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Abstract

Memory is a central function of the brain and is essential to everyday life. Memory disorders range from
those of memory transience, such as Alzheimer's disease, to those of memory persistence, such as post-
traumatic stress disorder. To treat memory disorders, a thorough understanding of memory formation and
retrieval is critical. To date, most research has focused on memory formation, with the neurobiological
basis of memory retrieval largely ignored due to experimental limitations. Here, I present our recent
advances in the study of memory retrieval using technologies to engineer the representation of a specific
memory, memory engram cells, in the brain. First, using animal models of retrograde amnesia, we
demonstrated that direct activation of amnesic engram cells in the hippocampus resulted in robust
memory retrieval, indicating the persistence of the original memory. Subsequent experiments identified
retained engram cell-specific connectivity in amnesic mice although these engram cells lacked augmented
synaptic strength and dendritic spine density. We proposed that a specific pattern of connectivity of
engram cells may be the crucial substrate for memory information storage and that augmented synaptic
strength and spine density critically contribute to the memory retrieval process. Second, we examined
memory engrams in transgenic mouse models of early Alzheimer's disease, which required the
development of a novel two-virus approach. We demonstrated that optical induction of long-term
potentiation at input synapses on engram cells restored both spine density and long-term memory in early
Alzheimer mice, providing causal evidence for the crucial role of augmented spine density in memory
retrieval. Third, using activity-dependent labeling, we found that dorsal subiculum had enhanced neuronal
activity during memory retrieval as compared memory encoding. Taking advantage of a novel transgenic
mouse line that permitted specific genetic access to dorsal subiculum neurons, we demonstrated that the
hippocampal output circuits are functionally segregated for memory formation and memory retrieval
processes. We suggested that the dorsal subiculum-containing output circuit is dedicated to meet the
requirements associated with memory retrieval, such as rapid memory updating and retrieval-driven
instinctive emotional responses. Together, these three related thesis projects have important implications
for elucidating cellular and circuit mechanisms supporting episodic memory retrieval.
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Chapter 1. Background

Understanding the material basis of memory remains a central goal of modem neuroscience

(Dudai and Morris, 2013; Tonegawa et al., 2015a). Historically, philosophers tried to understand the

precise location in the human body where information of past experiences is stored. For some time,

memory information was attributed to organs such as the heart and kidney. In the Renaissance, Descartes

proposed that mental capacities, specifically memory, must be represented in the brain (Descartes, 1649).

In the 20h century, Richard Semon was the first to theorize that learning induces physical changes in

specific brain cells that retain information and are subsequently reactivated by appropriate stimuli to

induce recall. He termed these changes the engram (Schacter, 2001; Semon, 1904, 1909). However, even

after Semon's engram theory, some leading scholars wondered whether memory is physically represented

in the brain or psychically represented in the mind (Bergson, 1911; McDougall, 1911). It was Shepherd

Franz and later Karl Lashley who advocated for the physical theory of information storage in the central

nervous system (Franz, 1912; Lashley, 1929, 1950). In particular, Lashley adopted the concept of the

engram and was among the first to attempt to localize memory engrams in the brain (Lashley, 1950).

Although Lashley's idea of Mass Action was later empirically disproved, researchers after him have tried

to identify the location of memory representations in the brain using experimental technologies available

at the time (Bruce, 2001; Dudai and Eisenberg, 2004; Hubener and Bonhoeffer, 2010; Josselyn et al.,

2015; Thompson, 1976; Tonegawa et al., 2015b). In this section, I will discuss early attempts to identify

memory engrams, provide criteria for defining a memory engram and engram cells, and then examine

recent studies demonstrating that memory is indeed stored in populations of neurons and their associated

circuits.

1.1 Pre-optogenetic studies

At any given moment, animals need to quickly organize their behavior by comparing previous

experiences to the currently available sensory cues. This online function is carried out by neural circuits

6



in the brain, which indicates that memory evolved for two major biological purposes: (l) to replay

previous episodes and inform current behavioral outputs, and (2) to integrate past and present experiences

(James, 1890). A key question in the study of memory is how new information can be acquired and stored

in precisely wired neural circuits (Kandel, 2001). At the cellular and systems level, Ramon y Cajal

originally proposed that the strengthening of sites of contact between neurons might be a mechanism of

memory storage (Ramon y Cajal, 1893, 1894). These sites of contact were famously termed synapses by

Charles Sherrington (Foster and Sherrington, 1897). However, it was Donald Hebb's theoretical

integration of neurophysiology and psychology that created the modem paradigm for memory research.

Hebb proposed that neuronal assemblies linked by adaptable synaptic connections could encode

informational content in the brain and further elaborated that these cell assemblies could provide the basis

of a distributed memory system (Hebb, 1949). Since then, many attempts have been made to localize

memory engrams in many different species.

1.1.1 Invertebrate studies

In the 1950s, there was little consensus among psychologists that our understanding of the

biological basis of learning and memory could be advanced using a reductionist approach, like the use of

invertebrate animal models. However, biologists quickly realized that the simplest forms of memory

would be conserved across species and therefore should be studied in experimentally tractable animals as

a starting point. Probably the best-known example is the giant marine snail Aplysia californica, in which a

simple defensive reflex involved less than 100 central nerve cells (Kandel, 1976). This reflex behavior,

the withdrawal of the gill upon stimulation of the siphon, exhibited different forms of learning such as

habituation, sensitization, and classical conditioning (Pinsker et al., 1973). By examining these simple

forms of learning, scientists performed detailed analyses of the cellular and molecular mechanisms

underlying non-associative as well as associative learning. Importantly, these studies provided clear

evidence that learning correlates with changes in the strength of synaptic connections, thereby supporting
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Cajal's and Hebb's ideas on the mechanism of memory storage (Milner et al., 1998). Along with synaptic

strength, it was observed that learning paralleled structural changes, such as the elimination or addition of

synapses that closely matched the age of the memory (Bailey and Chen, 1989; Glanzman, 1990).

With the goal of pinpointing engrams in intact nervous systems, researchers have extensively

studied honeybee and Drosophila melanogaster model systems. In adult honeybees, learning and memory

storage occur in mushroom bodies where experience-dependent dendritic branching patterns have been

observed (Farris, 2001; Menzel, 2001). Similar to Aplysia, studies in flies identified a biochemical

mechanism for memory storage that is based on cAMP-mediated pathways (Dudai, 1988; Tully, 1985).

Using cAMP signaling mutants, structural alterations in the sensory neurons of flies have been correlated

with learning and short-term memory (Corfas and Dudai, 1991; Gerber et al., 2004). More recently, when

a specific odor was paired with shock in flies, defined neuronal populations within the olfactory learning

circuit showed modified firing responses. Specifically, pathways in the antennal lobes and the mushroom

bodies increased their responses only to the odor used in training, but not to control odors. These

experiments support the idea that odor-specific memory traces are formed within these cell populations as

a result of Pavlovian conditioning (Liu and Davis, 2009; Yu et al., 2006). However, the precise cellular

and/or synaptic localization of engrams in flies requires further investigation.

1.1.2 Bird studies

In the search for neural mechanisms of learning and memory, mammals have been preferred over

birds as model systems due to their closer relationship with humans. However, since it was highlighted by

the Avian Consortium that birds exhibit cognitive capacities, which had previously been thought to be

restricted to primates, memory storage in birds has been extensively studied (Avian Brain Nomenclature

Consortium, 2005; Doupe, 1999). Historically, avian studies on memory have used four major paradigms,

imprinting, birdsong learning, cache recovery (Clayton and Dickinson, 1998), and gustatory avoidance

(Rose, 2000). Imprinting, where a recently hatched chick learns the characteristics of its parents (or an
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object), causes dramatic changes in the brains of young birds (Lorenz, 1981). These studies have revealed

a localization of the substrate of memory, in particular because the generation of new synapses has been

observed during imprinting. To date, it has not been possible to prove causality between the observed

changes and the imprinting process itself due to both the distributed nature of the system and a lack of

appropriate technologies (Horn, 2004). Regarding birdsongs, juveniles learn the characteristics of the

songs of tutors from their own species, in most cases their fathers, which is a process that requires several

brain nuclei. This process involves a period of auditory memorization followed by development of the

juveniles' own vocalizations, which is analogous to speech acquisition in human infants. It is thought that

the neural representation of song memory during memorization is localized to the auditory association

cortex, while the neural substrate of vocalization memory is localized to a network of interconnected

brain nuclei known as the song system (Bolhuis and Gahr, 2006). More recently, a study examined in

vivo dendritic spine dynamics in the crucial birdsong nucleus, HVC, during the juvenile song-learning

period of zebra finches. Strikingly, it was shown that even though juveniles exhibit high levels of spine

turnover; during the song learning process subsets of spines on sensorimotor neurons undergo

stabilization, accumulation, and enlargement. These experiments suggested that successful behavioral

learning correlated with rapid stabilization and strengthening of specific synapses (Eales, 1985; Roberts et

al., 2010).

The sense of auditory space derives from associations formed between specific auditory cues and

locations in the environment where they are produced. Experience has a significant impact on sound

localization and therefore the auditory localization pathway became a model system for studying

mechanisms of learning (Shinn-Cunningham, 2000). A nocturnal predator, the barn owl (Tyto alba), is the

most extensively studied species for this behavior since its capacity for localization is comparable to that

of humans. It was first shown in the barn owl that they have the incredible capacity to adapt to

environmental changes in a behaviorally relevant manner. In particular, their auditory and visual space

maps in the superior colliculus align according to individual visual and auditory cues. Moreover, learning

in the barn owl correlates with structural rearrangements of neuronal connections between the internal and

9



external nucleus of the inferior colliculus (Knudsen, 2002). These observations demonstrate that the

birdsong learning process is a powerful paradigm, which holds promise as a future target to identify and

visualize the formation of an engram.

1.1.3 Rodent and non-primate mammal studies

The American psychologist Karl Lashley pioneered a systematic hunt for engram regions in the

rodent brain by introducing lesions of varying sizes into different sites of the cerebral cortex, and

attempting to associate each of these lesions with the animal's ability to solve a maze task (Lashley,

1950). The results showed that behavioral impairments were caused by lesions introduced throughout the

brain, and that severity of the impairments was proportional to the size of the lesions. Lashley concluded

that the putative memory engram cells are not localized in the cerebral cortex, leading him to formulate

the Mass Action Principle. The notion that engram cells for a specific memory are broadly distributed

throughout the brain has not been supported by subsequent studies for at least several types of memory,

including episodic memory. It is conjectured that Lashley's failure in identifying localized engram cells is

because the maze tasks he used were too complex and required multiple regions of the cerebral cortex,

and/or the primary sites of storage for this type of memory may reside in subcortical regions.

