on
the HC but progressively shift to neocortical representations, allowing
independent retrieval. In contrast, episodic memories continue to rely
on the HC as long as they preserve detailed contextual information.
Importantly, as episodic memories gradually lose precision, critical el-
ements undergo abstraction, giving rise to a gist representation. This gist
is subsequently stored in the neocortex as a semantic recollection.
Therefore, according to MTT, retrieval can be episodic or semantic,
depending on how much the original memory has been abstracted at the
time of recall (Nadel and Moscovitch, 1997; Nadel et al., 2000). This
theory raises some interesting predictions for engram research because
it suggests that each instance of retrieval will alter the engram and
recollection (Fig. 1C). Several animal studies have shown that memories
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are fluid and engrams undergo modifications (Mau et al., 2020). Yet, it is
still unclear if engram representations become less susceptible to change
at some point or what factors affect the rate of change.

Given that context inevitably evolves over time, the MTT proposition
that contextual episodic memories undergo continuous modification
during retrieval aligns with intuition. This notion was initially observed
in the late ‘60s (Misanin et al., 1968; Schneider and Sherman, 1968) and
subsequently experimentally validated through the pioneering work of
Nader and collaborators. These investigators confirmed that consoli-
dated memories exhibited susceptibility to modification during
retrieval. Crucially, the retrieved memory traces underwent
re-stabilization through a reconsolidation process dependent on protein
synthesis (Nader et al., 2000). Since then, reconsolidation has been
observed in various species, tasks, and brain regions (Haubrich et al.,
2020; Lee et al., 2017; McKenzie and Eichenbaum, 2011; Nader, 2015;
Przybyslawski et al., 1999; Przybyslawski and Sara, 1997; Roullet and
Sara, 1998; Schiller, 2022). Notably, reconsolidation can strengthen
memory if neuro-modulatory signals involved in attention or arousal are
active during retrieval (Sara, 2000). However, the effectiveness of the
reconsolidation process depends on the age and strength of the original
memory (Inda et al., 2011). These data highlight that engram research
should acknowledge the effects of time and encoding characteristics
when evaluating the stability of ensembles over time (Visser et al.,
2018).

Finally, the Complementary Learning Systems Theory (CLST) sug-
gests that the HC is crucial for encoding, consolidating, and transferring
memory traces to the neocortex, where this information is structured
into schemas—collections of rules and knowledge that can be applied to
present situations to steer actions (Fig. 1D). One of the earliest accounts
of schema formation suggested that new memories are rapidly encoded
in the HC but become intertwined with pre-existing memories in the
neocortex during retrieval (McClelland et al., 1995). Hippocampal in-
puts produce slow neocortical schema updating when new information
contradicts prior knowledge, but it can happen fast when it is consistent
with previously stored information (McClelland, 2013). Alternative
views of schema formation combine elements from IT and MTT by
proposing that the HC specifically identifies patterns of regularity across
experiences, while the neocortex stores these commonalities and
response options within schemas (Kroes and Fernandez, 2012). How-
ever, it has also been proposed that the HC can encode episodic memory
and extract regularities from experience (Schapiro et al., 2017).
Importantly, regardless of how schemas are formed, these representa-
tions are flexible and capable of continuously assimilating new infor-
mation, characteristics that could explain the expansion of semantic
knowledge .

In summary, there is significant agreement that experiences modify
engrams in the HC and neocortex. However, it remains to be established
whether the engram representations in these regions are qualitatively
distinct and if updating affects them differently. Animal research on
engrams has not conclusively shown how engrams facilitate the shift
from episodic to semantic memory, the components of an engram that
encode the gist of recollection, or how repeated activation of the same
neurons contributes to memory fluidity. We propose that a compre-
hensive understanding of memory can only be achieved by integrating
multiple levels of analysis, considering different cell types, and
concurrently recording from the HC and cortex during tasks that permit
the transition from episodic to semantic knowledge.

2. The hippocampus: cognitive maps, hippocampal
neuroanatomy, and engrams

2.1. Cognitive maps
A critical feature of episodic memories is their dependence on

contextual information. This feature emphasizes the notion that facts
and events within our experiences become integrated within a
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Fig. 1. Theories of consolidation. A. Standard Consolidation Theory. This view proposes that memories are initially encoded in the hippocampus. However,
memory traces are gradually transferred over time to neocortical regions, where they consolidate. During remote recall, neocortical networks can retrieve memory
independently of the HC. This theory suggests uniform mechanisms for both episodic and semantic memories. B. Indexing Theory. This view proposes that the HC
encodes cortical activity patterns as an index of experience. Over time, the neurons representing this index consolidate by forming enhanced synaptic connections.
These connections allow the HC index to retrieve complete memory representations in the cortex. With time, cortical representations become more semantic and can
be retrieved without the HC. C. Multiple Trace Theory. This view proposes that memory traces are simultaneously formed in the HC and cortex. During episodic
retrieval, HC engrams expand, amplifying the episodic representation. According to this perspective, the HC is always necessary for episodic retrieval. Conversely,
cortical semantic memories tend to evolve into more abstract forms as time progreses, allowing for the retrieval of the semantic gist without the direct involvement of
the HC. D. Complementary Learning Systems Theory. This view suggests that initial encoding and consolidation occur exclusively in the HC. As these HC memory
traces stabilize through enhanced synaptic connections, they are transferred to the cortex. Cortical engrams are encoded as schemas, capable of expanding through

experience and retrievable without HC engagement.

<

contextual framework (Eichenbaum, 2017b). Edward Tolman (1943)
introduced the concept that memories were organized into mental rep-
resentations, serving as cognitive maps (Tolman, 1948). In a seminal
experiment, Tolman demonstrated that rats trained to navigate a com-
plex maze could discover a shortcut to the goal location when tested in a
different enclosure within the same room (Tolman et al., 1946). This
showcased the ability of animals to utilize room cues for the formation of
cognitive maps of the environment.

Neurophysiological findings implicated the HC as the brain region
that generates the cognitive map necesssary for embedding episodic
events . This is evidenced by the discovery that pyramidal cells in the
HC, known as place cells, display firing activity in distinct locations as an
animal navigates through space (O’Keefe and Dostrovsky, 1971). This
finding led researchers to propose that the simultaneous activity of place
cells generates an internal representation of allocentric space (i.e.,
cognitive map), which animals utilize for efficient navigation (O’ Keefe,
1978). Place cells respond to environmental changes through various
forms of remapping. Global remapping reflects a cell’s tendency to shift
its preferred firing location (Muller and Kubie, 1987), while rate
remapping indicates changes in firing rate without altering the cell’s
firing location. Notably, HC cells frequently display partial remapping
wherein only a subset of cells shifts their preferred firing location in
response to stimuli (Colgin et al., 2008; Huxter et al., 2003; Leutgeb
et al., 2006; Muller and Kubie, 1987). This illustrates that distinct place
cell subpopulations represent different facets of an experience. Notably,
all types of remapping can be influenced by parameters beyond spatial
cues including task contingencies, attention, rewards, motivation, and
time (Eichenbaum, 2014; Huxter et al., 2003; Kennedy and Shapiro,
2009; Kentros et al., 2004; MacDonald et al., 2011; Markus et al., 1995;
Muzzio et al., 2009; Salz et al., 2016; Smith and Mizumori, 2006; Wood
et al., 1999), suggesting that place cells can represent multifaceted
episodic experiences. These observations raise an important question for
engram research: Are engrams representing episodic events segregated
into different hippocampal subpopulations, each carrying distinct types
of information, or do these ensembles integrate diverse components of
experience through alterations in spatial and rate coding?

2.2. Hippocampal neuroanatomy

The neuroanatomy of the HC has been extensively reviewed (Amaral
and Witter, 1989; Forster et al., 2006; Sloviter and Lomo, 2012). In this
section, we will only address key features that render this region an
optimal substrate for episodic memories. The HC proper consists of three
subregions: the dentate gyrus, CA3, and CA1. The distinct characteristics
and connectivity of these subregions imply that they serve different roles
in memory processing. The dentate gyrus contains a greater number of
neurons in the pyramidal cell layer compared to the entorhinal cortex,
the primary input area for the HC. This attribute facilitates the differ-
entiation of similar stimuli (Marr, 1971). Furthermore, the dentate gyrus
is one of the few brain regions generating new neurons throughout the
lifespan (Kempermann et al., 2015). This phenomenon, known as neu-
rogenesis, is believed to alleviate memory interference, where specific
information hampers the recall of similar material (Becker, 2017; Woj-
towicz, 2012). These characteristics suggest that the dentate gyrus is

involved in pattern separation—a cognitive process that minimizes
interference between related experiences by reducing overlap of similar
input patterns (Marr, 1971; McClelland et al., 1995; McNaughton and
Nadel, 1990; Yassa and Stark, 2011). Interestingly, newborn dentate
cells are integrated into hippocampal circuits by reducing synaptic
potentiation of previously enhanced connections (Alam et al., 2018;
Frankland et al., 2013; Kitamura et al., 2009), further suggesting that
hippocampal engrams have dynamic properties that evolve over time.

