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Abstract

BACKGROUND: The idea that memory is stored as enduring changes in the brain dates back at
least to the time of Plato and Aristotle (circa 350 BCE), but its scientific articulation emerged in
the 20th century when Richard Semon introduced the term *“engram” to describe the neural
substrate for storing and recalling memories. Essentially, Semon proposed that an experience
activates a population of neurons that undergo persistent chemical and/or physical changes to
become an engram. Subsequent reactivation of the engram by cues available at the time of the
experience induces memory retrieval. After Karl Lashley failed to find the engram in a rat brain,
studies attempting to localize an engram were largely abandoned. Spurred by Donald O. Hebb’s
theory that augmented synaptic strength and neuronal connectivity are critical for memory
formation, many researchers showed that enhanced synaptic strength was correlated with memory.
Nonetheless, the causal relationship between these enduring changes in synaptic connectivity with
a specific, behaviorally identifiable memory at the level of the cell ensemble (an engram) awaited
further advances in experimental technologies.

ADVANCES: The resurgence in research examining engrams may be linked to two
complementary studies that applied intervention strategies to target individual neurons in an
engram supporting a specific memory in mice. One study showed that ablating the subset of lateral
amygdala neurons allocated to a putative engram disrupted subsequent memory retrieval (loss of
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function). The second study showed that artificially reactivating a subset of hippocampal dentate
gyrus neurons that were active during a fearful experience (and, therefore, part of a putative
engram) induced memory retrieval in the absence of external retrieval cues (gain of function).
Subsequent findings from many labs used similar strategies to identify engrams in other brain
regions supporting different types of memory.

There are several recent advances in engram research. First, eligible neurons within a given brain
region were shown to compete for allocation to an engram, and relative neuronal excitability
determines the outcome of this competition. Excitability-based competition also guides the
organization of multiple engrams in the brain and determines how these engrams interact. Second,
research examining the nature of the off-line, enduring changes in engram cells (neurons that are
critical components of an engram) found increased synaptic strength and spine density in these
neurons as well as preferential connectivity to other downstream engram cells. Therefore, both
increased intrinsic excitability and synaptic plasticity work hand in hand to form engrams, and
these mechanisms are also implicated in memory consolidation and retrieval processes. Third, it is
now possible to artificially manipulate memory encoding and retrieval processes to generate false
memories, or even create a memory in mice without any natural sensory experience (implantation
of a memory for an experience that did not occur). Fourth, “silent” engrams were discovered in
amnesic mice; artificial reactivation of silent engrams induces memory retrieval, whereas natural
cues cannot. Endogenous engram silencing may contribute to the change in memory over time
(e.g., systems memory consolidation) or in different circumstances (e.g., fear memory extinction).
These findings suggest that once formed, an engram may exist in different states (from silent to
active) on the basis of their retrievability. Although initial engram studies focused on single brain
regions, an emerging concept is that a given memory is supported by an engram complex,
composed of functionally connected engram cell ensembles dispersed across multiple brain
regions, with each ensemble supporting a component of the overall memory.

OUTLOOK: The ability to identify and manipulate engram cells and brainwide engram
complexes has introduced an exciting new era of memory research. The findings from many labs
are beginning to define an engram as the basic unit of memory. However, many questions remain.
In the short term, it is critical to characterize how information is stored in an engram, including
how engram architecture affects memory quality, strength, and precision; how multiple engrams
interact; how engrams change over time; and the role of engram silencing in these processes. The
long-term goal of engram research is to leverage the fundamental findings from rodent engram
studies to understand how information is acquired, stored, and used in humans and facilitate the
treatment of human memory, or other information-processing, disorders. The development of low-
to noninvasive technology may enable new human therapies based on the growing knowledge of
engrams in rodents.

Graphical Abstract
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An engram cell alongside a nonengram cell. Within the hippocampus, dentate gyrus cells were
filled with biocytin (white) to examine morphology. Engram cells active during context fear
conditioning were engineered to express the red fluorescent protein mCherry, which appears pink
owing to overlap with biocytin signals. Axons of the perforant path (green) express the excitatory
opsin channelrhodopsin 2 and a fluorescent marker (enhanced yellow fluorescent protein). The
upper blade of the dentate gyrus granule cell layer is revealed by the nuclear stain 4”,6-
diamidino-2-phenylindole (DAPI, blue).

Abstract

In 1904, Richard Semon introduced the term “engram” to describe the neural substrate for storing
memories. An experience, Semon proposed, activates a subset of cells that undergo off-line,
persistent chemical and/or physical changes to become an engram. Subsequent reactivation of this
engram induces memory retrieval. Although Semon’s contributions were largely ignored in his
lifetime, new technologies that allow researchers to image and manipulate the brain at the level of
individual neurons has reinvigorated engram research. We review recent progress in studying
engrams, including an evaluation of evidence for the existence of engrams, the importance of
intrinsic excitability and synaptic plasticity in engrams, and the lifetime of an engram. Together,
these findings are beginning to define an engram as the basic unit of memory.

Memory is the ability to use the past in service of the present or future (1, 2). Memory is
central to our everyday lives and defines who we are. Without it, we are condemned to an
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eternal present. That memory persists after an experience suggests that an internal
representation of this experience is stored in the brain and that later this representation can
be reconstructed and used. In 1904, Richard Semon, an evolutionary zoologist turned
memory theorist, introduced the term “engram” to describe such memory representations (3,
4). Semon defined an engram as “...the enduring though primarily latent modifications in
the irritable sub-stance produced by a stimulus...” (5, p. 12; 6). He postulated a fundamental
“law of engraphy” in which “all simultaneous excitations... form a connected simultaneous
complex of excitations which, as such, act engraphically, that is to say leaves behind it a
connected, and to that extent, unified engram-complex” (7, p. 159-160). An engram,
therefore, is roughly equivalent to a “memory trace.”

Semon’s innovative ideas were largely over-looked or dismissed during his lifetime.
However, his theories foreshadowed many prominent contemporary memory concepts (8-
11). Semon defined an engram as an off-line, physical change in some aspect of brain state
but was suitably cautious when asked to speculate on the precise neural mechanisms
underlying an engram, “To follow this into the molecular field seems to me...a hopeless
undertaking at the present stage of our knowledge and for my part, | renounce the task” (7,
p. 154).

A few years later, though, Karl Lashley, a geneticist turned psychologist, took up this
challenge by systematically attempting to localize an engram in a mammalian brain (12-14).
In a typical study, Lashley trained rats over many days to solve a maze by running a distinct
route to collect a reward. Hypothesizing that some critical component of the engram
supporting this maze-route memory is localized in the cortex, Lashley removed cortical
tissue of varying sizes from varying locations and then tested the rats’ memory for the maze
route. Although the amount of cortical tissue removed correlated with overall memory
impairment, the location of the lesion did not. After more than 30 years of searching,
Lashley failed to find an engram, declaring it “elusive.”

The next leap in engram-related research came when Donald O. Hebb, a psychologist,
memory theorist, and student of Lashley, developed a cell assembly theory (similar to
Semon’s engram complex) (15). Hebb hypothesized that a cell assembly is formed between
reciprocally interconnected cells that are simultaneously active during an experience.
Sufficient activity within the cell assembly induces growth and/or metabolic changes that
strengthen the connections between these cells [a concept distilled in the phrase “neurons
that fire together, wire together” (16)]. These synaptic and metabolic changes (perhaps
including changes in intrinsic neuronal excitability) have implications for the function of a
cell assembly. For instance, reactivation of only a fraction of assembly cells was
hypothesized to produce reactivation of the entire assembly (15) [a process similar to pattern
completion (17-19)]. By contrast, destruction of a fraction of assembly cells would not
necessarily produce catastrophic failure of the entire representation (but rather gracefully
degrade the representation). Interestingly, Semon also proposed similar types of properties
for an engram (5).