Richard Thompson and colleagues performed pioneering work in attempting to localize the

memory engram for classical eyelid conditioning in rabbits. In this simple paradigm wherein repeated

pairings of a neutral conditioned stimulus (e.g., tone, CS) with an unconditioned stimulus (e.g., corneal

airpuff, US) produces an adaptive conditioned response (eyeblink, CR) to the CS alone, animals from

which the cerebral neocortex or hippocampus had been removed were still able to learn and express the

standard delay CR (Thompson and Kim, 1996). Initial work identified the cerebellum as a crucial node

for learning, retention, and expression of this simple associative memory (McCormick et al., 1982). It has

since been revealed that information about the CS and US arrive in the cerebellum through the pontine

nuclei and inferior olive (10), respectively. Lesions of the pontine nuclei or 10 prevents CR acquisition

(McCormick et al., 1985; Steinmetz et al., 1987) and precisely timed stimulation of the pontine nuclei and
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10 as the CS and US can produce reliable expression of the CR (Mauk et a!., 1986; Steinmetz et al., 1986,

1989). This CS and US information arrive within the cerebellum at two sites, the cerebellar cortex and the

interpositus nucleus. Through many clever experiments utilizing lesions, pharmacological inactivation,

neural stimulation, and single cell recordings, it is understood that through an intricate process of long-

term depression (LTD) and long-term potentiation (LTP) at specific synapses, the activity of the

interpositus nucleus is responsible for triggering the expression of CR, while the cerebellar cortex shapes

the adaptive timing of the CR (Ito and Kano, 1982; McCormick and Thompson, 1984; Lavond and

Steinmetz, 1989; Garcia and Mauk, 1998; Bao et al., 2002). Together, these studies suggest that a

memory engram for this behavior is found in key sites of the cerebellum, involving interactions between

the anterior interpositus and overlying cortex.

A key structure for declarative memory formation in mammals is the hippocampus, where use of

rodent models has led to great progress in elucidating the cellular basis of memory. By recording neuronal

activity in the hippocampus of awake, behaving rats, a series of elegant experiments observed learning-

related changes in receptive field properties of single neurons known as hippocampal place cells. These

sparse populations of neurons develop specific place fields as the rat explores and learns about a novel

environment (O'Keefe and Dostrovsky, 1971; Wilson and McNaughton, 1993). These place-coding cell

populations may represent the spatial engram, which is needed to form a long-term memory of the

animal's experience along with valence information. Another well-documented example of experience-

dependent neural activity is referred to as replay, which describes the spontaneous reactivation of recent

neural activity during periods of high-frequency bursts in the hippocampus. Interestingly, the strength of

replay-related reactivation has been correlated with long-term memory expression (Dupret et al., 2010;

Louie and Wilson, 2001; Nakashiba et al., 2009).

From hippocampal recording studies, it is clear that the sparse population of place cells persists

several days to weeks after learning and remains specific to the environmental cues during learning.

Using auditory conditioned stimuli, a variety of response latencies were found in multiple cortical and

subcortical areas (Olds et al., 1972). These authors reasoned that learning centers of the brain would
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contain cell responses to conditioned stimuli, which were of similar latencies as sensory responses. A

subset of the cortical areas analyzed in this study fulfilled this criterion and furthermore these responses

were specific to the auditory stimulus used during conditioning. Based on these experiments, it was

proposed that these cortical areas comprised learning centers and were thus putative sites involved in

memory formation. Several groups have provided correlational evidence between learning-induced

plasticity in primary auditory cortex and long-term memory (Gonzalez-Lima and Scheich, 1986;

McKernan and Shinnick-Gallagher, 1997; Bao et al., 2001; Kisley and Gerstein, 2001; Weinberger,

2004). Similar results have been reported for neuronal activity changes induced by olfactory associative

learning paradigms (Kass et al., 2013).

Many studies have implicated select populations of neurons in specific memories by examining

the expression of immediate early genes (IEGs) such as c-Fos, Zif268, and activity-regulated

cytoskeleton-associated protein Arc (Flavell and Greenberg, 2008; Guzowski, 2002; Okuno et al., 2012).

Several groups found that cell populations active during the acquisition of a fear memory were

preferentially reactivated during the recall of that memory in different areas of the mouse brain, such as

the amygdala (Reijmers et al., 2007), the hippocampus (Deng et al., 2013; Tayler et al., 2013), layer II

cortical areas including sensory cortex (Cowansage et al., 2014; Xie et al., 2014), and the prefrontal

cortex (Zelikowsky et al., 2014).

Another approach that has been used to identify probable engram cell populations in the rodent

brain employs the random overexpression of the transcription activator cAMP response element-binding

protein (CREB) in a small population of neurons in the lateral amygdala, making these cells more likely

to be recruited to become a part of putative engram ensembles during subsequent fear conditioning

training (Han et al., 2007). By selectively manipulating these high-CREB cells, but not a random

population of neurons in the same brain region, via diphtheria toxin-based ablation (Han et al., 2009) or

genetic-based inhibition (Hsiang et al., 2014; Zhou et al., 2009) memory recall was disrupted in mice.

Similar technology has been used to demonstrate the necessary role of retrosplenial cortex neurons in

spatial navigation memory (Czajkowski et al., 2014). Other studies using the DaunO2 inactivation method
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have shown that contextual memory associated with a positive reinforcer such as cocaine, could be

blocked by inactivating a minor portion of nucleus accumbens neurons that were previously active in the

drug-associated environment in rats (Koya et al., 2009).

Two-photon microscopy allows in vivo visualization of fine structural morphology down to

several hundred micrometers in the cortex of the intact rodent brain (Denk et al., 1990). Such technology

has allowed researchers to demonstrate dendritic spine changes that correlate with the acquisition and/or

storage of information (Attardo et al., 2015; Moser et al., 1994). An interesting report found that the

formation of a contextual fear memory correlated with a transient increase in dendritic spine density in the

hippocampus, while similar changes in the anterior cingulate cortex developed over a period of weeks

following memory formation; the latter time-dependent process is called systems consolidation of

memory (Restivo et al., 2009).

Another well-established model for experience-dependent cortical plasticity is monocular

deprivation, where temporary closure of one eye shifts the balance between the strength of the

representation of the two eyes in the visual cortex towards the open eye. Inspired by work in the barn owl

model system, several researchers combined two-photon microscopy and monocular deprivation to

visualize an engram in the neocortex. A series of experiments found that cortical dendritic spines that

appeared during monocular deprivation remained in place even after re-establishing normal vision. These

spines served as the basis for faster and longer-lasting adaptation responses during a second monocular

deprivation, even though this second deprivation did not further increase spine density (Hofer et al.,

2009). These results are reminiscent of the concept of savings proposed by Hermann Ebbinghaus more

than 100 years ago. Ebbinghaus demonstrated that in every day experiences relearning is easier than first-

time learning (Ebbinghaus, 1880). Most studies examining structural correlates of learning and memory

focused on dendritic spines, though it is worth noting a few examples that examined presynaptic

plasticity. In adult mice, cortical axonal boutons show some degree of structural plasticity under baseline

conditions with overall axon branching patterns remaining stable (De Paola et al., 2006). In higher

mammals including the cat, a study found that shrinkage and expansion of ocular dominance columns due
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to monocular deprivation was reflected in the retraction and growth of thalamic fibers in the visual cortex

(Antonini and Stryker, 1993). Similar to presynaptic structural plasticity, relatively less attention has been

paid to structural modifications of inhibitory neurons. Branch tips of dendrites of inhibitory neurons in

mouse visual cortex undergo constant remodeling, supporting the idea that inhibitory neurons, too, are

capable of participating in structural plasticity of memory (Lee et al., 2006). Analogous to excitatory

neurons, calcium imaging has revealed that inhibitory neurons exhibit neural activity modifications

following sensory deprivation (Kameyama et al., 2010).

1.1.4 Primate studies

In human studies, it was Canadian neurosurgeons Wilder Penfield and Theodore Rasmussen who

serendipitously obtained the first tantalizing hint that episodic memories may be localized in brain regions

(Penfield and Rasmussen, 1950). As a pre-surgery procedure for human patients, Penfield applied small

jolts of electricity to the brain to reveal which regions were responsible for inducing seizures.

Remarkably, when stimulating parts of the lateral temporal cortex, approximately 8% of his patients

reported vivid recall of random episodic memories: one patient exclaimed "Yes, Doctor, yes, Doctor!

Now I hear people laughing - my friends in South Africa ... Yes, they are my two cousins, Bessie and Ann

Wheliaw." Another patient reported, "I had a dream. I had a book under my arm. I was talking to a man.

The man was trying to reassure me not to worry about the book." This study had the first glance at what

geneticists call gain-of-function or sufficiency evidence for the notion that the lateral temporal lobe region

harbors the biological locus for episodic memory. Complementing this work, a study conducted several

years later by the American neurosurgeon William Scoville and Canadian neuropsychologist Brenda

Milner provided loss-of-function or necessity evidence (Scoville and Milner, 1957). To treat the epileptic

seizures of a young man, Henry Molaison (H.M.), who suffered seizures caused by a bicycle accident,

Scoville resected a large portion of the medial temporal lobes (MTL) from both hemispheres, including

the hippocampus and adjacent brain areas. As a consequence of this surgery, H.M. lost his ability to form
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new episodic memories (anterograde amnesia), as well as the ability to recall memories of episodes and

events that occurred in his life within a year prior to this surgery (graded retrograde amnesia). H.M.'s

other types of memory, such as motor memory, were largely unaffected, indicating that episodic

memories may be specifically processed in the MTL and in particular in the hippocampus. These

pioneering studies led to a notion that at least some types of memory, in this case episodic memory, may

be stored in a localized brain region. More recent work using single-unit recordings in humans reported

that cells in the hippocampus and surrounding areas were reactivated only during free memory recall of a

particular individual, landmark (Quiroga et al., 2005), or episode (Gelbard-Sagiv et al., 2008).

Among early attempts to identify memory engrams in monkeys, one study recorded single-cell

activity from the inferotemporal (IT) cortex during a visual delayed matching-to-sample task (Fuster and

Jervey, 1981). Many cells responded to the colors of the stimuli, and notably, several cells responded

differentially to color depending on whether or not attention circuitry were engaged, thus demonstrating

their behaviorally relevant role. Fittingly, the authors demonstrated correlations of these neuronal

activities to the encoding, retention, and retrieval of visual information. Later, Yasushi Miyashita revealed

a neuronal correlate of visual long-term memory by studying how the anterior ventral temporal cortex

represented stimulus-stimulus associations (Miyashita, 1988). By simultaneously recording from over 200

neurons as monkeys performed a visual memory task, single neurons that could respond conjointly to

temporally related, but geometrically dissimilar stimuli were observed. That is, certain neurons displayed

stimulus selectivity during the learning phase of the task, which then could become associated with

unrelated stimuli in a different experience. These elegant studies demonstrated a neuronal correlate of

associative visual memory. In a more recent series of experiments, using two-photon imaging in

macaques to follow the remodeling of intracortical axons after retinal lesions over extended periods of

time, it was found that lesions induced an almost immediate increase in the number of axonal boutons as

well as axonal collaterals within the affected cortical region (Yamahachi et al., 2009). Thus, presynaptic

elements of cortical circuitry are also modified following experience-dependent changes.
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1.2 Memory engram theory and engram cell criteria

During the early part of the 20d' century, a German scientist, Richard Semon, advocated for the

physical theory of human memory (Semon, 1904, 1909). Until the late 1970s, mainstream psychologists

studying human memory processing mostly ignored this theory. It was not until three prominent

researchers, Daniel Schacter, James Eich, and Endel Tulving, published an influential article that

subsequently led to a revival of Semon's contributions within the academic community (Schacter et al.,

1978; Tulving, 2002).