Area CA3 is distinguished by the presence of auto-associative
recurrent connections among excitatory and inhibitory cells, fostering
a configuration that could support pattern completion—where activa-
tion of a partial memory trace triggers retrieval of a complete one
(Leutgeb and Leutgeb, 2007; Marr, 1971; McClelland et al., 1995). In
contrast, Area CA1l receives indirect, pre-processed sensory inputs
through the trisynaptic loop, a relay of synaptic connections involving
the entorhinal cortex, dentate gyrus, CA3, and CAl. Additionally, CA1
receives direct inputs from the entorhinal cortex via the
temporo-ammonic pathway (Brun et al., 2008; Maccaferri and McBain,
1995). This suggests that CA1 neurons have the ability to compare new
sensory information with past experiences (Schlichting et al., 2014).
Finally, the primary output of CAl is directed towards the subiculum,
which establishes connections with subcortical regions and projects
back to the entorhinal cortex (Amaral and Witter, 1989). This arrange-
ment potentially creates a loop for re-processing information that ne-
cessitates additional consolidation.

The cytoarchitecture of hippocampal subfields is maintained along
the dorsoventral axis (posterior-anterior in humans); however, the
dorsal and ventral HC differ in terms of activity patterns and connec-
tivity. Place cells with high spatial information are solely found in the
dorsal region, which receives pre-processed spatial information from the
mediolateral entorhinal cortex (Amaral and Witter, 1989; Ohara et al.,
2023; Zhang et al., 2014). Conversely, the ventral HC, which contains
cells that display very large place fields (Keinath et al., 2014; Kjelstrup
et al., 2008; Royer et al., 2010), connects extensively with brain regions
involved in emotion and anxiety (Kerr et al., 2007; Majak and Pitkanen,
2003; Petrovich et al., 2001), including the basolateral amygdala (Majak
and Pitkdnen, 2003) and the hypothalamic-pituitary-adrenal axis
(Cenquizca and Swanson, 2006, 2007). Moreover, fear and
anxiety-associated genes are selectively expressed in the ventral HC
(Dong et al., 2009; Fanselow and Dong, 2010; Thompson et al., 2008).
Lastly, only the ventral HC sends robust projections to the prelimbic (PL)
and infralimbic (IL) cortices (Hoover and Vertes, 2007; Ishikawa and
Nakamura, 2006; Jay and Witter, 1991) .

The differences in activity patterns and connectivity between the
dorsal and ventral regions led researchers to propose a segregation of
function between these areas, with the dorsal HC playing a role in spatial
processing and the ventral HC in anxiety (Bannerman et al., 2004).
However, an alternative posibility is that the redundancy in spatial in-
formation along the longitudinal axis serves to maintain a balance be-
tween memory interference and generalization. The discrete dorsal
fields may reduce interference, while the overlapping large ventral fields
may promote generalization (Keinath et al., 2014). A corollary of these
ideas is that dorsal and ventral engrams may exhibit distinct properties.
Indeed, a recent study demonstrated that the repeated reactivation of
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engram ensembles in these regions has differential effects on behavior
(Chen et al., 2019).

It is important to note that critical distinctions are also observed
along the proximo-distal hippocampal axis (Henriksen et al., 2010;
Igarashi et al., 2014; Nakazawa et al., 2016; Ng et al., 2018; Paw Min
Thein et al., 2020). For instance, place fields in proximal CA1, the area
bordering CA2, are less dispersed than distal ones in the region
bordering the subiculum. These differences reflect that proximal CA1l
receives spatial inputs from the medial entorhinal cortex, whereas distal
CA1 receives projections from less-spatial areas of the lateral entorhinal
cortex (Henriksen et al., 2010). Lastly, superficial and deep pyramidal
cell layers also display place cell differences (Danielson et al., 2016;
Masurkar et al., 2017). Superficial place cells exhibit greater place field
stability compared to deep ones. However, deep place fields stabilize
during goal-oriented tasks (Danielson et al., 2016), suggesting that
distinct sublayers may be associated with different memory roles.

In summary, the neuroanatomical characteristics of the HC suggest
that engrams representing episodic events may have multiple compo-
nents that respond differently depending on the inputs they receive.
Additionally, the presence of neurogenesis in the dentate gyrus suggests
that engrams are fluid, involving continuous updating. Indeed, neuro-
genesis has been shown to reduce synaptic potentiation (Alam et al.,
2018; Frankland et al., 2013; Kitamura et al., 2009), a mechanism that
may serve to maintain memory capacity by eliminating information that
interferes with new knowledge (Alam et al., 2018). These complexities
illustrate that engram research requires a comprehensive approach that
incorporates connectivity patterns and cell properties to disentangle the
elements that contribute to memory.

2.3. Hippocampal memory engrams

2.3.1. Correlational findings from hippocampal electrophysiological studies

Several studies have reported changes in hippocampal cells that
correlate with memory recall. Notably, in simple associative tasks, re-
sults have demonstrated that different subsets of hippocampal cells
represent distinct aspects of the memory trace, with only some neurons
responding to learned valence. Moita and collaborators (2003) investi-
gated the immediate and short-term changes in place cell activity during
auditory fear conditioning. Prior to conditioning, most place cells
showed little or no response to a tone used as the conditioned stimulus
(CS); however, after conditioning, half of all recorded cells fired in
response to the CS while animals traversed the cells’ place fields. (Moita
et al., 2003). Expanding on this study, Moita and colleagues examined
place cell responses after contextual conditioning. Rats were exposed to
a training box where they experienced shock and a control box without
shock. Contextual fear conditioning caused only a subset of cells to show
location remapping immediately after conditioning (Moita et al., 2004),
further demonstrating heterogeneity in HC responses following
learning.

To investigate if HC emotional representations stabilize in the long
term, Wang et al. (2012) recorded HC activity for several days using a
predator odor conditioning task. Most recorded cells, including those
that remapped immediately after conditioning, became increasingly
stable in the long term, firing in the same spatial locations on repeated
trials (Wang et al., 2012). These findings suggested that the represen-
tations formed after conditioning created a persistent fear memory of the
training environment during HC-dependent consolidation. Interestingly,
when fear conditioned mice were exposed to extinction, a process that
leads to the formation of a new association between the context and
safety, the ensemble of active place cells remapped heterogeneously.
Certain CA1 neurons responded to conditioning, some to extinction, and
others to both processes (Wang et al., 2015). These findings highlighted
that distinct elements of HC engrams can coexist. More recent studies
looking at threats present in circumscribed regions of an environment
(Wu, Haggerty, Kemere, & Ji, 2017) or moving in certain areas of a
context (Kim et al., 2015) corroborated place cell remapping in response
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to changes in emotional valence. However, the extent of remapping in
selective subpopulations varies across studies depending on threat
proximity and predictability. These results indicate that activity patterns
in engram populations may vary according to the characteristics of the
conditioning cues.

Activity changes in different HC subpopulations have also been
observed in response to appetitive tasks. Wood et al. (1999) trained rats
to dig for a food reward in delayed matching and non-matching odor
tasks. Different groups of HC cells responded to odors, trial type
(matching vs. non-matching), reward, or location, indicating that HC
cells represent various task-relevant cues through the activity of distinct
sub-ensembles (Wood et al., 1999). Other studies corroborated that
distinct place cell subpopulations respond to various task contingencies
(Hampson et al., 1999; Markus et al., 1995), motivational states (Fer-
binteanu and Shapiro, 2003), reference frames (Gothard et al., 2001;
Gothard et al., 1996; Kelemen and Fenton, 2016; Zinyuk et al., 2000),
rewards (Gauthier and Tank, 2018), objects (Yuan et al., 2021), odors
(Muzzio et al., 2009), and sound frequencies (Aronov et al., 2017).
Lastly, hippocampal cells code temporal information at different time
scales (Banquet et al., 2021; Eichenbaum, 2013, 2017a; Howard and
Eichenbaum, 2013; Pastalkova et al., 2008), suggesting that place cells
possess flexible characteristics to integrate episodic events. It remains to
be determined if the distinct components of complex memories are
represented by neurons expressing the same or different molecular
markers and how these markers correlate with contextual and temporal
components in the HC.