Together, these (and other) scientists helped define and describe an engram. However, there
was a paucity of studies examining the biological basis of engrams. More than 100 years
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ago, Semon wrote that to examine the neurobiological basis of an engram represented a
“hopeless undertaking.” This may no longer be true. Recent excitement surrounding engram
research may stem directly from the development of new tools allowing cell ensembles to be
imaged and manipulated at the level of the individual cell. We begin by briefly reviewing the
neurobiological evidence supporting the existence of engrams in the rodent brain and our
collective ability to not only find but also manipulate engrams to better understand memory.
Then, we discuss the current state of engram research by examining the results of explicit
engram studies and previous memory and plasticity findings from an engram point of view.
Guided by Semon, we define an engram as an enduring off-line representation of a past
experience (Box 1). It is important to note that an engram is not yet a memory but rather
provides the necessary physical conditions for a memory to emerge (20). Memories are
retrieved when appropriate retrieval cues successfully reactivate an engram in a process
Semon dubbed “ecphory.”

Experimental strategies to evaluate engrams

To evaluate the existence of engrams, we adapt the criteria and experimental strategies
discussed by Morris and colleagues (21, 22) in their landmark papers evaluating the
importance of synaptic plasticity in memory. Specifically, we discuss evidence from four
types of studies. First, observational studies supporting the existence of engrams in the
rodent brain should show that the same (or overlapping) cell populations are activated both
by an experience and by retrieval of that experience and that, furthermore, learning should
induce long-lasting cellular and/or synaptic modifications in these cells. Second, loss-of-
function studies should show that impairing engram cell function after an experience impairs
subsequent memory retrieval. Third, gain-of-function studies should show that artificially
activating engram cells induces memory retrieval, in the absence of any natural sensory
retrieval cues. Fourth, mimicry studies should artificially introduce an engram of an
experience that never happened into the brain and show that rodents use the information of
an artificial engram to guide behavior.

Memory traces, or at least physiological correlates of memory, have been examined in
invertebrate species, such as flies (23-27), octopus (28, 29), Aplysia sea slugs (30, 31),
honey bee (32), and Hermissenda sea slugs (33). Moreover, pioneering studies in mammals
(34-36) greatly informed our current understanding of the neural basis of memory but did
not examine memory at the cell ensemble level. The discussion here is limited primarily to
rodent experiments examining memory of an explicit experience that probe memory at the
level of an engram.

Observational studies

Typically, observational studies take advantage of immediate early genes (IEGS) such as ¢-
Fos, Arc (activity-regulated cytoskeleton-associated protein), or Zif268 (zinc finger protein
225) (37-39) to visualize active neurons. Cells active during a memory test are marked using
IEG immunohistochemistry, whereas cells active during a training experience are “tagged”
through the use of temporally inducible IEG promoters that drive the expression of more
enduring fluorescent (or other) reporter proteins (40-43). Above-chance overlap between
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these two cell populations (“active during training” and “active during test”) within a brain
region (or throughout the brain) is suggestive of an engram.

In an initial observational study designed to examine a memory at the level of a cell
ensemble, Mayford and colleagues (41) tagged neurons active during auditory fear
conditioning. In this commonly used memory task, an initially innocuous tone (a
conditioned stimulus) is paired with an aversive footshock (an unconditioned stimulus) in a
conditioning context. When subsequently reexposed to the tone or conditioning context,
rodents freeze (the active, learned conditioned response), showing memory of the training
experience (44). In this experiment, mice were replaced in the conditioning context 3 days
after training, and active neurons were marked with zif268 immunohistochemistry.
Consistent with the existence of an engram supporting this conditioned fear memory, the
overlap of neurons active during training (tagged) and testing (zif268+) in the basal
amygdala nucleus exceeded chance (~11% total cells) (41).

Similar results, using different tagging methods, across multiple brain regions [including
dorsal hippocampus (40, 45-55), amygdala (41, 45, 49, 51, 55, 56), and cortex (42, 45, 55,
57)] were reported for a variety of different memory tasks (including contextual fear
conditioning, auditory fear conditioning, and novel object exploration). Control studies
revealed that tagged cells were only reactivated by the corresponding conditioned stimulus
and not by stimuli unrelated to the training experience (45). Although most observational
studies did not address directly the enduring, learning-induced changes hypothesized by
Semon, overall, these results (and their notable consistency across methods, tasks, and labs)
provide broad support for the existence of engrams. However, causal studies are necessary to
show that these reactivated putative engram cells indeed function as part of the internal
representation of an experience.

Loss-of-function studies

Loss-of-function studies attempt to “capture” engram cells and specifically disrupt their
function before a memory test. Josselyn and colleagues (58) performed the first loss-of-
function memory study at the level of a cell ensemble. An allocation strategy was used to
capture putative engram cells in the amygdala lateral nucleus (LA) supporting an auditory
fear conditioned memory in mice. That is, a small, random population of LA neurons was
biased for inclusion (or allocation) into a putative engram using a neurotropic virus
expressing CREB (Ca**/cyclic AMP-responsive element-binding protein). CREB is a
transcription factor that increases both neuronal excitability (59-64) and dendritic spine
density (60, 65). Therefore, neurons infected with this CREB vector were hypothesized to be
biased for inclusion into an engram. A virus expressing both CREB (to allocate neurons) and
an inducible construct that produces cell-autonomous ablation was used to specifically kill
allocated neurons after training (58). Ablating CREB-overexpressing neurons disrupted
freezing to subsequent tone presentation, as if the memory was erased (Fig. 1). Importantly,
mice were capable of learning a new fear conditioning task (showing overall LA function
was not compromised), and ablating a similar number of non—-CREB-overexpressing cells
(nonengram cells) did not disrupt memory (showing specificity of the memory disruption at
the cellular level).
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Subsequent studies using diverse methods to permanently or reversibly inactivate allocated
or tagged neurons across several brain areas hypothesized to be part of an engram, in many
memory tasks, produced comparable results (40, 48, 53, 63, 66, 67). Together, these findings
suggest that neurons active during an experience become engram cells that are indispensable
(or somehow necessary) for successful subsequent memory expression.

Why were these loss-of-function studies perhaps successful in “finding an engram” when
Lashley was not? First, Lashley may have used an inappropriate behavioral test to probe an
engram. The well-learned maze task Lashley typically used could be solved using different
strategies and, therefore, may have been in-sensitive to damaging a distinct brain region.
Second, Lashley may have targeted the wrong brain region for this type of spatial memory
task (68).

Gain-of-function studies

Gain-of-function studies attempt to induce memory retrieval in the absence of natural
retrieval cues by artificially reactivating engram cells. Tonegawa and colleagues (69)
provided the first gain-of-function evidence for the existence of an engram. Hippocampal
dentate gyrus (DG) neurons active during contextual fear conditioning (in which a context
was paired with a footshock) were tagged (41) to express the excitatory opsin
channelrhodopsin 2 (ChR2) (70). When tested in a nontraining context, mice did not freeze.
However, photo-stimulation of tagged engram cells was sufficient to induce freezing, the
learning-specific conditioned response (44), even though mice had never been shocked in
this nontraining context (Fig. 2). Importantly, light-induced freezing was not due to
activation of pre-wired learning-independent neural circuits or a simple reflex response,
because similar photo-stimulation of tagged DG neurons failed to induce freezing if
downstream CA1 neurons were silenced during training (thereby preventing learning) (71).