The term engram was coined by Semon, which he defined as "the enduring though primarily

latent modification in the irritable substance produced by a stimulus (from an experience)" (Semon,

1904). Another term used by several contemporary neuroscientists is memory trace, which is equivalent

to engram. Semon's memory engram theory was built on two fundamental postulates termed the Law of

Engraphy and the Law of Ecphory, for memory storage and memory retrieval, respectively (Semon,

1909). The Law of Engraphy posits "all simultaneous excitations (derived from experience)... form a

connected simultaneous complex of excitations which, as such acts engraphically, that is to say leaves

behind it a connected and to that extent, separate unified engram-complex". The Law of Ecphory posits

"the partial return of an energetic situation which has fixed itself engraphically acts in an ecphoric sense

upon a simultaneous engram complex". A part of the entire experience (i.e., stimuli) at the time of storage

needs to be present at the time of recall in order for successful retrieval of the entire original event to

occur (Schacter et al., 1978). This criterion essentially describes the process of pattern completion (Marr,

1970), which was experimentally demonstrated many years later (Leutgeb et al., 2004; Nakazawa et al.,

2003).

Although Semon's engram theory was remarkably novel at the time, he did not elaborate on the

biological basis of a unified engram-complex. During the decades following the proposal of this theory,

several molecular, cellular, imaging, and electrophysiological recording techniques have been developed.

Incorporating our current knowledge regarding neurons, synapses, and neuronal circuits into Semon's

memory engram theory, we propose usage of engram, engram cells, and other associated terminologies in
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the contemporary context. Since recent studies have indicated that the engram of a given memory is not

restricted to a single anatomical location, but is distributed in multiple locations with specific patterns of

connectivity, we introduced three additional terms: engram cell pathway, engram component, and engram

complex.

- Engram refers to the enduring physical and/or chemical changes elicited by experience that

underlie the newly formed memory association.

- Engram cells are a population of neurons that are activated by learning, exhibit enduring cellular

changes as a consequence of learning, and whose reactivation by a part of the original stimuli

delivered during learning results in efficient memory recall. Note that this goes beyond a

correlational definition of the term.

e Engram cell pathway is a set of engram cells for a given memory connected by synapses along

specific neuronal circuits.

e Engram component is the content of an engram stored in an individual engram cell population

within the engram cell pathway. Note that this does not necessarily denote the physiological

content of the engram held by a given population, but rather indicates the type of represented

mnemonic information.

* Engram complex refers to the whole engram for a given memory that is stored in a set of engram

cell populations connected by an engram cell pathway.

1.3 Learning-dependent, persistent modifications

Semon's engram theory of memory described experience-dependent changes as, "the enduring

though primarily latent modification in the irritable substance produced by a stimulus" (Semon, 1904).

The guiding hypothesis regarding the biological nature of engrams was proposed by Canadian

psychologist, Donald Hebb. Hebb proposed that neurons encoding memory undergo enduring

strengthening of some of their synapses through co-activation with presynaptic cells; neurons that "fire
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together wire together" (Hebb, 1949). Since the discovery of long-term potentiation (LTP) by Bliss and

Lomo (1973), which was consistent with Hebb's idea, many studies have been dedicated to the

characterization of synaptic plasticity, and their potential role in learning and memory. Activity-

dependent increases in the size and density of dendritic spines (widely referred to as structural plasticity)

have also been proposed as contributing to memory encoding processes (Bailey and Kandel, 1993;

Holtmaat et al., 2006; Matsuo et al., 2008; Teule and Segal, 2016). Further, studies have also suggested

that cell-wide alterations, such as augmented intrinsic excitability, play a crucial role in memory

formation (Daoudal and Debanne, 2003). We will discuss studies in which observed synaptic and/or

cellular changes were correlated with a mnemonic behavior.

1.3.1 Synaptic strength

Until recently, the relationship between synaptic/cellular changes and memory was studied by

investigating entire brain subregions rather than specific populations of cells activated by a given learning

event that hold the specific memory (i.e., memory engram cells). Synaptic plasticity such as LTP can be

induced in the hippocampal CAl region using high-frequency stimulation protocols in vitro, and because

this plasticity is dependent on N-methyl-D-aspartate (NMDA) receptors, efforts have been made to test

whether this form of synaptic plasticity has an essential role in episodic memory (Malenka and Bear,

2004). Early pharmacological blockade experiments conducted with an NMDA receptor antagonist, AP5,

supported the notion that LTP is essential for spatial learning (Morris et al., 1986; Morris, 2006), and the

validity of this notion was confirmed with a genetic ablation of the NMDA receptor from the CAI region

of the hippocampus (Bannerman et al., 2012; Tsien et al., 1996).

In a more recent example, researchers have used contextual fear conditioning paradigms with

transgenic mice in which the promoter of an IEG, Arc, drives the expression of dVenus, a destabilized

version of the fluorescent protein Venus (Eguchi and Yamaguchi, 2009). They found that fear

conditioning induced presynaptic potentiation only in the cortical input to the dVenus-positive basolateral
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amygdala (BLA) cells (Nonaka et al., 2014), which supports the notion that synaptic plasticity in a subset

of BLA neurons contributes to fear memory encoding. Crucially however, this study did not provide

evidence that reactivation of dVenus-positive cells could evoke behavioral recall. From a technical

standpoint, it is important to note that the temporal window of Arc labeling in this study was

uncontrolled. As a result, BLA neurons were labeled indiscriminately for weeks before the targeted

behavioral experience. In another recent study, researchers conditioned a rat to associate a foot shock with

optogenetic stimulation of auditory inputs to the lateral amygdala (LA) (Nabavi et al., 2014). Optogenetic

delivery of long-term depression (LTD)-inducing stimuli (i.e., low-frequency stimulation) to the auditory

inputs inactivated the memory of the shock, while subsequent optogenetic LTP (i.e., high-frequency

stimulation) to the same auditory inputs reactivated the memory of the shock. The strength of these

experiments was that they provided the first causal link between LTP/LTD mechanisms and memory

expression. However, this study did not directly demonstrate that these synaptic processes occurred in the

same amygdala cell population that was activated by the initial conditioning (i.e., engram-containing

cells).

To claim that an observed increase in synaptic strength reflects a component of the learning-

dependent physical/chemical changes occurring in engram cells, three criteria must be met. These criteria

are: (1) the increase should be observed in a sub-population of cells activated by the specific learning

event, (2) the increase should depend on plasticity associated with the learning episode, and (3)

reactivation of the sub-population of cells should result in behavioral recall. These criteria have recently

been met experimentally by our study, which is thoroughly discussed in Chapter 2. Another recent study

demonstrated that c-fos promoter labeled engram cells in CAI exhibit specific place fields in an

environment, commonly referred to as hippocampal place cells (Trouche et al., 2016). Furthermore,

optogenetic silencing of CAl engram cells for the specific environment unmasked a subset of quiet

neurons, revealing the emergence of an alternative map.
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1.3.2 Structural plasticity

Utilizing in vivo two-photon laser scanning microscopy, hallmarks of structural plasticity such as

the formation and elimination of individual dendritic spines has been examined during sensory

stimulation and motor tasks. One study showed that training mice in a forelimb-reaching task resulted in

rapid (less than 1 hour) formation of postsynaptic dendritic spines on the output pyramidal neurons of the

motor cortex (Xu et al., 2009). These learning-induced spines were preferentially stabilized during

subsequent training sessions and maintained long after the completion of behavioral tests. Additionally,

the authors found that different motor skills were encoded by a different set of synapses. In another study,

training on an accelerated rotarod, but not on a slow rotarod, over two days led to an increase in spine

formation in the primary motor cortex (Yang et al., 2009). A novel sensory experience provided by

switching animals from standard to enriched housing environments resulted in an increase in spine

density 1-2 days later in the barrel cortex. These newly formed spines survived experience-dependent

elimination during subsequent imaging sessions in the enriched housing environment, reflecting a long-

lasting cellular change. These studies strongly suggested that motor behavior is stored in stably connected

synaptic networks, but fell short of demonstrating a causal relationship of the altered structural plasticity

with motor performance.

Structural plasticity associated with fast-forming tone fear conditioning memory (Matsuo et al.,

2008) and its extinction has also been reported (Lai et al., 2012). Matsuo et al., 2008, used c-fos-tTA mice

and quantified newly recruited GluRi-positive AMPA receptors in the CAl sub-region of the

hippocampus. The authors observed a selective increase in mushroom-type spines of engram cells 24 hr

after learning. A caveat of this study was that non-engram cells were not directly examined, making it

difficult to discern whether or not the changes observed were specific to a defined set of cells active only

during learning. In the other study, correlations between fear memory expression and spine elimination,

or fear memory extinction and spine formation were reported by imaging postsynaptic dendritic spines of

layer V pyramidal neurons in the mouse frontal association cortex. Strikingly, dendritic spine elimination

and formation induced by fear conditioning and extinction, respectively, occurred on the same dendritic
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branches (within a distance of 2 pm) in a cue- and location-specific manner (Lai et al., 2012).

Interestingly, reconditioning following extinction eliminated spines formed during extinction, suggesting

that within vastly complex neuronal networks, fear conditioning, extinction, and reconditioning lead to

opposing changes at the level of individual synapses. Do these spine dynamics reflect what occurs at the

level of cell populations that store engrams for tone-shock association memory? Additional research will

help answer such questions, which hold great importance for understanding memory formation and

retrieval.

An elegant approach to examine the relationship between dendritic spines and memory would be

to selectively remove a large number of spines that were specifically formed during learning (Hubener

and Bonhoeffer, 2010) and see whether their removal results in memory loss. In a very recent study, such

an experimental manipulation was achieved (Hayashi-Takagi et al., 2015). The authors developed a novel

synaptic optoprobe, AS-PaRacl (activated synapse targeting photoactivatable Racl), which specifically

labels recently potentiated spines and can subsequently induce shrinkage of AS-PaRac 1-containing spines

in vivo. Using this technology during motor learning, it was found that optical shrinkage of potentiated

spines disrupted the acquired learned behavior. Importantly, the original motor learning was unaffected

by an identical manipulation of spines evoked by a distinct motor task that requires the same cortical

brain region.

1.3.3 Cellular excitability

In addition to synaptic plasticity mechanisms as a candidate for enduring physical/chemical

changes evoked by learning in memory engram cells, cell-wide excitability alterations have been

extensively studied. Many groups have demonstrated that cells in the lateral amygdala can be genetically

engineered to exhibit higher levels of cell-wide excitability even prior to learning, by over-expressing a

transcription factor CREB. After tone fear conditioning, ablation of these high-CREB, high-excitability

cells impaired fear memory expression, suggesting that the memory engram is preferentially allocated to

these cells (Yiu et al., 2014; Zhou et al., 2009). Similar high CREB-induced neuronal allocation has been
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reported in the hippocampal DG (Park et al., 2016). A more recent study showed that a shared neuronal

ensemble is capable of linking distinct contextual memories, only when these two experiences occur close

in time during periods of high excitability in hippocampal CAl (Cai et al., 2016). Similar memory linking

during periods of high excitability has been observed for LA engram cells in a tone fear conditioning

paradigm (Rashid et al., 2016). Further, novel context exploration during a narrow time window before or

after weak object recognition training results in the formation of a long-term object recognition memory

(Nomoto et al., 2016). This phenomenon depends on the degree of overlap between the neuronal

ensembles for each experience. These studies suggest that excitability-induced memory allocation may

serve as a putative mechanism underlying enduring storage of memory information.