Further support for the idea that memory engrams involve diverse
contributions from distinct cell types is illustrated in studies looking at
the role of inhibitory neurons (Cattaneo and Mainardi, 2022; Giorgi and
Marinelli, 2021). GABAergic neurons constitute 15-20% of the total
neurons in the HC (Klausberger and Somogyi, 2008; Pelkey et al., 2017;
Topolnik and Tamboli, 2022; Tremblay et al., 2016) and are categorized
based on anatomical targets, morphology, and expression of molecular
markers (Booker and Vida, 2018; Lourenco et al., 2020; Pelkey et al.,
2017). Inhibitory cells comprise perisomatic cells inhibiting the soma [e.
g., parvalbumin (PV)-positive basket cells], axo-axonic cells inhibiting
the axon initial segment (e.g., chandelier cells), and dendritic cells
inhibiting the dendrites of principal cells [e.g., somatostatin (Som)--
positive neurons]. Additionally, there are interneuron-specific inhibi-
tory cells that target other GABAergic cells (Topolnik and Tamboli,
2022). Lastly, GABAergic cells also form long-range projections across
brain regions (Basu et al., 2016; Cho et al., 2023; Mazo et al., 2022; Rock
and Apicella, 2015; Rock et al., 2018; Rock et al., 2016; Urrutia-Pinones
et al., 2022; Zurita et al., 2018), a feature that gives inhibitory cells the
potential to synchronize and modulate information across brain areas.

Hippocampal GABAergic cells exhibit spatial information (Wilent
and Nitz, 2007), a characteristic shared by all GABAergic cell types
(Geiller et al., 2020). For instance, the activity of presynaptic inhibitory
neurons influences the spatial tuning of place cells, implying that spatial
information integrates activity in both inhibitory and excitatory circuits
(Geiller et al., 2022). This conclusion has been supported by the
observation that inhibition of chandelier neurons results in place field
remapping in CAl (Dudok et al., 2021). Interestingly, inhibitory neurons
also exhibit retrospective coding—a phenomenon believed to contribute
to memory consolidation, wherein firing activity is reactivated to
represent past spatial trajectories (Frank et al., 2001).

Different kinds of inhibitory neurons have also been shown to have
specific roles in distinct forms of memory (Giorgi and Marinelli, 2021).
For example, Som interneurons have been implicated in emotional
learning. Inactivation of Som neurons targeting CA1 place cells during
the presentation of aversive stimuli increases pyramidal cell activity and
inhibitesfear learning (Lovett-Barron et al., 2014). Conversely, PV bas-
ket cells respond to expected contextual changes during a working
memory odor/place task (Forro and Klausberger, 2023). Inhibitory
neurons also regulate information flow in the HC. Som interneurons
facilitate the processing of CA3 to CA1 inputs while constraining direct
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entorhinal projections (Leao et al., 2012). Lastly, engram neurons in the
dentate gyrus activate Som interneurons that inhibit surrounding
granule cells dendrites. This mechanism constrains engram size and the
stability of fear memory (Stefanelli et al., 2016). These findings
demonstrate that both excitatory and inhibitory neurons contribute to
memory processes. They also underscore the need for a comprehensive
approach that considers cell types and functional heterogeneity within
subpopulations to discern the essence of memory engrams.

2.4. Immediate early gene studies

2.4.1. Creating or modifying memory

Immediate early genes (IEG) are rapidly and transiently activated in
response to external stimuli, and memory encoding is modulated by the
regulation of these genes (Kubik et al., 2007). Therefore, researchers
interested in studying the neural ensembles active during learning and
memory have used various IEG tagging techniques to track these pop-
ulations. These techniques have been described in detail in some reviews
(DeNardo and Luo, 2017; Ortega-de San Luis and Ryan, 2022; Sakaguchi
and Hayashi, 2012). The following paragraphs summarize some crucial
findings obtained from these methods as well as the molecular strategies
employed to address engram populations.

Garner et al. (2012) employed a combination of genetic and che-
mogenetic tools to manipulate active neurons during learning and assess
whether reactivating these networks led to memory modifications
(Fig. 2). They utilized a transgenic mouse to tag active neurons with the
hM3Dq receptor during a specific time window (Reijmers et al., 2007).
In this system, the Fos promoter, which responds to neuronal activity,
drives expression of the tetracycline transactivator (tTA). In the pres-
ence of Doxycycline (Dox), tTA binds to the tetracycline response
element (TRE), leading to the expression of the hM3Dq receptor in active
neurons. This receptor induces strong neuronal depolarization in the
presence of clozapine-N-oxide (CNO). Neurons expressing cFos were
tagged when mice explored a novel context and were reactivated during

A Context A B
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Context B

O (conditioning) @

|IEG (Fos) tTA IEG
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contextual fear conditioning the following day in a different context.
Exposure to the conditioning context alone or CNO-induced reactivation
of the tagged neurons outside the conditioning context failed to produce
fear expression after conditioning. However, when CNO was adminis-
tered in the conditioning context, animals showed strong fear expres-
sion, suggesting that artificially induced activity during acquisition had
been incorporated into the fear memory trace creating a hybrid memory
(Garner et al., 2012).

In the last two decades, the Tonegawa lab conducted several elegant
experiments to manipulate cells that are part of an engram using the
cFos-tTA system described above along with optogenetic tools. To label
and reactivate engram neurons in the dentate gyrus, Liu et al. (2012)
injected cFos-tTA transgenic mice with a viral construct containing
channelrhodopsin 2 (ChR2), a light-gated channel that depolarizes
neurons when activated with blue light, tagged with TRE . In the absence
of Dox, experience-induced neuronal activity labels active
cFos-expressing dentate gyrus neurons with ChR2, which can then be
reactivated by light stimulation during testing (Fig. 3). Light activation
of the tagged-engram neurons in a chamber distinct from the training
context resulted in animals displaying freezing behavior, showing that
artificial activation of an engram could lead to fear expression in a
context that was never paired with shock (Liu et al., 2012). In a
follow-up study, Ramirez et al. (2013) labelled dentate gyrus cells
activated in a novel context with ChR2. These neurons were later acti-
vated by light during fear conditioning in a different context. During
testing, the experimental animals displayed fear in the original context,
where they never experienced a fearful shock, showing recall of a false
memory (Ramirez et al., 2013).

Lastly, a recent study evaluated whether a memory could be created
in the complete absence of natural experience. Optogenetic stimulation
of a specific glomerulus in the olfactory bulb was paired with either
activation of an appetitive or aversive pathway. Following the manip-
ulations, animals displayed attraction or aversion to the real olfactory
cue activated by the stimulated glomerulus, respectively. This indicated

Context B
(test)

@ Context A D
(test)

e + freezing

e+ no freezing e - noieazing

Fig. 2. IEG promoters driving tTA: Chemogenetic approach. Fos-tTA mice, in which the Fos promoter drives expression tetracycline transactivator (tTA) have been
used to investigate the properties of neurons activated during learning (Reijmers et al., 2007). In the absence of doxycycline (Dox), tTA binds the tetracycline
response element (TRE), leading to the expression of the effector gene of interest through recombination. Gardner et al. (2012) used a double transgenic mouse line
expressing Fos-tTA and the G-protein coupled receptor (hM3Dq) under tetracycline response element (TRE). A. Mice were exposed to a novel context (A), to induce
tagging of active neurons in this environment. In the absence of Dox, expression of hM3Dq is driven by cFos tagging the active engram. B. Dox was administered to
the diet again, and the mice were exposed to another novel context (B) where foot shock (US) and clozapine-N-oxide (CNO) injection were administered. The hM3Dq
receptor produces depolarization in response to the exogenous ligand CNO. This manipulation led to the formation of a memory that included the engram associated
with the conditioning context (B) and the engram of the artificially activated context (A) (i.e., neurons responding to CNO). C-D. During testing in the presence of Dox
to prevent further tagging, mice showed freezing only when both CNO injection (activating the Context A engram) and exposure to Context B occurred together
(panel D, CNO-+). The tagging conditioning context B or CNO alone in context A did not generate freezing. These results indicated that activation of an artificial
engram during conditioning created a hybrid memory.

Adapted from Garner et al. (2012).
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Fig. 3. IEG promoters driving tTA: Optogenetic approach. The Fos-tTA system has been widely used to express opsins (e.g., channel rhodopsin 2, ChR2). In this case,
the Fos promoter drives expression of tTA, which, in the absence of Dox, drives expression of the effector opsin. A. In Liu et al. (2012), tTA did not interact with the
tetracycline response element (TRE) in the presence of Dox (baseline). B. Dox was removed from the animal’s diet, and mice were subjected to fear conditioning in
Context A. In the absence of Dox, Fos drove expression of ChR2 in active neurons. C. Dox was reintroduced into the diet to prevent further neuronal tagging and
animals were exposed to the conditioning Context A, where they exhibited freezing. D. In the absence of Dox, mice were introduced to a novel context B in the
presence of blue light, activating ChR2. The mice exhibited freezing behavior in a context where they have never encountered a shock.

Adapted from Liu et al. (2012).

that an artificial memory could be created through manipulation of
engram circuits (Vetere et al., 2019). These data support the idea that
the reactivation of artificial ensembles is sufficient to produce recall or
create memories.