Acrtificial optogenetic or chemogenetic (72, 73) reactivation of tagged or allocated engram
cells across several brain regions similarly induced memory expression without external
sensory retrieval cues in a variety of tasks (42, 53, 74-81). Therefore, artificial engram cell
reactivation serves as a sufficient retrieval cue to “reawaken” a dormant engram to induce
memory expression, similar to Semon’s original definition of ecphory [“the influences
which awaken the mnemic trace or engram out of its latent state into one of manifested
activity” (5, p. 12)].

Mimicry experiments

During natural memory retrieval, the sensory conditioned stimulus (e.g., the training
context) is thought to reactivate engram cells to induce memory retrieval. The first gain-of-
function study (69) was designed to mimic this retrieval process by directly reactivating
engram cells by means of optogenetic stimulation, thus circumventing the need for the
conditioned stimulus. That is, artificial stimulation replaced the natural conditioned stimulus
to induce memory retrieval. Optogenetic stimulation of engram cells has also been used to
artificially retrieve a previously experienced sensory stimulus during the formation of a new
memory. For instance, DG neurons active during exploration of a new context (context A)
were photostimulated when mice later received footshocks in a different context (context B).
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During a memory test, mice replaced in context A froze, even though they had never been
shocked in this context. That is, mice retrieved an artificial memory. Mice also froze in
context B (showing natural memory retrieval), but not in a third distinct context (context C),
indicating freezing was a context-specific, and not a generalized, response (46). Both
memories produced by “natural” and “artificial” means could only be retrieved by their
respective conditioned stimuli, indicating both memories retained their identities. Similar to
a compound conditioned stimulus in which both a tone and light predict footshock, the
strength of the natural and artificial memories were roughly 50% of a single “normally
induced” memory, suggesting cue competition between the natural and artificial conditioned
stimuli [as originally described by (82)]. Therefore, when a biologically important event
(e.g., footshock) occurs while an animal is retrieving a previously formed but perhaps
unrelated memory, the two stimuli can be associated to form a new but false episodic
memory. An analogous mechanism may underlie human false memories, except that in
humans, the previously acquired memory would be retrieved by natural processes (83).

Mayford and colleagues (84) used a similar approach but tagged active neurons across the
brain as mice explored a new context (context A). Chemogenetically reactivating these
neurons while mice were fear conditioned in context B produced a “hybrid or synthetic”
context representation that was not retrievable by either context alone [unlike (46), above].
However, mice froze in a test session that more closely matched the training conditions
(placement in context B while chemogenetically activating context A engram cells),
suggesting that this hybrid memory incorporated both natural and artificial cues. Differences
in the spatial and temporal properties of artificial engram reactivation (more acute
optogenetic activation of localized tagged DG neurons versus longer-term chemogenetic
activation of nonlocalized tagged neurons across the brain) may account for the discrepant
outcomes of these two artificial conditioned stimuli studies.

Neurons active during presentation of an unconditioned stimulus have also been tagged and
artificially reactivated (85). Neuronal ensembles active during context exploration (the
conditioned stimulus) and footshock (the unconditioned stimulus) were tagged separately in
the CA1 subfield of the hippocampus and the basolateral complex of the amygdala,
respectively. Synchronous optogenetic activation of these ensembles while mice were in the
homecage was sufficient to induce a false memory; mice froze in the tagged (but
nonshocked) context, as if the conditioned stimulus and unconditioned stimulus had been
paired.

Finally, a recent study investigated whether a memory could be implanted through artificial
means in the total absence of natural stimuli (either conditioned stimulus or unconditioned
stimulus). To be a true memory implantation, such an experiment should satisfy several
criteria (86). First, the “learning experience” should occur entirely within the brain through,
for example, direct stimulation of putative conditioned-stimulus and unconditioned-stimulus
neural pathways. Second, the presence of the implanted memory should be probed through
presentation of a “real” external retrieval cue (not just the internal neural cue). Finally,
behavioral manifestation of this memory should reflect the predicted memory content and be
retrieved only by the “trained” conditioned stimulus (not to similar cues). In this study,
optogenetic stimulation of a genetically specific olfactory glomerulus (the conditioned
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stimulus) was paired with optogenetic stimulation of either appetitive or aversive neural
pathways (the unconditioned stimuli) (86). After this entirely intracranial conditioning, mice
showed either an attraction or aversion, respectively, to the real odor that activated this
olfactory glomerulus. In short, a memory was made in the absence of experience. These
results satisfy the mimicry criterion of experimental evidence outlined by Martin and
colleagues (21, 22) and, as such, provide another line of persuasive evidence for the
existence of engrams.

Understanding memory through engrams

The “enduring changes” of an engram

The ability to label in vivo engram cells supporting a specific memory provided an
opportunity to investigate the nature of the “enduring changes” proposed by Semon. Guided
by Hebb’s influential theory on the critical importance of synaptic plasticity (the increase in
synaptic strength between neurons) in memory [e.g., (21, 22)], Tonegawa and colleagues
showed that learning augmented synaptic strength, specifically in engram cells. First, 1 day
after training, hippocampal DG granule engram cells tagged during contextual fear
conditioning showed greater synaptic strength [higher AMPA/NMDA ratio, which is a
means of assessing basal strength of excitatory synapses by examining the relative
expression of amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR)-
mediated synaptic currents to A-methyl-D-aspartate receptor (NMDAR)-mediated synaptic
currents of a population of stimulated synapses (87)] and increased spine density at
entorhinal cortex junctions than nonengram DG cells (71). Second, compared to nonengram
CA3 cells, downstream CA3 engram cells were more functionally connected with upstream
DG engram cells (71). Moreover, Kaang and colleagues showed that the number and sizes of
spines on CA1 engram cells tagged during contextual fear conditioning receiving input from
CA3 engram cells was greater than on nonengram CA1 cells. This enhanced interregional
connectivity between CA3 and CA1 engram cells correlated with memory strength and
occluded long-term potentiation (LTP), suggesting a previous LTP-like phenomenon
endogenously occurred (88). Similarly, LA engram cells tagged during auditory fear
conditioning showed enhanced synaptic connectivity with presynaptic neurons (56, 89).
Finally, shrinking potentiated synapses in primary motor cortex (M1) engram cells
supporting a motor memory disrupted subsequent performance of this, and not a similar,
motor memory (90). Together, these studies are beginning to integrate previous research on
synaptic plasticity with engrams and suggest preferential engram cell-to—engram cell
connectivity is a critical part of the enduring changes to an engram generated by learning.
Overall these findings suggest an update of Hebb’s axiom: Engram cells that fire together,
wire together.

Distributed engram ensembles

Although one specific brain region is often examined in engram studies, it is generally
appreciated that an engram supporting a specific experience may be widely distributed
throughout the brain. Engram cell ensembles in different brain regions may support distinct
aspects of an experience. For instance, in contextual fear memory, hippocampal (DG, CA3,
and CAL1) engram cell ensembles may represent the context (40, 48, 91-93), whereas
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amygdala engram cell ensembles may represent valence information (69, 71, 75), and
cortical engram cell ensembles may represent distinct sensory information (79, 94-96).