1.4 Engram cells found

The studies discussed so far have linked neuronal populations with particular memory events

mostly with correlational evidence and only a few with loss-of-function evidence, but a critical piece of

evidence was largely missing. The most direct evidence of engram cells should come from gain-of-

function manipulations, where a population of neurons activated by learning is artificially reactivated to

mimic behavioral recall elicited by natural cues. Crucially, if artificial reactivation of a cell population

induces the recall of that specific memory in the absence of retrieval cues, then this would provide

evidence that the population of neurons is sufficient for memory, and thus serves as the neuronal basis for

the memory engram (Martin and Morris, 2002). However, this type of gain-of-function experiment is

technically challenging, as one has to be able to accurately isolate the neurons involved in a single

memory from their seemingly indistinguishable neighbors and activate them with high spatial and

temporal precision.

Recent advances in technology such as optogenetics make such manipulations feasible (Boyden

et al., 2005; Fenno et al., 2011). By combining the activity-dependent, doxycycline-dependent c-fos-tTA

system (Reijmers et al., 2007) and channelrhodopsin-2 (ChR2)-mediated optogenetics, researchers were

able to tag a sparse population of dentate gyrus (DG) neurons activated by contextual fear conditioning
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(CFC) with ChR2 in mice (Liu et al., 2012; Ramirez et al., 2013). Subsequently, when these cells were

reactivated by blue light in a context different from the original one used for conditioning, the mouse

subjects displayed freezing behavior as evidence of fear memory recall (Liu et al., 2012). Crucially, this

optogenetic reactivation of a fear memory was not due to the activation of pre-wired neural circuits. This

was demonstrated by disrupting the activity of the downstream CA1 region only during training, and

finding that subsequent optogenetic DG engram activation did not elicit memory retrieval (Ryan et al.,

2015), which is discussed in detail in Chapter 2. Similarly, memory recall induced by the artificial

reactivation of fear memory cells in retrosplenial cortex has been reported (Cowansage et al., 2014).

Using this methodology to manipulate engram cells, studies have reported the creation of a context-

specific false memory (Ohkawa et al., 2015; Ramirez et al., 2013), the bidirectional switching of the

valence associated with a neutral hippocampal contextual memory (Redondo et al., 2014), countering

depression-like behavior by the activation of a positive memory (Ramirez et al., 2015), and the

association of positive or negative valence information to a social memory engram in ventral CAl

(Okuyama et al., 2016).

Along with these engram reactivation experiments, loss-of-function studies have also been

performed using optogenetics. Genetically labeling c-Fos-positive engram cells with the inhibitory

optogenetic channel archaerhodopsin (ArchT) (Chow et al., 2010) allowed researchers to reversibly

inhibit CA1 engram cells during natural memory recall, which resulted in impaired memory retrieval

(Tanaka et al., 2014). Interestingly, this study found that when a specific CAl engram population that

would otherwise be active during the encoding of an overlapping contextual representation was inhibited,

the new representation would simply be stored in other CAl cells instead. Simply put, inhibiting CAl

engram cells inhibits recall of the labeled memory, but does not inhibit acquisition of new memories of

similar contextual content (Matsuo, 2015). In a related study, using an activity-dependent system based

on an Arc promoter-driven tamoxifen-inducible Cre recombinase, engram cells were labeled in either the

dentate gyrus or CA3 of the hippocampus during acquisition of a contextual fear memory, and
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subsequently inactivated using optogenetics. This resulted in impaired fear memory recall (Denny et al.,

2014).

Further, the c-fos-tTA system combined with a modified receptor, hM3Dq DREADDs (designer

receptors exclusively activated by designer drugs), has been employed to activate a contextual engram

and subsequently to generate a hybrid memory representation of two experiences (Garner et al., 2012).

Another approach that has been successfully used for gain-of-function experiments included taking

advantage of CREB overexpression-based neuronal allocation coupled with exogenous receptors. Two

studies used CREB to label small populations of lateral amygdala neurons during fear conditioning with

another modified receptor TRPV1 or hM3Dq (Kim et al., 2014; Yiu et al., 2014). When these neurons

were reactivated in a novel environment using the TRPV1 ligand (capsaicin) or the DREADDs ligand

(clozapine N-oxide, CNO), mice showed fear memory recall.

1.5 Storage vs. retrieval debate on amnesia

The phenomenon whereby a newly formed memory transitions from a fragile, short-term state to

a stable, long-term state is termed memory consolidation (Muller and Pilzecker, 1900). A crucial feature

of consolidation is a finite time window that begins immediately after the learning event, during which a

given memory is susceptible to disruption. The biological importance of this time window has been

repeatedly demonstrated by interventions ranging from electroconvulsive shock (Duncan, 1949;

McGaugh, 1966) to protein synthesis inhibitors (Davis and Squire, 1984; Flexner et al., 1967), which if

delivered specifically during the consolidation window results in retrograde amnesia. Therefore, the

prevailing view in neuroscience holds that retrograde amnesia due to disrupting consolidation is a deficit

of memory storage (McGaugh, 2000; Nader and Wang, 2006; Squire, 2006). However, an alternative

interpretation maintains that the memory engram itself remains intact, but access of retrieval mechanisms

to the engram has been distorted (Miller and Matzel, 2006; Riccio et al., 2006; Sara, 2000; Squire, 1982).

Since purely behavioral studies rely on memory expression as the sole evidence of memory, it has not
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been possible for these approaches to rigorously discriminate between storage and retrieval explanations.

Due to the fact that the neurobiology of memory formation is anchored in experimental amnesia,

discriminating between these two scenarios holds great scientific value. In addition, similar issues have

been debated when amnesia is observed following trauma, stress, drug use, or aging. From a clinical

perspective, pathological cases of amnesia that are due to retrieval deficits may in principle be treatable

rather than merely preventable. Even though efforts are being made to prevent and treat the various

causes of amnesia, there remains no treatment for the symptom of memory loss itself.

Historically, several attempts to demonstrate that amnesia after disrupted memory consolidation

is due to a deficit of memory retrievability have yielded inconclusive results and theoretical stalemates

(Gold et al., 1973; Hardt et al., 2009; Lewis, 1979; Matzel and Miller, 2009; Miller and Springer, 1974;

Sara and Hars, 2006; Spear, 1973). Importantly, the existence of a memory engram in retrograde amnesia

has been ostensibly supported by studies showing attenuated amnesia by reminder-induced and

spontaneous recovery (Miller and Springer, 1972, 1973; Quartermain et al., 1970; Sara, 1973; Serota,

1971; Springer and Miller, 1972). However, these approaches suffer from significant caveats. Reminder

treatments have been shown to result in new learning (Gold et al., 1973; Gold and King, 1974), and

spontaneous recovery is partial and may be explained by parallel engrams (Squire and Barondes, 1972).

Directly examining memory engrams circumvents the ambiguities of reminder training and spontaneous

recovery, because it provides an opportunity to directly evoke memory recall in a neutral context. By

doing so, the need to rely on stimuli associated with training to elicit memory recall without the use of

confounding experimental parameters such as further training is avoided.
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Chapter 2. Retrieval of lost memory from retrograde amnesia

Memory consolidation is the process by which a newly formed and unstable memory transforms

into a stable long-term memory. It is unknown whether the process of memory consolidation occurs

exclusively by the stabilization of memory engrams. By employing learning-dependent cell labeling, we

identified an increase of synaptic strength and dendritic spine density specifically in consolidated memory

engram cells. While these properties are lacking in the engram cells under protein synthesis inhibitor-

induced amnesia, direct optogenetic activation of these cells results in memory retrieval, and this

correlates with the retained engram cell-specific connectivity. We propose that a specific pattern of

connectivity of engram cells may be crucial for memory information storage and that strengthened

synapses in these cells critically contribute to the memory retrieval process.

2.1 Brief introduction

Memory consolidation is the phenomenon whereby a newly formed memory transitions from a

fragile state to a stable, long-term state (Duncan, 1949; McGaugh, 2000; Muller and Pilzecker, 1900). The

defining feature of consolidation is a finite time window that begins immediately after learning, during

which a memory is susceptible to disruption such as protein synthesis inhibition (Davis and Squire, 1984;

Flexner et al., 1963, 1967), resulting in retrograde amnesia. The stabilization of synaptic potentiation is

the dominant cellular model of memory consolidation (Govindarajan et al., 2011; Kandel, 2001; Kelleher

et al., 2004; Takeuchi et al., 2014) because protein synthesis inhibitors disrupt late-phase long-term

potentiation of in vitro slice preparations (Frey et al., 1988; Huang et al., 1996; Krug et al., 1984).

Although much is known about the cellular mechanisms of memory consolidation it remains unknown

whether these processes occur in memory engram cells. It may be possible to characterize cellular

consolidation and empirically separate mnemonic properties in retrograde amnesia by directly probing

and manipulating memory engram cells in the brain. The term memory engram originally referred to the

hypothetical learned information stored in the brain, which must be reactivated for recall (Josselyn, 2010;
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Semon, 1904). Recently, several groups demonstrated that specific hippocampal cells that are activated

during memory encoding are both sufficient (Gore et al., 2015; Liu et al., 2012; Ramirez et al., 2013;

Redondo et al., 2014; Ye et al., 2016) and necessary (Denny et al., 2014; Tanaka et al., 2014) for driving

future recall of a contextual fear memory, and thus represent a component of a distributed memory

engram (Cowansage et al., 2014). Here, we applied this engram technology to the issue of cellular

consolidation and retrograde amnesia.

2.2 Experimental results

We employed the previously established method for tagging the hippocampal dentate gyrus (DG)

component of a contextual memory engram with mCherry (see Experimental methods, Fig. SI, and (Liu

et al., 2012; Reijmers et al., 2007)). To disrupt consolidation we systemically injected the protein

synthesis inhibitor anisomycin (ANI) or saline (SAL) as a control immediately after contextual fear

conditioning (CFC) (Fig. 1A). The presynaptic neurons of the entorhinal cortex (EC) were constitutively

labeled with ChR2 expressed from an AAV 8-CaMKIIa-ChR2-EYFP virus (Fig. 11B). Voltage clamp

recordings of paired engram (mCherry') and non-engram (mCherry ) DG cells were conducted

simultaneously with optogenetic stimulation of ChR2+ perforant path (PP) axons (Fig. 1 C, D). mCherry+

cells of the SAL group showed significantly greater synaptic strength than mCherry+ cells of the ANI

engram group, but the mCherry cells of the SAL and ANI groups were of comparable synaptic strength

(Fig. IE). Calculation of AMPA/NMDA current ratios (Clem and Huganir, 2010) showed that at 24 hours

post-training, mCherry* engram cells displayed potentiated synapses relative to paired mCherry- non-

engram cells in the SAL group (Fig. I E). However, no such difference between mCherry+ and mCherry~

was observed in the ANI group. In addition, mCherry+ engram cells of the SAL group showed

significantly greater AMPA/NMDA current ratios than mCherry+ engram cells of the ANI group.