2.4.2. Erasing memories

The previous section described optogenetic tools used to create or
modify memories. Josselyn and colleagues performed the first manipu-
lation of IEG-tagged neurons leading to loss of function. Although this

A B
+Activity

IEG (Arc)

loxP loxP
Promoter

9

study was conducted in the lateral amygdala, we mention it here
because it introduced the idea that ablating specific neurons could lead
to memory erasure. The authors relied on a previous finding from their
lab showing that LA neurons with increased cyclic adenosine mono-
phosphate response element-binding protein (CREB) were preferentially
activated by fear memory (Han et al., 2007). The authors then used an
inducible diphtheria-toxin approach to selectively ablate these CREB
overexpressing neurons. The results showed that deleting these neurons
after learning blocked fear expression, suggesting that CREB

+Activity
+4-OHT (M

IEG

Promoter

d

Fig. 4. Targeted Recombination in Active Populations (TRAP). In TRAP transgenic lines, CreER is knocked-in to a promoter (usually Fos or Arc). A. In the absence of
Tamoxifen, CreER remains in the cytoplasm . B. Conversely, in the presence of Tamoxifen (+-4-OHT), CreER translocates to the nucleus and produces recombination
of the effector gene, leading to its permanent expression . Denny et al. (2014) used an ArcCreER bacterial artificial chromosome (BAC) transgenic line. The advantage
of BAC lines is that the IEG of interest remains functional. CreER replaces the IEG coding and regulatory sequences, creating null alleles in other lines. (DeNardo and
Luo, 2017). The ArcCreER line was crossed with a Floxed-Archaerhodopsin-GFP line. Archaerhodopsin (Arch) is an inhibitory opsin. During fear learning, active
neurons in the presence of Tamoxifen allowed translocation of CreER to the nucleus, where recombination occurred in the floxed alleles, resulting in permanent

expression of Arch.



M.R. Lopez et al.

overexpressing neurons encoded the fear memory. Subsequent studies
using various techniques to delete engram cells in different tasks and
brain regions found similar results reflecting loss of function [HC:
(Denny et al., 2014; Lacagnina et al., 2019; Park et al., 2016; Tanaka
et al., 2014); amygdala: (Zhou et al., 2009); nucleus accumbens: (Koya
et al., 2009); prefrontal cortex: (Matos et al., 2019)]. Here, we will
discuss in more depth hippocampal studies that illustrate the use of
distinct IEG markers.

Denny et al. (2014) labelled neurons using targeted recombination in
active populations (TRAP) in BAC transgenic mice to mark active neu-
rons (Fig. 4). The transgenic mice expressed tamoxifen-regulated Cre
recombinase, known as CreER'2, where the immediate early gene Arc
served as the activity marker. These mice were crossed with a floxed
Archaerhodopsin-green fluorescent protein (Arch-GFP) line, leading to
the expression of Arch in the same neurons labelled with Arc. Arch is a
light-gated channel that pumps protons out when activated by yellow
light, producing hyperpolarization. Using this approach, the authors
labelled active ensembles in the dentate gyrus or CA3 during contextual
fear conditioning. Optogenetic inactivation of labelled neurons in either
region prior to retrieval impaired expression of contextual fear (Denny
et al., 2014). Similar impairments were obtained when engram cells
were inactivated in CA1 using the cFos-tTA system (Tanaka et al., 2014).
Moreover, this latter study also demonstrated that distinct fear condi-
tioning memory engrams could be stored in non-overlapping CAl en-
sembles since inactivation of the initial engram cells during retrieval did
not inhibit the ability of mice to acquire new fear memories. These re-
sults suggest that similar memories can potentially recruit multiple
ensembles.

2.4.3. Altering the valence of memories

Engram cells can switch valence in some regions (Redondo et al.,
2014). Cells in the dentate gyrus or basolateral amygdala were tagged
with ChR2. Reactivation of the labelled cells in each region, while ani-
mals were trained in fear conditioning or appetitive conditioning tasks,
led to place aversion or place preference, respectively. The original
contingencies were subsequently switched to change the valence of the
engram cells. The cells labelled during fear or appetitive conditioning
were reactivated while animals underwent conditioning of the opposite
valence (e.g., light-activated fear cells were paired with an appetitive
reward and vice versa), and animals were tested in a place preference
task. Light-activated cells in the dentate gyrus switched their valence.
However, light-activated cells in the amygdala did not. These results
demonstrate that engram cells in the dentate gyrus can show plasticity,
whereas engram cells in the amygdala have rigid properties.

Recent studies also demonstrated that IEG engram cells in different
subregions display specific properties. Shpokayte et al. (2022) showed
that ventral HC cells responding to positive or negative valence dis-
played distinct transcriptional profiles and DNA methylation patterns.
Interestingly, although optogenetic manipulation of these distinct
ventral subpopulations could not induce appetitive or fear behavior,
selective activation of ventral projections to the amygdala or nucleus
accumbens elicited place preference or avoidance, respectively. These
results suggested that expression of distinct emotional memories in
ventral HC involves the circuits controlling these memories, rather than
the local engrams. Notably, a follow-up study showed that
engram-labelled cells along the dorsoventral hippocampal axis produce
distinct effects after repeated reactivation. In the dorsal HC, chronic
reactivation of IEG engram cells led to a reduction of fear, whereas in the
ventral region, the same manipulation led to an enhancement of fear
behavior (Chen et al., 2019). These results illustrate the complexity of
interpreting memory engrams in different brain subregions having
unique connectivity patterns which likely influence how active neurons
respond to various experiences.

2.4.4. Recovering lost memories
An exciting prospect emerging from engram studies is that memory
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impairment could reflect a failure to activate specific memory repre-
sentations. This idea was tested in an experiment where mice were
administered anisomycin, a protein synthesis inhibitor, following
contextual conditioning. This intervention, known to impede synaptic
consolidation and induce amnesia (Bourtchouladze et al., 1998; Schafe
and LeDoux, 2000), led to impaired fear memory. Optogenetic activa-
tion of tagged fear engrams in anisomycin-treated mice reinstated
normal fear memory, which persisted several days post-conditioning
(Ryan et al., 2015). Notably, engram cells from these mice displayed
weaker synaptic connections compared to engram cells from control
mice. These intriguing findings prompted the same research team to
explore whether artificial stimulation of silent engram cells (i.e., engram
cells that do not diaplay potentiated synapses) could alleviate amnesia
in an animal model of Alzheimer’s disease (Roy et al., 2016). Opto-
genetic stimulation of fear engram neurons in transgenic mice resulted
in increased fear following conditioning compared to control mice,
suggesting that certain unretrievable memories can be rescued under
some conditions. Based on these findings, Ryan and Frankland (2022)
proposed that forgetting results from a process of circuit remodeling,
where engrams are transformed from a state responsive to external re-
minders to an unresponsive state .

Reactivating silent engrams has proven effective in rescuing memory
even under normal conditions. A recent study demonstrated that the
reactivation of brain-wide engrams associated with contextual fear
conditioning following extinction training successfully reinstated the
fear response. Using a chemogenetic approach to manipulate distributed
fear engrams (same method described in Fig. 2), researchers tagged
engrams in dorsal CAl, subiculum, cerebral cortex, and basolateral
amygdala during conditioning. Although extinction training suppressed
fear expression, reactivating the distributed fear engram returned the
fear response. These findings suggested that the original fear memory
persisted in a dormant state rather than being erased (Yoshii, Hosokawa,
Matsuo, 2017). Another study corroborated that safe or fearful mem-
ories could be reversed through engram manipulations. Optogenetic
inhibition of fear engrams post-conditioning reduced fear, while inhi-
bition of extinction engrams after extinction increased fear. Conversely,
optogenetic activation of these distinct engrams produced the opposite
effects. These results reinforced the idea that fear associations and
extinction ensembles coexist in different states, and the expression of
fear or safety depends on which ensemble is active and which is dormant
(Lacagnina et al., 2019).

Activation of engram cells also served to recover object location
memories following sleep deprivation, a procedure that impairs mem-
ory. Bolsius et al. (2023) trained animals in an object-place memory
task. During the exploration of two objects, engram cells were labelled in
mice. Following this encoding phase, the animals underwent sleep
deprivation. During testing, one of the objects was placed in a novel
location, a procedure that normally leads to more exploration due to
novelty. Sleep deprivation reduced exploration of the displaced object in
control animals, indicating memory impairment. However, reactivation
of engram cells led to more exploration of the moved object in experi-
mental mice, rescuing the adverse effects of sleep deprivation.
Furthermore, the negative effects of sleep deprivation were ameliorated
by increasing the levels of cAMP, a second messenger involved in syn-
aptic consolidation (Bolsius et al., 2023). These results suggest that sleep
deprivation may bring synapses to a silent state that can be rescued
under some circumstances.

These findings collectively suggest that the artificial activation of
silent engrams could serve to restore some lost memories. Investigating
whether such manipulations can effectively revive memory when syn-
aptic connections are compromised by disease shows promise for ther-
apeutic interventions. However, several questions remain unanswered.
For example, is there a specific time window during disease progression
in which the reactivation of dormant engrams proves beneficial? Are
artificially reactivated memories similar to those retreieved with real
reminders? While mouse behavior is typically assessed using basic
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measures like freezing or exploratory time, evaluating behavior through
a diverse set of measures would be essential to determine if the quality of
artificial recollection aligns with normal memory. Lastly, it would be
critical to explore if reactivation of silent engrams successfully recovers
more intricate episodic experiences.