Several studies have examined potential engram cell ensembles supporting contextual fear
memories across the brain (42, 97-99). For instance, Frankland and colleagues compared the
brainwide (84 brain regions) distribution of active cells after retrieval of recent (1 day after
training) versus remote (36 days after training) contextual fear memory. On the basis of
coactivation, graph theory was used to construct functional connectome “memory maps”
(97) and identify hub-like regions hypothesized to play privileged roles in memory retrieval.
Subsequent chemogenetic inhibition confirmed that these identified hub regions were
necessary for subsequent memory retrieval (98). Using a combination of engram tagging
technology [targeted recombination in active populations 2 (TRAP2) transgenic mice] and
IEG immunohistochemistry to examine overlap between neurons active at contextual fear
training and testing, Luo and colleagues (42) showed that retrieval of a remote (14 day)
contextual fear memory engaged more neurons in prelimbic cortex than retrieval of a recent
(1 day) memory, suggesting that an engram changes over time [consistent with the findings
of (100)]. Finally, a preliminary study (99) mapped candidate engram ensembles
representing a contextual fear conditioning memory in 409 brain regions in mice. Roy and
colleagues tagged cells active at training and those active at recall throughout the brain in the
same mouse using a CLARITY-like tissue-clearing technique (101) dubbed SHIELD
(stabilization under harsh conditions via intramolecular epoxide linkages to prevent
degradation) (102), thereby permitting the entire intact brain to be imaged at once. From this
activation data, these researchers developed an “engram index” (defined as the degree to
which cells in a given brain region were active at memory encoding and retrieval) that
allowed the rank ordering of different brain regions. Using optogenetic and chemogenetic
methods to interrogate the effects of artificially activating regions with a high engram index,
this study showed many of these engram ensembles are functionally connected and activated
simultaneously by an experience. These findings suggest that an experience is represented in
specifically connected multiple engram ensembles distributed across multiple brain regions
and provide experimental support for Semon’s “unified engram complex” hypothesis.

Engrams, place cells, and sleep

Location-specific firing of CAL place cells is well established (103). Stable place cells may
be important in engrams supporting spatial or contextual memories (104-106). Recently,
McHugh and colleagues (107) contrasted the roles of CAL place cells and engram cells in
memory. While mice explored a new context, engram cells were tagged and place cells
identified using tetrode recordings. Most tagged engram cells were also place cells, but the
majority of place cells were not tagged. Nontagged place cells behaved like traditional place
cells (stable in the same context but re-mapping in a new context). By contrast, tagged place
cells fired in a context-specific manner, albeit with imprecise spatial information, and were
not active (did not remap) in a new context. Therefore, engram cells may provide general
contextual information, with nontagged place cells providing precise spatial information.

Postencoding reactivation or replay of hippocampal place cell firing, especially during slow-
wave sleep (SWS) (108, 109), is thought to be important for memory consolidation (110—
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113). During SWS, hippocampal neurons fire in an oscillatory rhythm (termed sharp-wave
ripples), tending to co-occur with rhythmic firing of cortical neurons (termed spindles)
(114). Disrupting either sharp-wave ripple-spindle coupling (115, 116) or sharp-wave
ripple—associated replay of hippocampal place cells (104, 105, 117, 118) impairs memory
recall. The precise role of these rhythmic oscillations with respect to engram cells is unclear.
Sharp-wave ripples promote synaptic depression of CA1 hippocampal neurons (119, 120). A
recent study suggests that CA1 engram cells tagged during context exploration are more
likely than nonengram neurons to participate in sharp-wave ripple events, perhaps allowing
these engram cells to escape this SWS-induced synaptic depression (120). In this way,
postencoding reactivation of engram cells during oscillatory rhythms may help refine an
engram by decreasing irrelevant “noise” of nonengram neuronal activity during memory
consolidation.

Lifetime of an engram

Birth of an engram

Josselyn, Silva, and colleagues discovered that during engram formation, eligible neurons in
a given brain region compete against each other for allocation (or recruitment) to an engram.
Neurons with relatively increased intrinsic excitability win this allocation competition to
become engram cells (58, 63, 66, 76, 77, 121-126) (Fig. 3). Competitive excitability-based
allocation to an engram occurs in other brain regions and supports different types of
memories [e.g., dorsal CAL region of hippocampus (91-93) and prefrontal cortex (126) (for
a contextual fear memory), insular cortex (127) (conditioned taste-aversion memory), and
retrosplenial cortex (128) (spatial memory)].

In addition to aversive memaries, LA neurons experimentally made more excitable during
training were also preferentially allocated to an engram supporting a cocaine-cue rewarding
memory (66). Similarly, increasing the excitability of a small, random portion of piriform
cortex principal neurons resulted in their allocation to an engram supporting either a
rewarding or an aversive olfactory memory, depending on the nature of the training
experience (129). Excitability-based neuronal allocation is predicted by computational
modeling (130-132), occurs endogenously (56, 89), and is consistent with previous research
implicating intrinsic excitability in the formation of invertebrate memory traces (33, 133-
135). Together, these findings suggest that in some brain regions, at any given time, a small
portion of eligible neurons are “primed” to become part of an engram (should an experience
occur), regardless of experience valence.

Although stable place cells and engram cells in dorsal CA1 of the hippocampus differ (107),
some mechanisms underlying their formation may be shared. In a given environment, only a
small subset of CA1 neurons are place cells, because the majority of CA1 neurons are silent
(136). Those neurons with relatively higher excitability immediately before placement in a
novel environment are more likely to become place cells in that environment (137-139), and
experimentally increasing the excitability of an initially silent cell biased this cell toward
becoming a place cell (140, 141).
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It is interesting to note the similarities between data from current allocation studies and the
long-standing idea of selective stabilization (142, 143). Selective stabilization proposes that
multiple prerepresentations are endogenously generated in the brain and only one or a few
that fit the situation are selected at any given point of time to control behavior and/or persist.
Both allocation and selective stabilization resonate with the conceptual framework of
Darwinian competition.

Observational and tagging experimental studies agree with computational theories [e.g.,
(144)] that an engram is sparsely encoded. That is, not all neurons within a given brain
region become an engram cell supporting a particular memory. The size of an engram within
a given brain region (that is, the number of engram cells) is stable and invariant to memory
strength. For instance, the size of an LA engram (number of LA engram cells) is similar for
an auditory fear conditioned memory and a cocaine-cue memory (66, 122, 145), and
memory strength does not affect engram size (89, 122) [for review, see (146)]. Rather, a
stronger memory engages a greater number of synapses between engram cells (88).

Several lines of evidence suggest that one mechanism constraining engram size involves
inhibitory neurons. Thus, inhibiting parvalbumin-containing interneurons in the basolateral
amygdala complex increased the size of an engram in the LA supporting an auditory fear
memory through a process involving di-synaptic inhibition (145), in which an excitatory
neuron inhibits another excitatory neuron via an intervening inhibitory neuron. Moreover,
inhibiting somatostatin-containing interneurons increased the size of a DG contextual fear
memory engram through a lateral-inhibition like process (147). The importance of inhibitory
neurons in engrams has also been highlighted in human studies. For instance, evidence
suggests that in the cortex, associative memories are represented in excitatory engrams and
matched (equal and opposite) inhibitory engrams. Memories are expressed upon
disinhibition of the excitatory engram (148-150). Further exploration of excitatory-
inhibitory balance in engram formation, storage, and retrieval is necessary to understand
how these opposing forces interact to support memory function.

Silent engrams in memory loss

Engrams may become damaged, such that a memory becomes forever unavailable. However,
engrams may also be temporarily inaccessible, such that the engram still exists but cannot be
retrieved by natural means. Silent engrams, engrams that cannot be retrieved by natural
retrieval cues but can be retrieved with direct optogenetic stimulation, were first revealed in
an experiment in which the protein synthesis inhibitor, anisomycin, was administered
immediately after contextual fear conditioning in mice (71). Inhibiting protein synthesis
before or immediately after an experience is known to induce amnesia (151, 152) and block
cellular consolidation (153-155). Cellular consolidation refers to the relatively fast process
of memory stabilization thought to involve the expression of genes necessary to strengthen
synapses. By contrast, systems consolidation (discussed below) refers to the slower, time-
dependent reorganization of memories over distributed brain circuits (156—159).