Analysis of miniature EPSCs of engram and non-engram cells of both SAL and ANI groups showed the

same pattern (Fig. S2).
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We also quantified dendritic spine density for DG engram cells labeled with an AAV 9-TRE-

ChR2-EYFP virus. Spine density of ChR2+ cells was significantly higher than corresponding ChR2~ cells

in the SAL group (Fig. IF, Fig. S3), but spine densities of ChR2' and ChR2- cells of the ANI group were

similar (see Experimental methods). Spine density of ChR2' cells of the SAL group was significantly

higher than that of ANI ChR2' cells (Fig.lF), but ChR2 cells were comparable. This result was

confirmed by analysis of the membrane capacitance (Fig. S4G). ChR2 expression did not affect intrinsic

properties of DG cells in vitro (Fig. S5A-E). Direct bath application of ANI did not affect intrinsic

cellular properties in vitro (Fig. S5F), although it mildly reduced synaptic currents acutely (Fig. S5G-I).

Importantly, when anisomycin was injected into c-fos-tTA animals 24 hours post-CFC and engram

labeling, engram-cell specific increases in dendritc spine density and synaptic strength were undisturbed

(Fig. S6). We also examined engram cells labeled by a context-only experience (Ramirez et al., 2013),

and found equivalent engram-cell increases in spine density and synaptic strength (Fig. S7) as those

labeled by CFC.

DG cells receive information from EC and relay it to area CA3 via the mossy fibers. We labeled

DG engram cells using an AAV9-TRE-ChR2-EYFP virus and simultaneously labeled CA3 engram cells

using an AAV9-TRE-mCherry virus (Fig. IG). Connection probability was assessed 24 hours post-CFC

by stimulating DG ChR2' cell terminals optogenetically and recording excitatory postsynaptic potentials

in CA3 mCherry+ and mCherry~ cells in ex vivo preparations. CA3 mCherry+ engram cells showed a

significantly higher probability of connection than mCherry~ cells with DG ChR2+ engram cells,

demonstrating preferential engram cell to engram cell connectivity. Importantly, this form of engram

pathway-specific connectivity was unaffected by post-training administration of ANI (Fig. I G).

We next tested the behavioral effect of optogenetically stimulating engram cells in amnesic mice

(Fig 2A). During CFC training in Context B, both SAL and ANI groups responded to the unconditioned

stimuli at equivalent levels (Fig. S8). One day post-training, the SAL group displayed robust freezing

behavior to the conditioned stimulus of context B, whereas the ANI group showed substantially less

freezing behavior (Fig. 2C). Two days post-training, mice were placed into the distinct context A for a 12
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min test session consisting of four 3 min epochs of blue light on or off. During this test session, neither

group showed freezing behavior during Light-Off epochs, but both froze significantly during Light-On

epochs (Fig. 2D). Remarkably, no difference in the levels of light-induced freezing behavior was

observed between groups. Three days post-training, the mice were again tested in context B to assay the

conditioned response, and retrograde amnesia for the conditioning context was still clearly evident (Fig.

2E). Subjects treated with SAL or ANI following the labeling of a neutral contextual engram (i.e., no

shock) did not show freezing behavior in response to light stimulation of engram cells (Fig. 2D). We

replicated the DG retrograde amnesia experiment using an alternative widely-used protein synthesis

inhibitor, cycloheximide (CHM) (Fig. S9). We examined whether ANI administration immediately after

CFC altered the activity dependent synthesis of ChR2-EYFP in DG cells and found that this was not the

case (Fig. 2F-H). Nevertheless, the dosage of anisomycin used in this study did inhibit protein synthesis

in the DG as shown by Arc+ cell counting (Fig. S10). Thus, the dosage of ANI used was sufficient to

induce amnesia, but was insufficient to impair c-fos-tTA driven synthesis of virally delivered ChR2-

EYFP in DG cells. Extracellular recordings from SAL and ANI-treated mice confirmed the cell counting

results (Fig. 21-K). In line with Fig. S6 and previous reports (Suzuki et al., 2004), anisomycin injection 24

hours post-CFC did not cause retrograde amnesia (Fig. S 11). To provide a negative control for light-

induced memory retrieval in amnesia, we disrupted memory encoding by activating hM4Di DREADDs

receptors (Armbruster et al., 2007) downstream of the DG, in hippocampal CA1, during CFC, and found

that subsequent DG engram activation did not elicit memory retrieval (Fig. S 12).

The recovery from amnesia by direct light activation of ANI-treated DG engram cells was

unexpected because these cells showed neither synaptic potentiation nor increased dendritic spine density.

We conducted additional behavioral experiments to confirm and characterize the phenomenon. First, we

investigated whether recovery from amnesia can be demonstrated by light-induced optogenetic place

avoidance test (OptoPA); this would be a measure of an active fear memory recall (see Experimental

methods and (Redondo et al., 2014)), rather than a passive fear response monitored by freezing. SAL and

ANI groups displayed equivalent levels of avoidance of the target zone in response to light activation of
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the DG engram (Fig. 3A). Second, in our previous study we showed that an application of the standard

protocol (i.e., 20 Hz) for activation of the CA 1 engram was not effective for memory recall (Ramirez et

al., 2013). However, we found that a 4 Hz protocol applied to the CAL engram of the SAL and ANI

groups elicited similar recovery from amnesia (Fig. 3B). Third, we employed tone fear conditioning

(TFC) and manipulated the fear engram in lateral amygdala (LA) (Han et al., 2009) and found light-

induced recovery of memory from amnesia. Fourth, we asked whether amnesia caused by disruption of

reconsolidation of a contextual fear memory (Misanin et al., 1968; Nader et al., 2000a, 2000b) can also be

recovered by light-activation of DG engram cells, and indeed it was found to be the case (Fig. 3D). We

applied the memory inception method (Experimental methods, (Liu et al., 2014; Ramirez et al., 2013) to

DG engram cells and found that both SAL and ANI groups showed freezing behavior that was specific to

the original Context A, demonstrating that light-activated Context A engrams formed in the presence of

ANI can function as a CS in a context-specific manner (Fig. 3E). Lastly, we tested the longevity of CFC

amnesic engrams for memory recovery by light activation, and found that indeed memory recall could be

observed 8 days post-training (Fig. S 13).

Interactions between the hippocampus and amygdala are crucial for contextual fear memory

encoding and retrieval (Redondo et al., 2014). c-Fos expression increases in the hippocampus and

amygdala upon exposure of an animal to conditioned stimuli (Besnard et al., 2014; Hall et al., 2001).

These previous observations open up the possibility of obtaining cellular level evidence supporting the

behavioral level finding that the recovery from amnesia can be accomplished by direct light activation of

ANI-treated DG engram cells. Thus, we compared the effects of natural recall and light-induced recall on

amygdala c-Fos+ cell counts in amnesic mice (Fig. 4A-C). c-Fos+ cell counts (Fig. 4B) were significantly

lower in basolateral amygdala (BLA) and central amygdala (CeA) of ANI-treated mice compared to SAL

mice when natural recall cues were delivered, showing that amygdala activity correlates with fear

memory expression (Fig. 4C). In contrast, light-induced activation of the contextual engram cells resulted

in equivalent amygdala c-Fos+ counts in SAL and ANI groups (Fig. 4C), supporting the optogenetic

behavioral data.
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Next, we modified this protocol to include labeling of CA3 and BLA engram cells with mCherry

and examined the effects of light-induced activation of DG engram cells on the overlap of mCherry+

engram cells and c-Fos+ recall-activated cells in CA3 and BLA (Fig. 4D). The purpose of this experiment

was to investigate whether there is preferential connectivity between the upstream engram cells in DG

and the downstream engram cells in CA3 or BLA. Natural recall cues resulted in above chance c-

Fos+/mCherry+ overlap in both CA3 and BLA, supporting the physiological connectivity data (Fig. 4E-K).

c-Fos+/mCherry+ overlap was significantly reduced in the ANI group compared to the SAL group, but

was still higher than chance levels, presumably reflecting incomplete amnesic effects of anisomycin (Fig.

4K). Importantly, light-activation of DG engram cells resulted in equivalent c-Fos+/mCherry overlap as

natural cue-induced recall, and this was unaffected by post-CFC anisomycin treatment. These data

suggest that there is preferential and protein synthesis-independent functional connectivity between DG

and CA3 engram cells, supporting the physiological data (Fig. IG), and that this connectivity also applies

between DG and BLA engram cells.

2.3 Discussion

We previously showed that DG cells activated during CFC training and labeled with ChR2 via

the promoter of an immediate early gene (IEG) can evoke a freezing response when they are reactivated

optogenetically one to two days later (Liu et al., 2012), and this has since been achieved in the cortex

(Cowansage et al., 2014). We have also shown that these DG cells, if light-activated while receiving a

US, can serve as a surrogate context-specific CS to create a false CS-US association (Ramirez et al.,

2013; Redondo et al., 2014), and that activation of DG or amygdala engram cells can induce place

preference (Redondo et al., 2014). Furthermore, recent studies showed that optogenetic inhibition of these

cells in DG, CA3, or CAl impairs expression of a CFC memory (Denny et al., 2014; Tanaka et al., 2014).

Together, these findings show that engram cells activated by CFC training are both sufficient and

necessary to evoke memory recall, satisfying two crucial attributes in defining a component of a
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contextual fear memory engram (Josselyn, 2010). What has been left to be demonstrated, however, is that

these DG cells undergo enduring physical changes as an experience is encoded and its memory is

consolidated. Although synaptic potentiation has long been suspected as a fundamental mechanism for

memory and as a crucial component of the enduring physical changes induced by experience, this has not

been directly demonstrated, until the current study, as a property of the engram cells. Our data have

directly linked the optogenetically and behaviorally defined memory engram cells to synaptic plasticity.

Based on a large volume of previous studies, (Duncan, 1949; Johansen et al., 2011; Kandel, 2001;

Kelleher et al., 2004; McGaugh, 1966, 2000; Muller and Pilzecker, 1900), a concept has emerged where

retrograde amnesia arises from consolidation failure as a result of disrupting the process that converts a

fragile memory engram, formed during the encoding phase, into a stable engram with persistently

augmented synaptic strength and spine density. Indeed, our current study has demonstrated that amnesic

engram cells in the DG one day after CFC training display low levels of synaptic strength and spine

density that are indistinguishable from non-engram cells of the same DG. This correlated with a lack of

memory recall elicited by contextual cues. Intriguingly, however, direct activation of DG engram cells of

the ANI group elicited as much freezing behavior as the activation of these cells of the SAL group. This

unexpected finding is supported by a set of additional cellular and behavioral experiments. While

amygdala engram cell reactivation upon exposure to the conditioned context is significantly lower in the

ANI group compared to the SAL group, optogenetic activation of DG engram cells results in normal

reactivation of downstream CA3 and BLA engram cells (Fig. 4). At the behavioral level, the amnesia

rescue was observed under a variety of different conditions in which one or more parameters were altered

(Fig. 2-3, Fig. S9, and Fig. S 13). Thus, our overall findings indicate that memory engrams survive a post-

training administration of protein synthesis inhibitors during the consolidation window and that the

memory remains retrievable by ChR2-mediated direct engram activation even after retrograde amnesia is

induced. The drive initiated with light-activation of one component of a distributed memory engram (like

that in the DG) is sufficient to reactivate engrams in downstream regions (like that in CA3 and BLA) that

would also be affected by the systemic injection of a protein synthesis inhibitor (ANI).
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Our findings suggest that while a rapid increase of synaptic strength is likely to be crucial during

the encoding phase, the augmented synaptic strength is not a crucial component of the stored memory

(Chen et al., 2014; Miller and Matzel, 2006; Miller and Sweatt, 2006). This notion is consistent with a

recent study showing that an artificial memory could be reversibly disrupted by depression of synaptic

strength (Nabavi et al., 2014). On the other hand, persistent and specific connectivity of engram cells

which we find between DG engram cells and downstream CA3 or BLA engram cells in both SAL and

ANI groups may represent a fundamental mechanism of memory information storage (Hebb, 1949).