2.4.5. Limitations of single IEG markers

In an important study, McHugh and collaborators examined cells
expressing cFos (engram cells) from other active place cells during
spatial exploration. The authors conducted single-unit recordings from
CAl in cFos-tTA transgenic mice using the same labelling system
described in Fig. 2. Dox was removed from the diet when animals were
exposed to a novel context, which labelled cFos-expressing neurons with
ChR2 during exploration of an environment. The following day, animals
were placed in the same context and cells expressing ChR2 were acti-
vated with light to identify the cFos-positive neurons (engram cells)
while the entire ensemble of active place cells was recorded. Most of the
recorded neurons were cFos-negative cells. These neurons displayed
typical place cell activity, showing high stability in a familiar context
and remapping in a novel one. Conversely, engram cells displayed shifts
in the cells’ preferred firing locations within a familiar context and did
not remap in a novel environment. The authors interpreted these find-
ings in the context of the indexing theory of consolidation and suggested
that cFos-positive cells provide a hippocampal memory index by binding
activity patterns with current experience. Conversely, the cFos negative
cells code spatial components of the memory trace, such as the stable
characteristics of the context (Tanaka et al., 2018). This study highlights
that episodic experience is much more complex than noted in previous
engram studies and that relying on a single marker may not be sufficient
to capture all the components of a memory trace.

In a more recent study, Pettit et al. (2022) used a dual labelling
approach and recorded CA1l calcium signals during a virtual reality
goal-oriented task. The authors employed a cFos-transgenic reporter
mouse line in which a short half-life green fluorescent protein (GFP) was
expressed under the control of the cFos promoter. The authors also
expressed a red-shifted calcium indicator in cFos-GFP reporter mice.
This approach allowed simultaneous monitoring of neurons expressing
different levels of cFos. Cells showing high levels of cFos had greater
stability and spatial information content than cells that did not (Pettit
et al., 2022). The differences between the results from Tanaka et al. and
Pettit et al. could be due to the use of different tasks, recording tech-
niques (calcium imaging vs. electrophysiological recordings), and/or
experimental settings (freely moving vs. virtual reality tasks). However,
despite the differences, the most important observation in both studies is
that engrams are comprised of cells that express distinct levels of IEGs,
with each subpopulation coding unique aspects of the episodic
experience.

A recent study investigated the potential limitation of relying on a
single IEG marker to study memory engrams. The researchers used two
IEG markers, cFos and Npas4, known for triggering distinct synaptic
changes during learning and memory to evaluate their involvement in
fear conditioning (Flavell and Greenberg, 2008; Sun and Lin, 2016).
cFos has been associated with potentiation of synapses (Fleischmann
et al., 2003), while Npas4 exhibits a preference for recruiting inhibitory
neurons (Weng et al., 2018). The results revealed that these distinct IEG
activated different engram ensembles. The cFos ensemble received in-
puts from the medial entorhinal cortex and promoted fear generaliza-
tion, whereas the Npas4 ensemble received inputs from
cholecystokinin-inhibitory interneurons and promoted fear discrimina-
tion (Sun et al., 2020). This pivotal study highlighted that even in a
seemingly straightforward associative task, engrams exhibit heteroge-
neity. Moreover, these results underscore the significance of considering
both excitatory and inhibitory contributions to engrams.

To conclude, hippocampal engram research suggests potential ways
to manipulate, recover, or erase memories. However, the validity of
these observations should be confirmed through more intricate tasks
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that encompass a comprehensive examination of the various cell types
contributing to recollections. Such endeavors are vital for advancing our
understanding of memory and pushing the boundaries of research in this
field.

3. Medial prefrontal cortex (mPFC) and memory
3.1. mPFC neuroanatomy

There is currently no consensus regarding the neuroanatomical
subdivisions of the prefrontal cortex in rodents (Carlén, 2017;
Myers-Schulz and Koenigs, 2012), which has led to incongruencies
among studies (for review see, Dixsaut and Graff, 2021). Despite these
challenges, three major subdivisions are generally accepted in rodents:
anterior cingulate (ACC), prelimbic (PL), and infralimbic (IL) cortices.
Some studies suggest that the human dorsolateral (DL-PFC) and
ventromedial (VM-PFC) prefrontal cortices share functional resem-
blance with the rodent PL and IL, respectively (Heilbronner et al., 2016;
Quirk and Beer, 2006). However, recent neuroanatomical comparisons
indicate the following homologies with Brodmann areas: PL corresponds
to 32 (dorsal-anterior cingulate), IL to 25 (subgenual cingulate region),
and anterior cingulate to 24 (cingulate cortex), all of which are com-
ponents of the human VM-PFC (Laubach et al., 2018). Considering the
ongoing debates regarding homology, predictions about memory from
rodent studies should be taken with caution.

The entire rodent mPFC receives projections from motor, sensory,
emotional, and visceral areas (Euston et al., 2012), with all subregions
sharing strong reciprocal connections (Hoover and Vertes, 2007; Voorn
et al.,, 2004). The dorsal PL and ACC receive dense projections from
sensory and motor regions, whereas the ventral PL and IL receive strong
projections from limbic areas, particularly the HC and amygdala (Hoo-
ver and Vertes, 2007). These distinctions are not exclusive since less
robust limbic projections to the dorsal PL and ACC have been identified
and implicated in recent (Ye et al., 2017) and remote memory (Kitamura
et al., 2017; Kol et al., 2020).

Regarding outputs, the rodent mPFC sends projections to the
amygdala, nucleus accumbens, dorsal striatum, and ventral pallidum,
granting this region the ability to modulate emotional and motor
behavior (Gabbott et al., 2005; Hoover and Vertes, 2007). The dorsal
area of the mPFC, including the dorsal PL and ACC, projects to motor
and premotor areas, while the ventral portions of the mPFC, including
the ventral PL and IL, project to autonomic and limbic structures
(Gabbott et al., 2005). Interestingly, the mPFC sends topographically
organized projections to the striatum (Voorn et al., 2004). The PL pro-
jects to the nucleus accumbens core, an area involved in goal-directed
behavior (Peak et al., 2020), whereas IL sends projections to the nu-
cleus accumbens shell, a region involved in habitual behavior (Barker
et al., 2014). This organization likely allows mPFC to modulate distinct
behaviors and engrams.

The PL and IL also connect to the HC via an indirect route that in-
volves the nucleus reuniens (Varela et al., 2014; Vertes, 2004), a ventral
midline thalamic region that has been shown to synchronize oscillations
between HC and mPFC (Hallock et al., 2016), modulate the firing of
hippocampal cells during goal-oriented tasks (Ito et al., 2015), and play
a role in memory (Ramanathan, Jin et al., 2018; Ramanathan and
Maren, 2019; Ramanathan, Ressler et al., 2018). This connectivity
suggests that the nucleus reuniens may also act as a hub that controls
distinct types of memories, which has been corroborated in a study
looking at brain-wide engrams (Vetere et al., 2017). Finally, the mPFC
has heavy reciprocal projections with the ventral tegmental area (Hui
and Beier, 2022), a pathway that likely involves evaluation and pro-
cessing of rewards. In summary, the connectivity of the rodent mPFC
places this region in a unique position to integrate, modulate, and
retrieve intricate memories.
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3.2. Role of mPFC in memory

3.2.1. Human studies

Human lesion studies of patients with mPFC damage have revealed
that this region is involved in various functions; however, in this review,
we will only discuss deficits related to declarative and episodic memory.
Deficits differ depending on whether the lesions affected the DL-PFC or
VM-PFC regions. Memory deficits observed after DL-PFC damage are not
as pronounced as those observed after medial temporal lobe damage.
However, DL-PFC lesion patients are confused about when and where
events have taken place, which has implicated this area in episodic
memory recall (Chapados & Pedrides, 2015; Janowsky et al., 1989;
Magels et al., 1996). Conversely, the VM-PFC is involved in more
complex mnemonic functions. This area is recruited when contextual
situations require disambiguation (Chapados and Petrides, 2015).
Additionally, patients with VL-PFC damage tend to confabulate false
recollections without the intention of deceiving (Benson et al., 1996;
Moscovitch and Melo, 1997). This tendency to believe false memories
appears to be related to an inability to suppress irrelevant information
(Burgess and Shallice, 1996) and schemas (Ghosh et al., 2014; Hebscher
and Gilboa, 2016). In summary, human lesion studies suggest that the
DL- and VM-PFC play distinct roles in memory, with the DL-PFC being
more involved in episodic recall and the VM-PFC controlling memory
suppression and selecting the appropriate rules to guide behavior.

3.3. Non-human animal studies

Studies conducted several decades ago showed that mPFC neurons
display heterogeneous responses during memory tasks. In experiments
where monkeys were trained to execute motor actions following a cue
and a subsequent delay, distinct subgroups of prefrontal neurons were
observed, each responding to specific aspects of the task and motor re-
sponses. (Fuster, 1990; Fuster and Alexander, 1971). Moreover, stimu-
lation and lesion studies implicated the mPFC in distinct memory stages
(Kesner et al., 1987; Kesner and Holbrook, 1987; Santos-Anderson and
Routtenberg, 1976).