In this study, mice administered anisomycin immediately after training showed little freezing
when replaced in the training context 1 day later (71). Therefore, as expected, disrupting
protein synthesis induced retrograde amnesia by blocking cellular consolidation. However,
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optogenetic reactivation of DG engram neurons tagged during contextual fear training was
sufficient for memory recovery, even 8 days after training (Fig. 4). These results indicate that
the engram was formed and persisted for several days but that this engram could not be
retrieved by natural means. Silent DG engram cells showed weaker physiological (increased
synaptic strength) and structural (increased dendritic spine density) alterations than normal
engram cells (in control mice), suggesting that a silent engram may be the result of
disrupting the synaptic strengthening normally induced by training. That optogenetic
activation of DG engram cells was able to induce memory retrieval suggests that direct
optogenetic activation was able to circumvent this requirement for synaptic and structural
plasticity within engram cells. Consistent with this, genetic restoration of spine density
[targeted overexpression of p-21 activated kinase (PAK 1)] also allowed a silent engram to
be reactivated and memory expressed by natural retrieval cues (160).

The idea that engrams may be silenced by disrupting synaptic efficacy and spine density and
reawakened by enhancing synaptic plasticity is consistent with findings from a nonengram
study examining auditory fear conditioning (161). Rats were trained in a variant of an
auditory fear conditioning task in which the tone conditioned stimulus was replaced by
optogenetic activation of LA axon terminals from neurons originating in the medial
geniculate nucleus and auditory cortex. Immediately after conditioning, long-term
depression (LTD)-like optogenetic stimulation was administered. LTD is thought to weaken
synaptic efficacy and decrease spine density (162—165). Consistent with the interpretation
that LTD-like stimulation silenced the engram, this opto-LTD stimulation im-paired
subsequent memory recall. However, LTP-like optogenetic stimulation allowed the memory
to be retrieved (consistent with the interpretation that the engram was “unsilenced”). Again,
subsequent LTD-like optogenetic stimulation silenced this memory, whereas LTP-like
optogenetic stimulation allowed recovery of this memory.

These findings raise the question of whether engrams (and the memories they support) in
other amnesic conditions are truly “lost” or are simply inaccessible such that they cannot be
retrieved under natural conditions. Silent engrams were reactivated by artificially stimulating
engram cells in amnestic mice used to study the early stages of Alzheimer’s disease (AD)
(166, 167). These transgenic mice [APP/PS1 mice containing human transgenes with the
familial AD mutation in both amyloid precursor protein (APP) and presenilin 1 (PSEN1)]
showed contextual fear memory deficits (166). However, optogenetic reactivation of ChR2-
labeled DG engram cells induced robust freezing comparable to control mice (166).
Consistent with other examples of silent engram cells, DG engram cells in these mice used
to study AD showed decreased spine density. However, LTP-like optogenetic stimulation at
entorhinal cortex engram cell inputs onto DG engram cells restored not only spine density in
DG engram cells but also the ability of natural retrieval cues to elicit memory retrieval
(thereby unsilencing the engram) (166). These findings in mice are consistent with reports
that memory retrieval in people with early-stage AD may be enhanced by particular retrieval
cues (168, 169). Therefore, under certain conditions, a previously inaccessible memory may
be retrieved in human AD, consistent with the interpretation that some engrams in early-AD
brains may be silent rather than lost.
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Apart from clinical implications, the finding of silent engrams is relevant to discussions on
the role of protein synthesis—dependent cellular consolidation in terms of memory storage
versus retrieval. There has been persistent debate on this issue (170-173). The majority of
neuroscientists examining cellular memory consolidation may favor the view that disrupting
protein synthesis disrupts memory storage. However, in many amnesia experiments, memory
storage is conflated with memory retrieval. The finding that optogenetically stimulating a
silent engram in an otherwise amnestic mouse, even 1 week after training, induces memory
retrieval challenges the view that protein synthesis—dependent cellular consolidation is
important for memory storage. Instead, these findings suggest that the role of cellular
consolidation is to enhance subsequent retrievability of an engram, consistent with the idea
of engram “retrieval handles” that are established after memory formation and may be
remodeled after memory retrieval (1). Importantly, silent engrams are consistent with the
pioneering cognitive psychologist Endel Tulving’s (174) conceptual distinction between
memory availability and accessibility, in which memory failure may reflect the absence of
the information or difficulties accessing the information [see (175) for review].

Silent engrams in normal memory

Memory may change with time and circumstance. Might these changes in memory be
mediated by endogenous engram silencing? This was explored in a social discrimination
task in which mice interact more with a new, rather than a familiar, mouse. This social
discrimination memory lasts roughly an hour after exposure to a familiar mouse (the training
experience) and is absent 24 hours after training (176). The dorsal CA2 to ventral CAl
(vCAZ1) hippocampal circuit plays a pivotal role in social discrimination (177), with a vCAl
engram representing the familiar mouse (178). Consistent with the time course of social
discrimination memory, the familiar mouse engram in vCAL becomes silent an hour after
training. However, artificially reactivating this engram 24 hours after training (when the
social discrimination memory normally has dissipated) reinstates social discrimination
memory, as if the trained-but-forgotten familiar mouse is being remembered. Besides
artificial engram reactivation, the accessibility of vCA1 engram (and social discrimination
memory) is prolonged by interventions such as group housing. These findings provide a hint
that engram silencing may be one way in which the brain normally regulates mnemonic
processes.

Additional evidence comes from memory extinction studies. After conditioning, repeated
presentation of the conditioned stimuli alone (in the absence of the unconditioned stimulus)
produces a gradual decrease of the conditioned response (82)—a phenomenon called
extinction. Therefore, after extinction training, the ability of the conditioned stimulus to
induce memory retrieval is diminished, an outcome that is similar phenomenologically to
engram silencing. Might engram silencing account for extinction? Consistent with this
general idea, some auditory fear extinction protocols induce synaptic depotentiation of LA
neurons, that is, the reversal of synaptic potentiation induced by fear conditioning (179,
180). Moreover, after fear conditioning, LTD-like electrical stimulation of external capsule
inputs to the LA induces synaptic depotentiation and decreases fear behavior (181),
resembling both extinction and engram silencing. Finally, shortly after extinction training,
the chemogenetic artificial activation of cells tagged brainwide during context fear training
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(the putative fear engram) was reported to increase freezing levels (182), suggesting that the
original fear engram was silenced during extinction. The similarities between engram
silencing and extinction are consistent with theoretical views that during extinction, the
conditioned stimulus—unconditioned stimulus contingency is “unlearned” (183, 184).

However, other accounts stress that extinction does not reflect unlearning the original
association (perhaps by silencing the original engram) but rather reflects learning a new
“conditioned stimulus—no unconditioned stimulus” association (185, 186) with a
corresponding new extinction engram. That the original memory is not “erased” by
extinction is suggested by findings that after extinction training, the conditioned response
may return if the conditioned stimulus is presented (i) in a new nonextinction context
(renewal), (ii) after a stressor (reinstatement), or (iii) after the passage of time (spontaneous
recovery) (187-192). A recent study concluded that contextual fear extinction may be
supported by a novel fear extinction engram in the DG that is distinct from and suppresses
the contextual fear DG engram with a time course that corresponds to the emergence of
spontaneous recovery (53). In this experiment, spontaneous recovery was observed remotely
(29 days), but not recently (6 days), after extinction training. Moreover, the original fear
engram was reactivated at the remote, but not recent, memory test after extinction training.
The opposite pattern of results was observed for active cells tagged after extinction training
(the presumed fear extinction engram). Interestingly, artificial reactivation of the fear
extinction engram prevented spontaneous recovery of the original fear memory, even at
remote times. These results suggest that the original fear engram and the extinction engram
compete for control over behavior; the extinction engram first suppressed or silenced the
original fear engram, but, with time, the fear extinction engram was itself silenced.
Conversely, activation of a remote DG contextual fear engram (labeled 25 days after
contextual fear conditioning) itself may also be important for subsequent fear memory
extinction (52), perhaps similar to a process referred to as reconsolidation-updating (193,
194). However, the extent to which DG neurons that were activated 25 days after contextual
fear conditioning overlap with DG neurons active during training remains an open question
(40, 51).