These findings also suggest that the primary role of augmented synaptic strength during and after the

consolidation phase may be to provide natural recall cues with efficient access to the soma of engram

cells for their reactivation and, hence, recall.

The integrative memory engram-based approach employed here for parsing memory and amnesia

into encoding, consolidation, and retrieval aspects may be of wider use to other experimental and clinical

cases of amnesia, such as Alzheimer's disease (Daumas et al., 2008).

2.4 Experimental methods

Subjects

All experiments were conducted in accordance with U.S. National Institutes of Health guidelines and the

Massachusetts Institute of Technology Department of Comparative Medicine and Committee of Animal

Care. c-fos-tTA transgenic mice were generated as described in (Liu et al., 2012), by breeding TetTag

mice (Reijmers et al., 2007) with C57BL/6J mice and selecting offspring carrying only the c-fos-tTA

transgene. Mice had access to food and water ad libitum and were socially housed in numbers of two to

five littermates until surgery. Following surgery, mice were singly housed. For behavioral experiments,

all mice used for the experiments were male and 7-9 weeks old at the time of surgery and had been raised

on food containing 40 mg kg-' doxycycline (DOX) for at least one week before surgery, and remained on

33



DOX food for the remainder of the experiments except for the target engram labeling days. For ex vivo

electrophysiology experiments, mice were 24-28 days old at the time of surgery.

Engram labeling strategy

In order to label memory engram cells, we employed adeno-associated viruses that express either

mCherry alone or ChR2 fused to an EYFP/mCherry fluorophore under the control of a tetracycline-

responsive element (TRE)-containing promoter (AAV9-TRE-mCherry, AAV 9-TRE-ChR2-EYFP, or

AAV 9-TRE-ChR2-mCherry), which are active in cells that contain the tetracycline transactivator (tTA)

(Liu et al., 2012). For each engram experiment, we injected one of these viruses into the target brain

region of c-fos-tTA transgenic mice, which express tTA under the control of a c-fos promoter (Fig. S lA)

(Reijmers et al., 2007). Because c-fos is an activity-dependent gene, the c-fos-tTA transgene selectively

expresses tTA in active cells (Fig. Sl B). Thus, active cells can express tTA that will then induce the virus

to express mCherry or ChR2 in those cells. In order to restrict activity-dependent labeling to targeted

training episodes the mice were fed DOX food, which sequesters tTA function and prevents virus

expression. Subjects were then taken Off DOX one day prior to training in order to permit the labeling of

memory engram cells (Fig. SIC, D, E). Shining 473 nm blue light on a ChR2 positive neuron causes the

opening of ChR2 channels, and the rapid influx of cations results in the depolarization of the neuron

(Boyden et al., 2005). Therefore, by shining blue light onto ChR2-labeled engram cells, memory recall

can be directly evoked (Liu et al., 2012). Patch-clamp recordings in vitro confirmed that light successfully

activated ChR2-labeled DG cells following contextual fear conditioning (CFC) (Fig. Sl F, G).

Virus-mediated gene expression

The recombinant AAV vectors used for viral production were pAAV-TRE-ChR2-EYFP described in (1),

pAAV-TRE-ChR2-mCherry and pAAV-TRE-mCherry described in (Ramirez et al., 2013). The pAAV-

hSynl-HA-hM4Di-IRES-mCitrine plasmid was acquired from Bryan Roth at the University of North

Carolina. The pAAV-CaMKIIa-ChR2-EYFP plasmid was acquired from Addgene. Plasmids were
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serotyped with AAV 8 or AAV9 coat proteins and packaged at the University of Massachusetts Medical

School Gene Therapy Center and Vector Core. The recombinant AAV vectors were injected with viral

titers of 1 X 10" genome copy (GC) mlr' for AAV 9-TRE-ChR2-EYFP, 8.0 x 101 2 GC ml' for AAV 9-

TRE-ChR2-mCherry, 1.4 X 10G GC m-' for AAV9-TRE- mCherry, 3.3 X 10"2GC ml-' for AAV9-hSynl-

HA-hM4Di-IRES-mCitrine, and 8.0 X 10'2 GC ml' for AAV8-CaMKIla-ChR2-EYFP.

Stereotactic surgery procedure

Mice were anesthetized using 500 mg kg-' avertin, or isoflurane. Bilateral craniotomies were performed

using a 0.5 mm diameter drill and the viruses were injected using a glass micropipette attached to a 10 ml

Hamilton microsyringe (701LT; Hamilton) through a microelectrode holder (MPH6S; WPI) filled with

mineral oil. A microsyringe pump (UMP3; WPI) and its controller (Micro4; WPI) were used to maintain

the speed of the injection at 60 ni min-'. The needle was slowly lowered to the target site and remained for

5 min before beginning the injection. After the injection, the needle stayed for 10 minutes before it was

slowly withdrawn. After withdrawing of the needle, a custom implant containing two optic fibers (200

mm core diameter; Doric Lenses) was lowered above the injection site. Two jewelry screws were screwed

into the skull on either side of bregma. A layer of adhesive cement (C&B Metabond) was applied

followed with dental cement (Teets cold cure; A-M Systems) to secure the optic implant. A cap derived

from the top part of an Eppendorf tube was inserted to protect the implant. Mice were given 1.5 mg kg-'

metacam as analgesic and remained on a heating pad until fully recovered from anesthesia. Mice were

allowed to recover for at least 2 weeks before all subsequent behavioral experiments.

Ex vivo patch clamp recording

Stereotactic surgery

For AMPA/NMDA ratio experiments (Fig. IA-E), entorhinal cortex (EC) injections of AAV8-CaMKIIa-

ChR2-EYFP (500 nl) were targeted unilaterally to (-4.7 mm anteroposterior (AP), +3.35 mm mediolateral

(ML), - 3.3 mm dorsoventral (DV)), and dentate gyrus (DG) injections of AAV9-TRE-mCherry (300 nl)
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were targeted unilaterally to (-2.0 mm AP, +1.3 mm ML, -1.9 mm DV). For experiments involving spine

counting (Fig. IF, Fig. S6, and Fig. S7) and intrinsic physiological properties (Fig. S4, Fig. S6, and Fig.

S7), injections of AAV 9-TRE-ChR2-EYFP (300 nl) were targeted unilaterally to (-2.0 mm AP, +1.3 mm

ML, -1.9 mm DV). For Fig. S4, DG injections of AAV8-CaMKIla-ChR2-EYFP (300 nl) were targeted

unilaterally to (-2.0 mm AP, +1.3 mm ML, -1.9 mm DV). For DG-CA3 connectivity experiments (Fig.

IG), DG injections of AAV9-TRE-ChR2-EYFP (100 nl) were targeted unilaterally to (-2.0 mm AP, +1.3

mm ML, -1.9) mm DV, and CA3 injections of AAV9-TRE-mCherry (150 nl) were targeted unilaterally to

(-2.0 mm AP, +2.3 mm ML, -2.2 mm DV).

Animals and slice preparation

All ex vivo experiments were conducted blind to experimental group. Researcher 1 trained the animals

and administered drug, while Researcher 2 dispatched the animals and conducted physiological

experiments. Mice (P30-P40) were anesthetized with isoflurane, decapitated and brains were quickly

removed. Sagittal slices (300 pm thick) were prepared in an oxygenated cutting solution at ~-4C by using

a vibratome (VT1000S, Leica). Slices were then incubated at room temperature (-23'C) in oxygenated

ACSF until the recordings. The cutting solution contained (in mM): 3 KCI, 0.5 CaC1 2, 10 MgC 2, 25

NaHCO 3, 1.2 NaH2 PO4 , 10 D-glucose, 230 sucrose, saturated with 95%02 - 5%CO2 (pH 7.3, osmolarity

340 mOsm). The ACSF contained (in mM): 124 NaCl, 3 KCl, 2 CaCl 2, 1.3 MgSO 4 , 25 NaHCO 3, 1.2

NaH 2PO4 , 10 D-glucose, saturated with 95%02 - 5% CO 2 (pH 7.3, osmolarity 300 mOsm). Individual

slices were transferred into a submerged experimental chamber and perfused with oxygenated ACSF

warmed at 35'C ( 0.50 C) at a rate of 3 ml/min during recordings.

Electrophysiology

Whole cell recordings in current clamp or voltage clamp mode were performed by using an IR-DIC

microscope (BX5 1, Olympus) with a water immersion 40X objective (N.A. 0.8), equipped with four

automatic manipulators (Luigs & Neumann) and a CCD camera (Orca R2, Hamamatsu Co). For all the
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recordings, borosilicate glass pipettes were fabricated (P97, Sutter Instrument) with resistances of 8 to 10

ME. For current clamp recordings, pipettes were filled with the following intracellular solution (in mM):

110 K-gluconate, 10 KCI, 10 HEPES, 4 ATP, 0.3 GTP, 10 phosphocreatine and 0.5% biocytin. The

osmolarity of this intracellular solution was 290 mOsm and the pH was 7.25. The AMPA/NMDA ratio

measurements were performed by adding 10 pM gabazine (Tocris) in the extracellular solution, and

recordings in voltage clamp were performed by using the following intracellular solution (in mM): 117

cesium methansulfonate, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 4 Mg-ATP, 0.3 Na-GTP, 10

QX314, 0.1 spermine and 0.5% biocytin. The osmolarity of this intracellular solution was 290 mOsm and

the pH was 7.3. Recordings were amplified using up to two dual channel amplifiers (Multiclamp 700B,

Molecular Devices), filtered at 2 kHz, digitized (20 kHz), and acquired through an ADC/DAC data

acquisition unit (ITC 1600, Instrutech) by using custom made software running on Igor Pro

(Wavemetrics). Access resistance (RA) was monitored throughout the duration of the experiment and data

acquisition was suspended whenever the resting membrane potential was depolarized above -50 mV or

the RA was beyond 20 MK. All drugs used (Gabazine, NBQX, AP5, ANI) were provided by Tocris.

Optogenetics

Optogenetic stimulation was achieved through a 460 nm LED light source (XLED1, Lumen Dynamics)

driven by TTL input with a delay onset of 25 pts (subtracted off-line for the estimation of latencies). Light

power on the sample was 33 mW/mm 2 . To test ChR2 expression, slices were stimulated with a single

light pulse of 1 s, repeated 10 times every 5 s. To test synaptic connections, slices were stimulated with

single light pulses of 2 ins, repeated 20 times every 5 s. In voltage clamp mode, cells were held at -70

mV, while in current clamp mode, response to optogenetic stimulation was measured at resting potential.

DG-CA3 connectivity (Fig. IG) was tested in current clamp mode, holding the cell at -70 mV. A train of

15 pulses at 20 Hz was delivered 20 times every 5 s and the average response was computed. The

glutamatergic nature of the connection was confirmed by bath application of 10 PM NBQX (N = 4). The

effect of ANI treatment on CA3 engram cells was evident from the measurement of the membrane
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capacitance (SAL: mCherry- 89.5 7 pF, mCherry+ 115 9 pF, unpaired t test P < 0.05; ANI: mCherry

103 14 pF, mCherry+ 95 15 pF, unpaired t test P = 0.7).