Follow-up studies identified the specific contributions of different
mPFC subregions to learning and memory, particularly remote recall. In
a seminal study, Bruno Bontempi and colleagues measured the uptake of
(**C)2-deoxyglucose, an indicator of neuronal activity, to determine the
involvement of the HC and cortex during memory retrieval. Rats trained
to find rewards in a radial arm maze were administered (14C)2-deoxy-
glucose before early or remote retrieval. Histological examination of the
brains revealed heightened hippocampal activity during early, but not
remote recall. Conversely, increased metabolic activity in the ACC and
frontal cortex was evident only during remote recall (Bontempi et al.,
1999). Subsequent research corroborated the involvement of the ACC in
remote memory. This confirmation was established through studies
investigating changes in IEGs (Frankland et al., 2004; Maviel et al.,
2004), alterations in spine density (Aceti et al., 2015; Restivo et al.,
2009), and the effects of inhibition (Goshen et al., 2011).

Studies have also implicated the mPFC in early stages of memory
consolidation. The ACC is involved in contextual associative learning
using predatory threats (de Lima et al., 2022), innate fear responses
(Jhang et al., 2018), and trace fear conditioning (Han et al., 2003). The
PL cortex contributes to recent and remote fear expression (Blum,
Hebert, & Dash, 2006; Do-Monte et al.,, 2015; Vidal-Gonzalez,
Vidal-Gonzalez, Rauch, & Quirk, 2006), while the IL cortex has been
implicated in the acquisition and consolidation of extinction (Laurent
and Westbrook, 2009; Quirk and Mueller, 2008). Although functional
dissociations between PL and IL have found considerable support, recent
evidence challenges the assumption that these regions play opposite
roles. For instance, an excitatory projection from PL to IL enhances fear
extinction (Marek et al., 2018), suggesting a more complex interaction
between these areas than previously thought. Since the majority of tasks
employed to evaluate the memory-related roles of mPFC subregions also
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implicate the HC, these findings indirectly lend support to the MTT.
Furthermore, these results emphasize the importance of considering the
neuroanatomical intricacies of the mPFC.

3.4. Engrams in mPFC: rodent studies

The characterization of neocortical engrams in rodents has gained
significant attention in the last decades. Morris and collaborators first
showed that memory traces could be simultaneously encoded in the HC
and neocortex when new learning required prior learned rules (sche-
mas). Rats were trained to form pair associates between different odors
and locations. After rats were overtrained in this task, the authors tested
acquisition of new pair associates (e.g., hippocampal-dependent
learning of novel odors and locations). The results demonstrated that
when new learning could be assimilated into prior schemas, there was
an immediate upregulation of IEG in the PL cortex, providing support for
the formation of simultaneous memory traces in both the HC and cortex
(Tse etal., 2011). The idea that neocortical engrams may rapidly encode
rules of knowledge was further supported by a study looking at con-
tingency representations in the HC and mPFC in a task involving rule
switches. Patterns of hippocampal activity could be anticipated based on
preceding mPFC activity in trials following rule changes, corroborating
simultaneous and interactive encoding of information in these regions
(Guise and Shapiro, 2017).

In an elegant study, Kitamura et al. (2017) provided evidence for the
idea that hippocampal and neocortical engrams are formed simulta-
neously, even in the absence of prior knowledge. The authors showed
that neocortical engrams formed rapidly during contextual conditioning
through hippocampal/entorhinal and amygdala inputs. Although the
neocortical engrams were initially immature, they gradually consoli-
dated over time. Conversely, the initially strong hippocampal engrams
became progressively silent. Notably, calcium imaging of PL neurons
revealed that a subset of shock-responsive cells recorded during condi-
tioning became silent during early retrieval, but reactivated during
remote recall. Therefore, these results not only illustrated the existence
of multiple engrams, but also their dynamic quality (Kitamura et al.,
2017). Although these results provided strong experimental support for
the MTT, they also showed that hippocampal engrams became silent 2
weeks after conditioning. It is possible that for very simple associations,
such as contextual fear conditioning, neocortical spatial information is
sufficient for retrieval (Burke et al., 2005). This implies that basic
learning processes result in accelerated semantic transitions, prompting
inquiries about the adequacy of simple associative tasks as models for
studying the intricacies of episodic memory.

The dynamic nature of neocortical engrams was corroborated by a
study using viral-based TRAP (general approach illustrated in Fig. 4). PL
neurons active during late retrieval had a higher likelihood of being
reactivated during remote recall than those labelled during early
retrieval. Brain mapping of PL engram cells across regions showed that
late-tagged neurons displayed more robust intercortical connectivity
than early-tagged ones (DeNardo et al., 2019). These results indicated
that while neocortical engrams were initially dynamic, they stabilized
over time through enhanced intercortical connections during consoli-
dation. Although this possibility is intriguing, alternative evidence
proposes that engrams remain inherently dynamic, showing fluctuations
in excitability and synaptic strength. These properties could be benefi-
cial for memory updating processes (Mau et al., 2020).

Substantial evidence points to the pivotal involvement of synaptic
plasticity in stabilizing neocortical engrams and memory, mirroring its
role in the stability of subcortical engrams. For instance, impairment of
remote memory retrieval was observed when the cAMP response
element-binding protein (CREB), a crucial transcription factor involved
in memory, was disrupted in mPFC following mild conditioning (Matos
et al., 2019). Moreover, the strength of synaptic connections among
engram neurons has been shown to determine what memories are
retrieved. Remote consolidation of fear memory correlated with
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progressive strengthening of excitatory interconnections among mPFC
engram cells, whereas extinction of remote fear memory involved
weakening of these synapses (Lee et al., 2023). Finally, the prevention of
spontaneous recovery, characterized by a resurgence of fear in a context
different from the extinction context, was accomplished by inducing LTP
on mPFC engram synapses formed by projections from the amygdala and
ventral HC (Gu et al., 2022). Together these data indicate that alter-
ations in synaptic strength on engram networks can affect what mem-
ories are retrieved. It is likely that subtle changes in synaptic strength
occur with the passage of time, allowing memory updating as experience
evolves.

Finally, inhibitory neurons play pivotal roles in shaping and main-
taining memory in the mPFC. Roger Clem and collaborators demon-
strated that Som GABAergic cells in the mPFC control memory encoding
and expression (Cummings and Clem, 2020). A follow-up study by the
same group revealed that one subset of Som interneurons in the mPFC
played a role in fear expression, while a separate Som subpopulation
exerted opposite effects on fear memory. This latter Som subpopulation
was sensitive to morphine and promoted reward-related responses
(Cummings et al., 2022). These findings highlight that cortical engrams
likely involve excitatory and inhibitory contributions, with distinct
subsets of neurons producing unique effects on memory.

In summary, strong evidence supports initial cortical engram dyna-
mism. Although certain uncertainties persist regarding the enduring
stability of cortical engrams at remote stages, Synaptic strength among
engram cells appears to be a critical variable influencing the retrieval of
remote memories. A more comprehensive understanding of memory
engrams necessitates the mapping of circuits governing specific behav-
iors, the detailed interconnectivity of active ensembles, and the contri-
butions of various cell types, including both excitatory and inhibitory
cells.

4. Hippocampal-mPFC interactions
4.1. Interactions during learning and memory

Numerous studies have showcased the interplay between the HC and
mPFC in the intricate process of memory formation. These investigations
underscore the need to co-activate these areas to form new memories
and solidify remote ones (Chao et al., 2020; Eichenbaum, 2017b; Euston
et al., 2012; Kitamura et al., 2017; Preston and Eichenbaum, 2013).
Learning of HC-dependent paired associates coincides with an upsurge
in IEG expression in the PL (Tse et al., 2011). Moreover, early tagging of
cortical synapses, reliant on a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors,
necessitates HC activity and is vital for the consolidation of remote
memories (Lesburgueres et al., 2011). Additionally, disruption of in-
teractions between the mPFC and HC impairs associative memory (Bero
et al.,, 2014). These examples vividly illustrate the pivotal role of bidi-
rectional crosstalk between the HC and mPFC in the intricate process of
memory consolidation.