Finally, a recent study examined fear extinction engrams in the amygdala and found that
extinction engram cells were formed in a genetically distinct and “reward-responsive”
subpopulation of basal amygdala neurons. These fear extinction engram cells suppressed the
fear engram neurons that were also present in basal amygdala and, furthermore, induced
appetitive behavior when optogenetically stimulated (195). These findings in mice are
consistent with the results of a recent study in fruit flies (26) and highlight the similarities
between fear extinction and reward processes across species. Moreover, these results are
consistent with the general idea of competition between memory traces in the control of
behavior.

Silent engrams and time

The representation of a memory in the brain may change with time. For instance, dorsal
hippocampal lesions in rodents disrupt expression of contextual fear memories in the days,
but not weeks after training (196-198). At more remote times, cortical areas, including
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anterior cingulate cortex or medial prefrontal cortex (mPFC), become preferentially engaged
(100). The time-dependent reorganization of memory reflects systems consolidation, a
process that typically refers to initially hippocampal-based episodic-like memories (158,
159). Systems consolidation was recently examined at the level of the engram in the
hippocampus and mPFC, where findings indicate time-dependent silencing of active
engrams and conversions of silent engrams to active engrams (51, 199). During contextual
fear conditioning, active mPFC neurons were labeled to express ChR2. When placed in the
conditioning context, mice showed robust freezing when tested either 2 days or 13 days after
training. However, the engram ensemble components supporting memory retrieval differed
with test time. Tagged mPFC neurons were reactivated 13 days, but not 2 days, after
training, suggesting that the mPFC engram was silent shortly after training but active after
longer delays. DG engram cells showed an opposite pattern; DG engram cells were
reactivated shortly after training but silenced more remotely. Similar to other instances of
silent engrams discussed above, the mPFC engram cells shortly after training and the DG
engram cells at longer delays after training showed reduced spine density, and, furthermore,
optogenetic activation of these silent engrams was sufficient to induce memory retrieval.
Interestingly, posttraining tetanus toxin—induced inhibition of the input from DG engram
cells to mPFC engram cells blocked the maturation of the silent mPFC engram cells to an
accessible state, suggesting coordinated network function between different engram
ensemble components is important in systems consolidation.

Memories may also become less precise and more generalized with time (200-202).
According to memory transformation theory, changes in the nature and quality of memories
correspond to changes in neural representations, with hippocampal-dependent context-
specific detailed memories transforming into gist-like schematic memories represented in
cortical structures over time (201, 203, 204). The neural processes governing remote
memory generalization at the engram level suggest that the availability of the DG engram is
critical for memory specificity (205). In this experiment, shortly after contextual fear
conditioning (1 day), mice froze in the training context only, whereas at more remote time
points (16 days after training), mice also froze in a nonshocked context. This finding is
consistent with previous reports of contextual fear memory generalizing over time (51, 201).
At the recent, but not remote, time, DG engram cells showed greater connectivity to
parvalbumin-expressing CA3 basket cells (thereby inhibiting CA3 pyramidal neurons
through feedforward inhibition) than nonengram DG cells, suggesting that greater
feedforward inhibition in DG-CA3 circuits helps maintain memory precision. Interestingly,
optogenetic activation of DG engram cells 10 days after training did not induce memory
retrieval (suggesting that this engram had become unavailable), except if feedforward
inhibition of CA3 pyramidal neurons was genetically enhanced. Moreover, mice with
genetically enhanced feedforward inhibition also showed precise memory, even when tested
at more remote times. Together, these data suggest that enhanced feedforward inhibition
onto CA3 neurons maintains DG engram cell availability and delays the loss of context
specificity associated with remote memories.

These findings suggest that engram silencing may represent a continuum of a natural state of
an engram. That is, an engram may be (i) unavailable (neither natural conditioned stimuli
nor artificial reactivation induces memory expression), (ii) silenced (only artificial
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reactivation is sufficient to induce memory expression), (iii) dormant or latent, as initially
named by Semon (natural conditioned stimuli may induce memory retrieval), or (iv) active
(currently being retrieved). Different processes may mediate these distinct engram states.
For example, similar to silencing a DG engram, posttraining anisomycin administration
silenced an LA engram supporting an auditory fear memory (79). However, if in addition to
anisomycin, a peptide to induce autophagy (a mechanism of protein degradation) was
administered after training, then optogenetic reactivation of inputs to the LA was no longer
sufficient to induce memory retrieval (206), suggesting that autophagy made the engram
unavailable rather than simply inaccessible.

From engrams to knowledge

Thus far, we have discussed engrams supporting a single memory. Of course, animals
(including humans) learn and remember many things. Some of these experiences may be
best remembered as distinct episodes, rich with episodic details (207-209). However, in
other circumstances, it may be advantageous to link related experiences, thereby creating a
general concept or principle (210-214). This raises the question of how engrams
representing different experiences interact. The mechanisms governing neuronal allocation
to an engram supporting a single experience also serve to either coallocate neurons to
overlapping engrams (thereby linking experiences) or disallocate neurons to nonoverlapping
engrams (thereby disambiguating experiences) (121, 215-217) (Fig. 5). In this way, relative
neuronal excitability is critical not only for initial engram formation but also in organizing
different memory representations across the brain.

Neurons that are relatively more excitable than their neighbors at the time of an experience
are more likely to be allocated to the engram supporting the memory of that experience
(121). Increased excitability in engram cells is also maintained for several hours after an
experience (215, 218, 219). Therefore, if a related experience occurs in this time window,
these same (or overlapping) engram cells are more excitable than their neighbors and thus
coallocated to the engram supporting the memory of the second experience. Because the
memories of the two experiences are coallocated to overlapping engram cells, these two
memories become linked (or integrated); thinking of one experience automatically makes
one think of the second. For example, LA neurons allocated to one fear memory were
coallocated to a second fear memory if the second event occurred minutes to hours (30 min
to 6 hours), but not 24 hours, after the first (215). This linking occurred even if the
conditioned stimuli used in the two training sessions were of different modalities (e.g., a
light and a tone or a context and a tone). Similarly, coallocation of CA1 engram cells
supporting memories of two distinct contexts was observed if exposure to the contexts was
separated by a short time interval (216). Behaviorally extinguishing one memory produced
extinction for the second memory, even though the second memory was not behaviorally
extinguished, indicating that the two memories were functionally linked (215). Coallocated
memories may maintain their distinct identity by engaging specific synapses within shared
engram cells (79). Moreover, in addition to integrating two similar memories (two fear
memories or two contextual memories), two aversive, but otherwise dissimilar memories (a
conditioned fear and a conditioned taste aversion memory), were integrated by repeated
coretrieval of these memories (220). Overall, these data from rodent experiments agree with
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results from human memory experiments showing that the representations of memories for
events experienced close in time or with related content overlap may be integrated or linked,
thus enabling generalization and flexible use of this shared information [e.g., (212, 221-
224)].