Analysis

Synaptic connections, in voltage or current clamp mode, were determined by averaging 20 trials. EPSC

amplitude was measured from the average maximum peak response by subtracting a baseline obtained 5

ms before light pulse starts (Fig. IA-E). AMPA/NMDA ratios were measured in voltage clamp mode

holding the voltage at -70 mV for AMPA current amplitude and holding the voltage at +40 mV for

NMDA current amplitude measurement. The amplitude of the NMDA current was measured 100 ms after

the onset of the light to avoid AMPA current overlap. The probability of DG-CA3 connectivity (Fig. IG)

was computed as, P = (successful tests/total test number). Error bars are approximated by binomial

distribution. Spontaneous EPSCs (EPSCs) (Fig. S2) were recorded at a holding potential of -70 mV in

presence of Gabazine (10 ptM). EPSCs were detected using an Igor Pro routine and were defined as

inward currents with amplitudes exceeding two times the standard deviation of the baseline noise.

Granule cells expressing ChR2-EYFP, which in current clamp mode (at resting potential) responded to

optogenetic stimulation with at least one action potential were considered engram cells and were selected

for the analysis. The intrinsic electrophysiological properties (Fig. S4) were measured in current clamp

mode, holding the cell at -70 mV. Resting membrane potential was measured in current clamp mode

without current injection. Action potential threshold was tested with a current ramp injection. Input

resistance was measured by injecting a negative -120 pA current lasting I s. Membrane time constant was

estimated through single exponential fit of the recovery-time from a -10 mV voltage deflection of 1 s

duration. Excitability was estimated by linear fit of current (1) vs. firing rate (F) relationship.

Statistics

Statistical analysis was performed using Igor (Wavemetrics), MATLAB (Math works) or Excel

(Microsoft). The distribution of the data was tested with the Kolmogorov-Smimov test. A two sample
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Kolmogorov-Smirnov test, a Wilcoxon signed-rank test, a two-tailed paired or unpaired t test was

employed for comparisons according to the application. Data are presented as mean SEM. To test

significance of the connection probability, a Fisher's exact test was employed.

Post hoc immunocytochemistry

Recorded cells were filled with biocytin and subsequently recovered for morphological identification.

Slices were first incubated with 4% PFA for 16 hr at 4'C. After washing with 0.5% Triton-X, slices were

incubated in 5% normal goat serum (NGS) for 2 hr. Following NGS, slices were incubated in primary

antibody (rabbit anti-RFP, 1:1000) overnight at 4'C. After washing with 0.5% Triton-X, slices were

visualized by streptavidin CF633 (1:200, Biotium) and anti-rabbit Alexa-555. Before mounting, slices

were incubated with DAPI (1:3000) for 30 min.

Spine density analysis

Experiments were conducted blind to experimental group. Researcher 1 imaged dendritic fragments,

while Researcher 2 randomized images in advance of manual spine counting. Dentate granule cells were

labeled with biocytin during patch clamp recordings. Fluorescence Z-stacks were taken by confocal

microscopy (Zeiss LSM700), using 40 X objectives. Z-projected confocal images were generated by

Zenblack (Zeiss). A total number of 16 granule cells were analyzed for spine examination (n = 4 cells per

group x n = 4 groups). We analyzed 10 dendritic fragments of 10 ptm length for each cell. To compute the

spine density, the number of spines counted on each fragment was normalized by the cylindrical

approximation of the surface of the specific fragment (Fig. IF). The same applies for Fig. S6, and Fig. S7.

In vivo multi-unit electrophysiological recording

Using an anesthetized setup, multi-unit responses to optogenetic (ChR2) stimulation were recorded from

c-fos-tTA mice injected with AAV 9-TRE-ChR2-EYFP virus in the DG. Mice were anesthetized by

injection (10 ml kg-') of a mixture of ketamine (100 mg ml')/xylazine (20 mg ml') and placed in the
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stereotactic system. Anesthesia was maintained by a series of booster doses of ketamine (100 mg kg-).

An optrode consisting of a tungsten electrode (0.5 MQ) attached to an optic fiber (200 ptm core diameter),

with the tip of the electrode extending beyond the tip of the fiber by 300 jim, was used for simultaneous

optical stimulation and extracellular recording. The power intensity of light emitted from the optrode was

calibrated to about 10 mW, which was consistent with the power intensity used in behavioral assays. To

identify ChR2-positive cells, 15 ms light pulses at 0.2 Hz were delivered to the recording site every 50-70

jim. After light-responsive cells were detected, multi-unit activity in response to trains of 10 light pulses

(15 ms) at 20 Hz was recorded. Activity was acquired using an Axon CNS Digidata 1440A system and

analyzed using MATLAB, described in (Ramirez et al., 2013).

Behavior

Stereotactic injection and optic fiber implant

DG injections were targeted bilaterally to (-2.0 mm AP, +/- 1.3 mm ML, -1.9 mm DV). DG implants

were placed at (-2.0 mm AP, +/- 1.3 mm ML, -1.9 mm DV). CAI injections were targeted bilaterally to (-

2.0 mm AP, +/- 1.5 mm ML, -1.5 mm DV). CAl implants were placed at (-2.0 mm AP, +/- 1.5 mm ML,

-1.4 mm DV). LA injections were targeted bilaterally to (-1.7 mm AP, +/- 3.45 mm ML, -4.2 mm DV).

LA implants were placed at (-1.7 mm AP, +/- 3.45 mm ML, -4.0 mm DV). AAV 9-TRE-ChR2-EYFP

volumes were 300 nI for DG and 500 nl for CAl. AAV9-TRE-ChR2-mCherry volumes were 300 nl for

DG and 200 nl for LA. AAV 9-hSynl-HA-hM4Di-IRES-mCitrine volume was 500 nl for CAl. All

injection sites were verified histologically. As criteria we only included mice with ChR2-EYFP or ChR2-

mCherry expression limited to the targeted regions.

Optogenetics

For all DG and LA behavioral experiments, ChR2 was stimulated using a 473 nm laser delivering blue

light at 20 Hz with a 15 ms pulse width, for the designated time period (Liu et al., 2012). For the CAl

40



experiment, 20 Hz proved ineffective (Ramirez et al., 2013), so here our stimulation protocol was

adjusted to 4 Hz with a 15 ms pulse width.

Drug delivery

For consolidation experiments, 150 mg kg' anisomycin (ANI), or equivalent volume of saline (SAL),

was delivered intra-peritoneally immediately after fear conditioning in the anteroom of the training

context. For the ANI reconsolidation experiment, a second 150 mg kg' ANI dose was delivered 2 hours

post-reactivation. For the cycloheximide (CHM) consolidation experiment 3 mg kg' CHM, or equivalent

SAL, was delivered subcutaneously immediately after fear conditioning in the anteroom of the training

context. For encoding experiments, 5 mg kg-1 clozapine-N-oxide (CNO) or SAL was delivered intra-

peritoneally one hour before training, in the holding room.

Handling

All the behavioral experiments were conducted using mice that were 10 to 18 weeks of age, during the

facility light cycle of the day (6.30 am to 6.30 pm). All behavioral subjects were individually habituated

to handling by the investigator by handling for one minute on each of three separate days. Handling took

place in the holding room where the mice were housed. Immediately prior to each handling session mice

were transported by wheeled cart to and from the vicinity of the experimental context rooms, to habituate

them to the journey.

Contextual Fear Conditioning - Consolidation (Figures 2A, 3B, 4A, S9, and S13)

Apparatus

For CFC experiments, two distinct contexts were employed, and used in different rooms. Context A

chambers were 30 X 25 X 33 cm chambers with perspex floors, transparent square ceilings, red lighting,

and scented with 0.25 % benzaldehyde. The ceilings of the Context A chambers were customized to hold

a rotary joint (Doric Lenses) the exterior side of which was connected to a patch cord to a 473 nm laser
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that was controlled by a pulse generator. The interior side of the rotary joint was connected to two 0.32 M

patch cords. All mice had patch cords fitted to the fiber implant prior to being placed in Context A. Two

mice were run simultaneously in two identical Context A chambers. Context B chambers were 29 X 25 X

22 cm chambers with grid floors, opaque triangular ceilings, bright white lighting, and scented with 1 %

acetic acid. Four mice were run simultaneously in four identical Context B chambers. All experimental

groups were counter-balanced for chamber within contexts. All mice were conditioned in Context B, and

tested in Contexts A and B. Experiments showed no generalization of conditioned response between

contexts. Floors of chambers were cleaned with Quatricide before and between runs. Mice were

transported to and from the experimental room in their home cages using a wheeled cart. The cart and

cages remained in an anteroom to the experimental rooms during all behavioral experiments.

Habituation

Four days prior to conditioning, all mice were habituated to Context A. Habituation sessions were 12 min

in duration, consisting of four 3 min epochs, with the first and third epochs as the Light-Off epochs, and

the second and fourth epochs as the Light-On epochs. During the Light-On epochs, the mouse received

light stimulation (20 mW, 20 Hz, 15 ms) for the entire 3 min duration. At the end of 12 min, the mouse

was immediately detached from the patch cords, returned to its home cage, and carted back to the holding

room.

Training

Mice were trained in Context B using a CFC paradigm. Training sessions were 330 s in duration, and

three 0.75 mA shocks of 2 s duration were delivered at 150 s, 210 s, and 270 s. SAL or ANI was

delivered immediately after training. After fear conditioning, mice were placed in their home cages, and

carted back to the holding room. Mice were kept on regular food without DOX for 24-30 hours prior to

training. When training was complete, mice were switched back to food containing 40 mg kg' DOX.
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Testing

All testing sessions in Context B were 180 s in duration. Testing conditions were identical to training

conditioning, except that no shocks were presented. At the end of each session mice were placed in their

home cages and carted back to the holding room. All testing sessions in Context A were 12 min in

duration, and were identical to the habituation sessions, consisting of four 3 min epochs, with the first and

third epochs as the Light-Off epochs, and the second and fourth epochs as the Light-On epochs. During

the Light-On epochs, the mouse received light stimulation (20 Hz for DG and LA, or 4 Hz for CAl) for

the entire 3 min duration. At the end of 12 min, the mouse was immediately detached from the patch

cords, returned to its home cage and carted back to the holding room.

Optogenetic Place Avoidance (OptoPA) - (Figure 3A)

Apparatus

Each OptoPA apparatus consisted of two distinct 15 x 15 x 20 cm zones (X and Y) connected to a

triangular neutral zone as described in (Redondo et al., 2014). Zone X consisted of black and white

striped walls and contained a transparent floor with small irregular indentations. Zone Y consisted of

black and white alternating dotted walls and contained a smooth plastic floor. The wall of the neutral zone

was customized to hold a rotary joint (Doric Lenses) the exterior side of which was connected to a patch

cord to a 473 nm laser that was controlled by a pulse generator. The interior side of the rotary joint was

connected to two 0.5 M patch cords. All mice had patch cords fitted to the fiber implant prior to being

placed in the apparatus. Two mice were run simultaneously in two identical OptoPA apparatuses.

Training contexts were 29 X 25 X 22 cm chambers with grid floors, opaque triangular ceilings, red

lighting, and scented with 1 % acetic acid. Four mice were run simultaneously in four identical chambers.