A substantial portion of interactions between the HC and mPFC oc-
curs through the nucleus reuniens of the ventral midline thalamus
(Hoover and Vertes, 2012; Varela et al., 2014). Troyner et al. (2018)
found that inactivation of the nucleus reuniens negatively affected the
intensity, specificity, and stability of long-term fear memory. Mice
injected with muscimol, a GABA agonist, in the nucleus reuniens
exhibited alterations in the expression of Arc, a proteinlinked to synaptic
consolidation and memory, in both the HC and mPFC. Moreover, a study
employing simultaneous local field potential and single-unit recordings
demonstrated that the nucleus reuniens coordinates and stabilizes
neuronal sequences in the HC and mPFC during slow oscillations
(Angulo-Garcia et al., 2020). This coordination was further substanti-
ated by a study mapping brain-wide expression of cFos to identify en-
grams co-activated by contextual fear conditioning. In this study, certain
hubs, including hippocampal area CAl and the nucleus reuniens,
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exhibited higher connectivity than others. Chemogenetic silencing of
highly connected nodes, including CAl and reuniens , produced the
most pronounced impairments in memory consolidation (Vetere et al.,
2017). The importance of the HC, reuniens, and cortex, in addition to
other brain regions, was further corroborated in a recent brain-wide
mapping engram study (Roy et al., 2022).

The mPFC-hippocampal interactions during memory consolidation
have been further demonstrated in studies investigating oscillatory
synchrony between these regions. A substantial portion of mPFC cells
exhibit phase locking to hippocampal theta oscillations (4-10 Hz) in
freely moving rats (Siapas et al., 2005), a coupling that intensifies during
spatial working memory (Jones and Wilson, 2005). Moreover, the pro-
portion of mPFC cells phase-locked to hippocampal theta oscillations
during a delayed matching task is higher during retrieval of correct trials
compared to error trials (Hyman et al., 2010). Lastly, synchronization
between these regions is crucial for various learning facets and behav-
iors (Hyman et al., 2005; Morici et al., 2022; Myroshnychenko et al.,
2017; O’Neill et al., 2013; Tamura et al., 2017). Interestingly, a recent
study analyzing simultaneous activity from mPFC and CA1l during a
delayed non-matching task in rats showed that information about the
sample is maintained in the mPFC at the population level, even though
individual neurons only fired transiently. Moreover, during sample
encoding the activity of small ensembles in the mPFC and CAl was
hallmarked by a low oscillation (4-5 Hz) that was not present in the
local field potential. These ensembles re-emerged during the choice
phase of the task but were not modulated by the low oscillations. Lastly,
the mPFC and CA1 ensembles present during encoding and maintenance
of the memory trace were not the same, suggesting that during learning
there are heterogeneous groups of neurons representing distinct aspects
of the task contingencies (Domanski et al., 2023). These results are very
significant because oscillations have not only been linked to memory
processes but are also considered an integral part of recollections
(Buzsaki, 2005; Hanslmayr et al., 2019). Since oscillations are generated
by population activity; it remains to be elucidated how engram neurons
interact with population rhythmic patterns.

4.2. Hippocampal-cortical interactions during sleep

During sleep, the brain undergoes reorganization of neuronal activ-
ity, closely linked to memory consolidation. A considerable body of
literature supports the idea that interactions between the HC and mPFC
occur during sleep, a phenomenon extensively discussed in several re-
views (Born and Wilhelm, 2012; Brodt et al., 2023; Girardeau and
Lopes-Dos-Santos, 2021; Klinzing et al., 2019; Poe, 2017; Tononi and
Cirelli, 2020; Westermann et al., 2015). Here, we will provide a brief
overview of potential mechanisms through which sleep could facilitate
memory consolidation and the potential contributions of distinct sub-
populations to this process.

Sleep has two primary states: Slow wave sleep (SWS) and rapid eye
movement (REM). SWS is characterized by high-amplitude, slow
(<1 Hz) and delta (1-4 Hz) oscillations in the electroencephalogram
(EEG). In contrast, REM is marked by low-amplitude, fast oscillations,
predominantly theta (4-8 Hz) in rodents, and a combination of beta
(15-35 Hz) and theta in humans (Vijayan et al., 2017). REM sleep is also
known as paradoxical sleep due to its characteristic oscillatory patterns
resembling wakeful EEG states (Girardeau and Lopes-Dos-Santos, 2021;
Feld & Born, 2017). During SWS, spindle, and sharp-wave ripple events
are often observed. Spindles are 11-16 Hz oscillations lasting 0.5-3 s,
originating in thalamic networks and spreading to cortical regions
(Fernandez and Luthi, 2020). Sharp waves are large-amplitude oscilla-
tions lasting approximately 70-100 ms. Originating from the excitatory
recurrent connections in CA3, sharp waves give rise to synchronized and
transient network oscillations in CA1, known as ripples (Buzsaki, 1986,
2015; O’Keefe, 1978). Sharp wave-ripples complexes occur during
SWS, consummatory behaviors, and resting states, standing out as
recognized biomarkers of memory (Buzsaki, 2015). Supporting evidence
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for ripple involvement in memory stems from the fact that their oscil-
latory frequency could promote LTP induction, suggesting a potential
role in facilitating synaptic potentiation during sleep (Axmacher et al.,
2006). Furthermore, spike activity occurring during wake periods is
replayed during ripples at compressed timescales, a process thought to
facilitate memory consolidation (Findlay et al., 2020; Lee and Wilson,
2002; Peyrache, 2022; Pfeiffer, 2020; Wilson and McNaughton, 1994).

Although replay of neural activity has been extensively observed in
the HC (Chen and Wilson, 2023; Foster, 2017; Ji and Wilson, 2007;
Pfeiffer, 2020), it is not limited to this region. Replay phenomena have
been observed in various brain areas during different tasks (Brodt et al.,
2023). Since extrahippocampal replay aligns with slow oscillations,
spindles, and hippocampal ripples during sleep, it is likely that coordi-
nated oscillatory synchronization is crucial in facilitating information
transfer and memory consolidation across different brain areas (Inos-
troza and Born, 2013; Peyrache et al., 2009; Siapas and Wilson, 1998;
Sirota et al., 2003; Staresina et al., 2015).

Reactivation of neuronal activity is not exclusive to SWS; also
occurring during REM sleep. In a groundbreaking study, Louie and
Wilson (2001) illustrated that ensemble firing patterns observed during
wake exploratory periods were reactivated during REM sleep. Notably,
while reactivations during SWS happen at compressed timescales, those
during REM occur at timescales resembling wake periods (Louie and
Wilson, 2001). The intriguing aspect of this reactivation is its potential
role in facilitating both the encoding and forgetting of information. Poe
and collaborators found that during REM sleep, cells active during
exploration of a track exhibited a theta phase reversal that varied
depending on familiarity with the environment (Poe et al., 2000). Place
cells associated with familiar parts of a track showed activity during the
theta trough, while those engaged in novel parts were active at the theta
peak. Given that these entrainment patterns have been associated with
depotentiation and potentiation, respectively (Holscher et al., 1997;
Huerta and Lisman, 1995; Pavlides et al., 1988), these data suggest that
REM promotes the encoding of new information while inhibiting pro-
cessing of familiar knowledge (Poe et al., 2000; Poe, 2017). In agree-
ment with these observations, reducing theta power during REM impairs
formation of HC-dependent spatial memory (Boyce et al., 2016).

The reactivation of neuronal activity during REM and SWS raises the
question of whether IEG engram ensembles are preferentially replayed
during sleep. A study using calcium imaging and the cFos-tTA tagging
system investigated this question in CAl during learning of a novel
context. cFos-positive engram cells displayed higher repetitive activity
than cFos-negative cells during learning. Interestingly, the cFos-positive
engram population was heterogeneous, integrated by sub-ensembles
with different activity patterns. The sub-ensembles reactivated during
sleep were more likely to be active during retrieval, implying that only
specific components of the IEG engram required reactivation to
consolidate episodic memory (Ghandour et al., 2019). It remains to be
investigated what information is carried by the replayed sub-ensembles
and how consistent their reactivation is during repeated retrieval.

Lastly, inhibitory neurons also play a crucial role in modulating sleep
and information transfer between the HC and mPFC. PV inhibitory cells,
promote wakefulness and REM sleep, while Som inhibitory neurons
promote SWS (Xu et al., 2015). PV interneurons modulate oscillations
and ripples in the HC, affecting memory expression (Ognjanovski et al.,
2017). Interestingly, Som interneuron activity increases in the HC
following sleep deprivation, producing impairments in contextual fear
conditioning (Delorme et al., 2021). Furthermore, inhibitory in-
terneurons in the superficial layers of mPFC synchronize during spin-
dles, controlling hippocampal information transfer and promoting
cortical consolidation (Peyrache et al., 2011). These findings underscore
the diversity of cell types influencing memory consolidation during
sleep and emphasize the heterogeneity within specific ensembles. Given
the critical role of sleep oscillations, particularly the replay of neuronal
activity in memory consolidation, further evaluations of how these
processes interact with engrams would be crucial.
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5. Representational drift in hippocampal and cortical
representations

In this review, we present compelling evidence indicating that
memories exhibit significant diversity in their composition and dynamic
characteristics. These features align with the notion that memories are
built upon core concepts, capturing the essence of a recollection. How-
ever, these concepts only acquire meaning when intricate details,
imbuing significance to the memory, are integrated during retrieval. To
illustrate this, we revisit the allegorical tale of Rabbi Besht. The servant
remembers being in exile and implores the Rabbi to pray for forgiveness.
However, the Rabbi struggles to recall the prayers. A crucial question
arises: why do the elements that lend meaning to a recollection diminish
over time? Did the memory of the Rabbi fade due to a build-up of ex-
periences post-exile, interfering with the memory of the prayers?
Alternatively, was it simply the passage of time in exile that led to
forgetfulness? These pivotal questions find answers in two recent rodent
studies examining drift in HC representations.