Memory retrieval also transiently reactivates engram cells (89, 215, 219). This increase in
excitability both enhances the precision and efficiency of memory retrieval (219) and opens
a new “coallocation window” (215), perhaps explaining how new information is integrated
into preexisting knowledge.

Conclusions and perspectives

Overall, these studies provide persuasive evidence for the existence of engrams in rodent
brains. We agree with Endel Tulving who stated “As a scientist | am compelled to the
conclusion—not postulation, not assumption, but conclusion—that there must exist certain
physical-chemical changes in the nervous tissue that correspond to the storage of
information, or to the engram, changes that constitute the necessary conditions of
remembering. (The alternative stance, that it may be possible for any behavior or any
thought to occur independently of physical changes in the nervous system, as all your good
readers know, is sheer mysticism)” (225). The findings from many labs using different
methods to examine many types of memory converge to support the idea that complex
information may not be represented in single cells [e.g., a “grandmother cell” (226, 227)];
instead, these findings suggest that the basic unit of computation in the brain is an engram
(228, 229).

To understand a complex, multilayered system such as the brain, it is crucial to causally link
a process or phenomenon occurring at a lower level of complexity to those at higher levels.
Traditionally, such studies have been carried out using interventions such as tissue lesion or
pharmacological disruption. Many of the studies discussed in this review took advantage of
state-of-the-art intervention techniques and their combinations, including temporally
inducible targeted transgenics and optogenetics, that may generally permit the identification
of more precise cause-consequence relationships. Nevertheless, even advanced interventions
inevitably artificially manipulate the brain and therefore provide information as to what an
engram can do, but not necessarily what it does do (physiologically). This point has been
articulated in several other reviews on memory research [e.g., (230)]. However, the results of
these intervention studies provide direction as to which processes we should focus our
efforts to understand how the brain actually forms and retrieves memory. Furthermore, the
high specificity of the state-of-the-art intervention methods, spanning from the molecular
level up to the behavioral level, have already revealed mechanisms that would have been
difficult to study using other techniques. For instance, these artificial intervention studies
allowed the field to identify the silent state of an engram and the mechanism underlying
memory allocation.

More than 100 years ago, Semon put forth a law of engraphy. Combining these theoretical
ideas with the new tools that allow researchers to image and manipulate engrams at the level
of cell ensembles facilitated many important insights into memory function. For instance,
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evidence indicates that both increased intrinsic excitability and synaptic plasticity work hand
in hand to form engrams and that these processes may also be important in memory linking,
memory retrieval, and memory consolidation. Interestingly, disrupting synaptic plasticity in
engram cells either by disease processes (as in mice used to study AD) or amnestic drugs
(such as protein synthesis inhibitors) or during some natural behaviors (housing condition in
social discrimination memory, memory systems consolidation, and perhaps fear extinction
training) silences engrams such that they can no longer be accessed by normal sensory cues.
However, these studies show that silent engrams still exist in the brain and that the
information they represent may not be forever lost. The pioneering psychologist and
behaviorist Edward Tolman (231) advanced the concept of latent learning and latent
memory: learning that occurs without reinforcement, the memory of which is not revealed or
expressed until the need or motivation for the acquired knowledge arises (232, 233). It
would be interesting to determine whether at least some latent memories are based on silent
engrams and, if so, use the conversion of silent engram to active engram as a means of
identifying and characterizing the brain circuits mediating the relevant motivation.

A continuum of engram accessibility states may exist. Engrams may be entirely unavailable
and not retrievable, even through artificial means (the memory would be forgotten). Or,
engrams may be silenced such that memories may be retrieved by artificially reactivating
engram cells. The processes that silence or erase an engram, as well as strategies for
unsilencing engrams, are a subject for further investigation. That it was possible to
artificially reactivate silent engrams in mice designed to study the memory deficits of AD
hint at the extraordinary translational potential of this line of research.

Some additional general themes emerge from the results of engram studies. The first theme
is that findings from engram studies are reminiscent of reconsolidation studies. Upon
retrieval, a memory may enter a labile and modifiable state that lasts for several hours. The
process of restabilizing this memory is referred to as reconsolidation. Although
reconsolidation has a longer history (234), the modern reawakening of this phenomenon
stems from a finding by Nader, LeDoux, and Schafe (235). At the time that this ground-
breaking study was conducted, the general thinking was that memories become stabilized in
a process of cellular consolidation that occurs once, shortly after a learning experience.
However, Nader, LeDoux, and Schafe challenged this view by showing that memory
retrieval opens a several-hour “reconsolidation window” during which different interventions
may weaken or strengthen the original memory. For instance, disrupting protein synthesis
during the reconsolidation window of a conditioned fear memory produced apparent
amnesia for this memory. This result was replicated and generalized to several types of
memory (156, 236, 237). There are many similarities between this reconsolidation blockade
and engram silencing. For instance, reconsolidation blockade is only observed when a
memory is being actively retrieved, because administering anisomycin (or another similar
intervention) in the absence of memory reactivation does not impair its subsequent retrieval.
Viewed from an “engram conceptual framework,” retrieval of a specific memory would
activate the underlying engram, and disrupting protein synthesis shortly after this activation
might silence this engram. The function of reconsolidation may be to update a memory (1,
211, 238-240). That the reconsolidation window is not unlike the coallocation window
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suggests that these two processes might be similar ways of explaining the same (or similar)
phenomenon at different levels of analysis.

A second emerging theme is that of competition. Allocation to an engram involves
competition between eligible neurons within a given brain region at the time of memory
encoding. Competition represents a fundamental property of many biological systems and
has been previously shown to be important in other mnemonic phenomena. For instance,
memory traces may compete for control of behavior at the time of retrieval (241). In
addition, human studies reveal that memories may compete if they are linked to a common
retrieval cue. Retrieval of a target memory may lead to retrieval-induced forgetting of
currently irrelevant competing memories (242).

Although recent engram studies have offered important insights into memory, several key
questions remain. First, although the majority of observational studies reveal that the overlap
between populations of neurons active during training and testing exceed chance levels, the
overall correspondence between these two populations is relatively low (roughly 10 to 40%,
depending on the study). That this overlap does not approach 100% suggests a number of
possibilities. First, the methods to label active neurons using IEG promoters may be
imprecise (either “overtagging” or “under-tagging” the “real” engram at training and/or
testing). Alternatively, engrams may be dynamic, even over relatively short (days) periods of
time, with cells “dropping into” or “dropping out of” the engram as it is refined or
consolidated (243, 244). It will be interesting to determine how the mechanisms of engram
silencing contribute to and/or interact with this refinement process and the implications this
may have on memory quality, precision, or strength. Moreover, it will be important to
determine how engrams change over more prolonged periods of time. For example, do all
engrams (engrams representing different types of memories such as episodic, semantic, or
even procedural or motor memories, with different valence) change over time, gradually
engaging more cortical regions? Is there a role for top-down (mPFC to hippocampal)
processing in the dematuration of hippocampal engrams and a possible role of silent
hippocampal engrams in remote memory recall?

Second, how can we leverage our knowledge of engrams in rodents to better understand
human memory? There is good evidence for general engram-like memory representations in
humans [e.g., (245)], but, to date, there are no compelling findings at the cellular ensemble
level. To extend the findings from rodent engram studies to humans, it may be necessary to
develop non- to low-invasive methods to image and manipulate engrams at the single-cell or
specific ensemble level in humans. Progress in this general area of human “artificial memory
manipulation” has been made by harnessing the power of reconsolidation (194, 235, 237,
246, 247) in which engram cells are thought to be specifically reactivated by memory
retrieval. Pharmacological blockade of reconsolidation and noninvasive techniques that
“update” memory during reconsolidation have shown some success in manipulating human
memories (248, 249).