The traditional belief was that hippocampal spatial representations
underlying the cognitive map remained constant over time (Thompson
and Best, 1989). However, this perspective was challenged by studies
demonstrating that mice exhibited different maps of the same environ-
ment upon re-exposure to the same context (Kentros et al., 2004; Muzzio
et al., 2009). Subsequent landmark studies revealed the high instability
of place cell ensembles in CA1, exhibiting drift over periods ranging
from hours to days (Keinath et al., 2022; Mankin et al., 2012). Despite
these observations, the underlying causes of this drift remained unex-
plored. It is crucial to highlight that the representational drift discussed
in this context does not result from cells being in an active or inactive
state, as previously explored in relation to the dynamic properties of
ensembles (Ziv et al., 2013). Instead, it involves a shift in the activity of
cells that remain persistently active over time.

Representational drift was investigated in a recent study demon-
strating that ongoing experiences with a context produce gradual
remapping in CAl at the single cell and population level. This repre-
sentational shift correlated with the time spent exploring and traversing
an environment, rather than the passage of time, suggesting that actual
experience in a context influences remapping (Khatib et al., 2023). A
complementary study further disentangled the contribution of experi-
ence and time by imaging CA1 neurons over several weeks in familiar
contexts. Experience with the context produced drift in the spatial map
by shifting the spatial tuning of the neurons, whereas the passage of time
correlated with rate changes (Geva et al., 2023). These findings raise
several questions: How does episodic recall preserve the gist or index of
a memory considering the continuous drift in contextual representa-
tions? How do IEG manipulations bring back memories considering the
context in which they are embedded is systematically altered? One
possibility is that despite the representational drift, contextual infor-
mation is preserved at the population level, a possibility that was
elegantly demonstrated in a recent study (Keinath et al., 2022). Another
possibility is that consistent features about the spatial context are pri-
marily encoded in CA3, an area that displays more representational
stability than CA1 (Sheintuch et al., 2023), whereas dynamic experi-
ences are encoded through representational drift in CA1.

Representational drift has also been observed in various cortical re-
gions including visual (Roth and Merriam, 2023), olfactory (Schoonover
et al., 2021), and prefrontal areas (Domanski et al., 2023; Murray et al.,
2017). Akin to the HC, persistence of cortical representations was
observed at the population level (Domanski et al., 2023; Murray et al.,
2017; Roth and Merriam, 2023). In this context, it would be crucial to
examine if IEG-engram neurons show evidence of representational drift
and how it manifests.

6. Conclusion

Studying memory engrams and their underlying mechanisms is a
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complex and multifaceted endeavor. Advanced techniques involving
time-controlled genetic labelling optogenetics, chemogenetics, and im-
aging approaches have significantly expanded the capacity to identify,
track, and manipulate specific memory components. Nevertheless,
numerous questions remain to fully comprehend the nature of memory
engrams.

Firstly, it is crucial to reconsider the definition of the term "engram"
to encompass all elements that facilitate recall. While Semon’s
groundbreaking proposal that engrams are enduring changes resulting
from experience has significantly influenced memory research (Josselyn
et al., 2015; Josselyn and Tonegawa, 2020; Schacter, 2001; Schacter
etal., 1978), recent experimental findings indicate a need to broaden the
current focus to include additional components. Prominent figures in the
memory field have proposed definitions that incorporate more nuanced
observations of the "perduring changes" suggested by Semon. These
encompass heightened connectivity strength among engram cells in
active networks, epigenetic alterations in specific neurons, changes in
spines and synapses within selective circuits, and alterations in oscilla-
tory activity within and across regions(for review see Poo et al., 2016).
While it is likely that all these phenomena contribute to memory,
engram definitions should also consider their functional characteritics-.
In this context, Robins emphasized that understanding the explanatory
role of the engram might provide a more comprehensive view of
memory. According to her, "The engram explains the retention of in-
formation from particular past events" [(Robins, 2023), pg. 9]. Building
on this perspective, we advocate for conceptualizations of engrams that
scrutinize the specific phenomena each approach can explain and
acknowledge the limitations inherent in each method or task.

Secondly, it is crucial to ascertain the content of IEG-tagged engram
cells. These cells may serve as fundamental units for integrating episodic
information, akin to how the alphabet functioned as a mnemonic aid for
the Besht. Thus, engrams could prove indispensable for retrieving
forgotten memories by providing the essence of recollections. However,
just as the alphabet did not encapsulate the complete memory of the
Besht’s prayers, recalling intricate memories may necessitate more than
just the essence of the experience. Within this framework, the concept
that complete memories may arise from the amalgamation of multiple
active engrams, each contributing distinct elements to a memory, is
highly appealing. (Ghandour et al., 2019; Josselyn and Tonegawa, 2020;
Kitamura et al., 2017; Terranova et al., 2023; Tonegawa et al., 2018).
However, it remains imperative to determine the precise information
carried by neurons expressing a specific IEG and understand how this
information differs in active ensembles not expressing the same activity
marker. For instance, McHugh and collaborators demonstrated that
engram cells, constituting only a small subset of the active ensemble,
lacked precise spatial information. While it is likely that these neurons
encode some critical aspects of episodic events (Tanaka et al., 2018), the
context in which these experiences are embedded may necessitate the
activity of cells with high spatial tuning, which, in this study, did not
express IEG.

Thirdly, it is vital to elucidate the mechanisms by which episodic
memories transition into semantic memories. A deeper understanding of
this process could offer insights into the involvement of hippocampal
engrams and whether these engrams exhibit constant dynamism or
stabilize over time. MTT has received experimental support (Kitamura
et al., 2017; Tse et al., 2011); however, it is plausible that the brain
employs multiple consolidation mechanisms contingent upon the task
and circumstances. For instance, simple contextual associations might
limit the time window of hippocampal engagement-, whereas more
intricate episodic memories may necessitate prolonged hippocampal
involvement (Winocur and Moscovitch, 2011). It will also be necessary
to establish how patterns of engram activity differ when encoding
episodic versus semantic components. Moreover, if semantic compo-
nents evolve into a gist or schema representation, there must be some
stable attributes, even if they can expand over time. This possibility
raises questions about how engram representations cope with

14

Neuroscience and Biobehavioral Reviews 159 (2024) 105574

representational drift. One intriguing prospect is that the essence of a
memory could be collectively encoded at the population level, while
distinct attributes are encoded through the firing patterns of individual
cells. This potential scenario could provide stability to the fundamental
abstract components of a recollection, resisting dynamic changes and
representational drift.

Fourthly, it is crucial to undertake engram studies across a spectrum
of tasks, incorporating some that involve more naturalistic environ-
ments. It has been argued that simple associations may not fully capture
the intricacies of human episodic recall. In a recent viewpoint, Ranga-
nath (2022) contended that complex memories, such as holiday parties,
weddings, or specific childhood recollections, exhibit a hierarchical
organization that evolves over time, which is not reflected in simple
associations. The core question underlying this perspective is whether
understanding the neuronal substrates of these elementary forms of
learning can provide insights into the processes involved in the complex
phenomenon of human episodic recall. The molecular field of memory
has undoubtedly gleaned significant insights through reductionist ap-
proaches relying on simple model systems and behavior (Abel and
Kandel, 1998; Bank et al., 1988; Kandel, 2001; Tully et al., 1990).
Similarly, the insights gained from engram research in simple tasks are
likely to be fundamental in uncovering the basic mechanisms that un-
derlie complex memories. Nevertheless, it is imperative that emerging
principles are tested in more naturalistic and complex scenarios. Indeed,
certain fields of animal research are already moving in that direction
(Liberti et al., 2022).

In conclusion, a thorough exploration of engram diversity is indis-
pensable. This entails considering both the inputs and outputs of all
interconnected engram neurons, including both excitatory and inhibi-
tory cell types. Additionally, examining the dynamic properties of
engram ensembles across distinct brain regions and delineating varia-
tions in reactivation patterns of specific sub-ensembles during sleep can
contribute to identifying the crucial elements consolidated in a memory
trace. The intriguing concept that memories arise from the integration of
multiple active ensembles, each contributing distinctive elements to a
memory trace, holds promise within this framework (Josselyn and
Tonegawa, 2020; Sun et al., 2020). It is anticipated that future con-
ceptualizations will incorporate more diverse definitions of the cell
types involved in these active ensembles. In summary, unraveling the
intricacies of memory formation and consolidation requires a multidis-
ciplinary and comprehensive approach. By systematically assembling
the various components of the memory consolidation puzzle, re-
searchers have the potential to gain valuable insights into how these
processes can be harnessed for therapeutic purposes.
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