Finally, it is important that the links between neuroscience and artificial intelligence (Al) are
leveraged to inform both fields. Understanding how the brain encodes, stores, and uses
information, especially at the level of the engram, can help inspire the development of more

Science. Author manuscript; available in PMC 2020 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Josselyn and Tonegawa Page 21

intelligent machines. For instance, engrams and how engrams serve to link memories and
organize information in the brain may motivate the development of new algorithms and Al
architectures to better allow these agents to form generalizations and schema. In addition,
machine learning and deep neural networks may inspire or generate testable theories at the
level of the engram for neuroscientists to investigate. In this way, uniting the foundational
theories of Al pioneer Alan Turing with those of Endel Tulving could benefit both Al and
memory research.
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Box 1.
Engram definitions.

An “engram” refers to the enduring offline physical and/or chemical changes that were
elicited by learning and underlie the newly formed memory associations.

“Engram cells” are populations of cells that constitute critical cellular components of a
given engram. These cells may (or may not) also be critical components of engrams
supporting other memories. Engram cells are (i) activated by a learning experience, (ii)
physically or chemically modified by the learning experience, and (iii) reactivated by
subsequent presentation of the stimuli present at the learning experience (or some portion
thereof), resulting in memory retrieval.

An “engram cell ensemble” refers to the collection of engram cells localized within a
brain region. Engram cell ensembles in each brain region are connected, forming an
“engram complex,” which is the entire brainwide engram supporting a memory that is
stored in sets of engram cell ensembles in different brain regions connected via an
engram cell pathway.
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Fig. 1. Engram loss-of-function studies disrupt subsequent memory retrieval.
(A) Ablating allocated neurons. Lateral amygdala principal (excitatory) neurons were

experimentally allocated to an engram (blue circles) by means of overexpression of the
transcription factor CREB (122). Mice received auditory fear conditioning during which a
tone (conditioned stimulus) was paired with a footshock (unconditioned stimulus). The
majority of allocated neurons are active during the fear memory test (green filled circles),
suggesting that allocated neurons are preferentially recruited to an engram supporting this
conditioned fear memory. Specifically ablating experimentally allocated neurons (red
circles) before a second memory test disrupts memory retrieval. (B) Ablating a similar
number of random, nonallocated neurons does not disrupt memory retrieval. [Images:
Adapted from (122)].
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Fig. 2. Gain-of-function method for engram identification and distributed engram ensembles.
(A) A c-fos—tTA transgenic mouse is injected with AAV9-TRE-ChR2-mCherry (allowing

active neurons in the absence of doxycycline to express the excitatory opsin ChR2) and
implanted with an optical fiber to target blue light to activate ChR2-expressing neurons in
the DG. (B) Basic experimental scheme. Mice are habituated to context A with light
stimulation while on doxycycline for 5 days and are then taken off doxycycline for 2 days
(to open the tagging window) and exposed to contextual fear conditioning (CFC) in context
B. Mice are put back on doxycycline (to close the tagging window) and tested for 5 days in
context A with light stimulation. (C) Representative image showing the expression of ChR2-
mCherry—positive (red) engram cells in a mouse that was taken off doxycycline for 2 days
and underwent CFC training. [Image credit: X. Liu and S. Ramirez (Tonegawa lab)] (D)
Mice expressing ChR2 in engram cells from CFC in context B (red) show greater freezing
during test light-on epochs in context A than a control group expressing mCherry only. Error
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bars indicate standard error of the mean. [Graph: Adapted from Liu et a/. (69)] (E) A part of
the engram cell ensemble complex for contextual fear memory. It is generally thought that
the engram for a specific memory is distributed in more than one brain region. For instance,
for contextual fear memory, the engram cell ensemble in the entorhinal cortex layer 11 (EC-
I1) as well as hippocampal subfields [DG, CA3, CA2, CAL, and subiculum (Sub)] may
represent context, whereas amygdala engram cell ensembles represent fear information.
These engram cell ensembles are functionally connected to form an engram cell ensemble
complex. Thus, a concept has emerged that a specific pattern of cellular connectivity within
an engram cell ensemble complex serves as the substrate for a specific memory. US,
unconditioned stimulus; LA, lateral nucleus of the amygdala; BLA, basolateral nucleus of
the amygdala; CS, conditioned stimulus.
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Fig. 3. Neuronal allocation to an engram.
Eligible neurons compete for allocation to an engram supporting a memory, and neurons

with increased relative excitability at the time of training “win” this competition for
allocation. (A) Neurons that were endogenously more excitable than their neighbors at the
time of training or were experimentally manipulated to become relatively more excitable
(blue circles) are preferentially allocated to an engram (green filled circles). Subsequent
disruption of these allocated or engram neurons disrupts memory retrieval (top right),
whereas artificial reactivation of these neurons elicits memory retrieval in the absence of
normal sensory retrieval cues (bottom right). (B) Neurons with relatively decreased
excitability at the time of training (either endogenously or through experimental
manipulation) (purple circles) are preferentially excluded from the engram (green filled
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circles). Subsequent disruption of nonallocated or nonengram neurons does not impact
memory retrieval.
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Fig. 4. Active and silent engram cellsin amnesia and during memory systems consolidation.
(A) Active engram cells have higher spine density and are activated in the conditioned

context A to produce the conditioned response, freezing. Silent engram cells generated in
amnesia and in a mouse designed to model early Alzheimer’s disease show lower spine
density and cannot be activated in the conditioned context A to produce a conditioned
response but can be activated by blue light in an unconditioned context B if they were tagged
with ChR2 during encoding. (B) During memory systems consolidation, active engram cells
with high spine density are formed in the hippocampus during contextual fear conditioning
and for several days, the conditioned context can evoke a conditioned response. However, by
two weeks (remote recall), these hippocampal engram cells demature to become silent, with
reduced spine density. In the mPFC, engram cells are formed during CFC but are silent with
low spine density. During the following 2 weeks, these mPFC silent engram cells acquire
higher spine density and become active engram cells.
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Fig. 5. Neuronal allocation and memory linking.
Neurons with increased excitability at the time of event 1 (blue) are allocated to the engram

supporting this memory (blue filled circles outlined in orange). These allocated engram
neurons remain more excitable than their neighbors for several hours after event 1. If a
similar event 2 (green) occurs during this time, neurons allocated to the engram supporting
event 1 are more excitable and, therefore, also allocated to the engram supporting event 2
(blue and green filled circles outlined in orange). In this way, neurons are coallocated to
events 1 and 2. By virtue of coallocation, these two memories become linked. After some
time, neurons allocated to the engram supporting event 1 become less excitable than their
neighbors (“refractory”), and if event 2 occurs in this time window, a new population of
more excitable neurons wins the competition for allocation to the engram supporting event
2. This disallocation allows the two memories to be remembered separately. Circles with red
dashed outlines represent less excitable neurons.

Science. Author manuscript; available in PMC 2020 October 21.




	Abstract
	Graphical Abstract
	Abstract
	Experimental strategies to evaluate engrams
	Observational studies
	Loss-of-function studies
	Gain-of-function studies
	Mimicry experiments

	Understanding memory through engrams
	The “enduring changes” of an engram
	Distributed engram ensembles
	Engrams, place cells, and sleep

	Lifetime of an engram
	Birth of an engram
	Silent engrams in memory loss
	Silent engrams in normal memory
	Silent engrams and time
	From engrams to knowledge

	Conclusions and perspectives
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