All experimental groups were counter-balanced for chamber within contexts.
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Habituation

All mice were habituated to the OptoPA apparatus and laser stimulation procedure 4 days prior to training

(taken from (Redondo et al., 2014)). Mice were allowed to freely explore both zones X and Y during the

0-3 min baseline epoch, and the naturally preferred zone was determined as the target zone. During the

3-6 min and 9-12 min epochs (Light-On phases), light was administered only when a mouse was within

the target zone. At the end of the 12 min, the mouse was immediately detached from the patch cords,

returned to its home cage and carted back to the holding room.

Training

Mice were trained using a contextual fear-conditioning paradigm. Training sessions were 500 s in

duration, and four 0.75 mA shocks of 2 s duration were delivered at 198 s, 278 s, 358 s and 438 s. SAL or

ANI was delivered immediately after training. After fear conditioning, mice were placed in their home

cages, and carted back to the holding room. To enable engram labeling, mice were kept on regular food

without DOX for 24-30 hours prior to training. When training was complete, mice were switched back to

food containing 40 mg kg 1 DOX.

Testing

All mice were subjected to 180 s test sessions in the training context, I day post training. At the end of

each session mice were placed in their home cages and carted back to the holding room. OptoPA tests

were conducted 2 days post training. Mice were allowed to freely explore both zones X and Y during the

0-3 min baseline epoch, and the naturally preferred zone was determined as the target zone. During the

3-6 min and 9-12 min epochs (Light-On phases), light was administered only when a mouse was within

the target zone. At the end of the 12 min, the mouse was immediately detached from the patch cords,

returned to its home cage and carted back to the holding room. As criteria for inclusion in OptoPA

experiments, during the baseline phases (0-3 min) of the OptoPA test day, mice that spent more than 90%
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of the time in one single zone were excluded. Additionally, mice that spent 100% of the time in one zone

in any 3 min phase of the test were also excluded.

Analysis

Automated OptoPA tracking was done using Noldus EthoVision. Raw data was extracted and analyzed

using Microsoft Excel. The difference scores (DS) reported in the main figures were obtained by

subtracting the time spent in the target zone during the baseline phase from the average time spent in the

target zone during the two on phases. Negative difference scores denote that the preference for the target

zone during on phases is lower than the preference during the baseline phase.

Tone Fear Conditioning - (Figure 3C)

Apparatus

Three distinct contexts were employed and were used in different rooms. Context A chambers were 30 X

25 X 33 cm with perspex floors, a transparent square ceilings, red lighting, and scented with 0.25 %

benzaldehyde. The ceilings of the Context A chambers were customized to hold a rotary joint (Doric

Lenses) the exterior side of which was connected to a patch cord to a 473 nm laser that was controlled by

a pulse generator. The interior side of the rotary joint was connected to two 0.32 M patch cords. All mice

had patch cords fitted to the fiber implant prior to being placed in Context A. Context B chambers were

29 X 25 X 22 cm with grid floors, opaque triangular ceilings, bright white lighting, and scented with 1 %

acetic acid. Context C chambers were 29 X 25 X 22 cm with glossy white plastic floors, no ceilings, dim

lighting, and scented with 1 ml citral in a tray underneath.

Habituation

Habituation to Context A was identical to Contextual Fear Conditioning.
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Training

Mice were trained in Context B using a tone fear conditioning paradigm. Training sessions were 420 s in

duration, and three tone presentations (2 kHz and 75 dB) of 20 s duration were delivered at 180 s, 260 s,

and 340 s and co-terminated with a 2 s 0.6 mA shock. SAL or ANI was delivered immediately after

training. After fear conditioning, mice were placed in their home cages, and carted back to the holding

room. To enable engram labeling, mice were kept on regular food without DOX for 24-30 hours prior to

training. When training was complete, mice were switched back to food containing 40 mg kg' DOX.

Testing

All testing sessions in Context C were 420 s in duration and three tone presentations (2 kHz and 75 dB) of

20 s duration were delivered at 180 s, 260 s, and 340 s. Testing sessions in Context A were 12 min in

duration, and were identical to the habituation sessions, consisting of four 3 min epochs, with the first and

third epochs as the Light-Off epochs, and the second and fourth epochs as the Light-On epochs. During

the Light-On epochs, the mouse received light stimulation for the entire 3 min duration. At the end of the

12 min, the mouse was immediately detached from the patch cords, returned to its home cage and carted

back to the holding room.

Contextual Fear Conditioning - Reconsolidation Amnesia - (Figure 3D)

Apparatus, Habituation, and Training procedures used for the reconsolidation experiment were identical

to those of the consolidation experiment (above). I day post training, contextual fear memory was

reactivated by a 3 min re-exposure to the training Context B. SAL or ANI was delivered immediately

after context re-exposure. 2 days post-training, amnesia due to disrupting reconsolidation was confirmed

by 3 min test session in Context B. 3 days post-training, mice were subjected to a Context A test session

consisting of four 3 min epochs, with the first and third epochs as the Light-Off epochs, and the second

and fourth epochs as the Light-On epochs. During the Light-On epochs, the mouse received light
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stimulation (20 Hz) for the entire 3 min duration. At the end of the 12 min, the mouse was immediately

detached from the patch cords, returned to its home cage and carted back to the holding room.

Inception of Fear Association - (Figure 3E)

Apparatus

Three distinct contexts were employed and were used in different rooms. Context A chambers were 29 X

25 X 22 cm with black cardboard floors, opaque triangular ceilings, red lighting, and scented with I %

acetic acid. Context B chambers were 60 X 29 X 30 cm with white Perspex floors, white Perspex walls,

no ceilings, bright white lighting, and unscented. The Context C chamber was 30 X 25 X 33 cm were

with a metal grid floor, metallic square ceilings, dim white lighting, and scented with 0.25 %

benzaldehyde. The ceiling of the Context C chamber was customized to hold a rotary joint (Doric Lenses)

the exterior side of which was connected to a patch cord to a 473 nm laser that was controlled by a pulse

generator. The interior side of the rotary joint was connected to two 0.32 M patch cords. Four mice were

run simultaneously in four identical Context A chambers. Two mice were run simultaneously in two

identical Context B chambers. All experimental groups were counter-balanced for chamber within

contexts. Mice were run individually in a single Context C chamber.

Context exposure

Mice were exposure to target Context A for 600 s. SAL or ANI was delivered immediately after context

exposure. Immediately after context exposure, mice were placed in their home cages, and carted back to

the holding room. To enable engram labeling, mice were kept on regular food without DOX for 24-30

hours prior to training. When training was complete, mice were switched back to food containing 40 mg

kg-1 DOX. I day post-exposure to Context A, all mice were exposed to control Context B for 600 s while

on DOX.
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Fear Inception

2 days post-exposure to Context A, all mice were subjected to a fear inception procedure in Context C as

described in (Ramirez et al., 2013). The inception session was 420 s in duration and consisted of 120 s of

Light-Off, followed by 300 s of Light-On. Three 0.75 mA shocks of 2 s duration were delivered at 240 s,

300s, and 360 s. At the end of the 420 s, the mouse was immediately detached from the patch cords,

returned to its home cage and carted back to the holding room.

Testing

Mice were tested in Context B 4 days post-exposure to Context A, and then tested to Context A 5 days

post-exposure to Context A.

Quantification of freezing behavior

All behavioral experiments were analyzed blind to experimental group. Researcher 1 performed

behavioral experiments and following the conclusion of each experiment all videos were randomized

before manual scoring. Behavioral performance was recorded by digital video camera. For context and

tone recall sessions, data were quantified using FreezeFrame software (ActiMetrics) with bout size set at

1.25 ms In the case of fear inception, freezing behavior was manually scored because the dark floor

material resulted in inaccurate FreezeFrame data capture. Light stimulation during the habituation and test

sessions interfered with the motion detection of the program, and therefore all light-induced freezing

behavior was manually quantified by eye. Videos were scored individually, and investigators were blind

to experimental condition and test day during all manual scoring.

Behavioral statistics

Data analysis and statistics were conducted using Prism (Graphpad software). Unpaired student's t-tests

were used for independent group comparisons, with Welch's correction observed when group variances
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were significantly different. Paired student's t-tests were used to assess light-induced freezing behavior

within groups.

1mmunohistochemistry

Mice were dispatched by overdosing with 750-1000 mg kg-' avertin and perfused transcardially with

PBS, followed by 4 % paraformaldehyde (PFA) in PBS. Brains were extracted from the skulls and

incubated in 4 % PFA at room temperature overnight. Brains were transferred to PBS and 50 ptm coronal

slices were taken using a vibratome and collected in PBS. For immunostaining, each slice was placed in

PBS + 0.2 % Triton X- 100 (PBS-T), with 5 % normal goat serum for I h and then incubated with primary

antibody at 40C for 24 h. Slices then underwent three wash steps for 10 min each in PBS-T, followed by 1

h incubation with secondary antibody. Slices underwent three more wash steps of 10 min each in PBS-T,

followed by mounting and cover-slipping on microscope slides. All imaging and analyses were performed

blind to the experimental conditions. Antibodies used for staining were as follows: to stain for ChR2-

EYFP, slices were incubated with primary chicken anti-GFP (Life Technologies) (1:1000) and visualized

using anti-chicken Alexa-488 (Life Technologies) (1:200). For ChR2-mCherry, slices were stained using

primary rabbit anti-RFP (Rockland) (1:1000) and secondary anti-rabbit Alexa-555 (Life Technologies)

(1:200). c-Fos was stained with rabbit anti-c-Fos (1:500, Calbiochem) and anti-rabbit Alexa-568 (Life

Technologies) (1:500). Arc was stained with rabbit anti-Arc (1:300, Synaptic Systems) and anti-rabbit

Alexa-568 (Life Technologies) (1:500).

Cell counting

All cell counting experiments were conducted blind to experimental group. Researcher 1 trained the

animals and administered drug, while Researcher 2 dispatched the animals and conducted cell counting.

To quantify the expression pattern of ChR2-EYFP and ChR2-mCherry in SAL and ANI injected c-fos-

tTA mice, the number of EYFP/mCherry immunoreactive neurons were counted from 4-5 coronal slices

per mouse (n = 3-5 for SAL and AN[ groups, respectively). Coronal slices centered on coordinates
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covered by the optic fiber implants were taken from dorsal hippocampus (-1.82 mm to -2.30 mm AP).

Fluorescence images were acquired using a Zeiss Axiolmager.ZI/ApoTome microscope (20 X

magnification). Automated cell counting analysis was performed using ImageJ software. The cell body

layer of DG granule cells (upper blade), CA3 cells or sub-regions of the amygdala (BLA vs. CeA) were

outlined as a region of interest (ROI) according to the DAPI signal in each slice. The number of EYFP-

/mCherry-positive cells per section was calculated by thresholding EYFP/mCherry immunoreactivity

above background levels. For statistical analysis, we used a one-way ANOVA followed by Tukey's

multiple comparisons (a = 0.05). Data were analyzed using Microsoft Excel with the Statplus plug-in. All

imaging and analyses were performed blind to the experimental conditions. Percentage engram cell

reactivation data plotted in Fig. 3E calculated as ((cFos+, ChR2+) / (Total ChR2+)) X 100. Total engram

cell reactivation was calculated as ((cFos+, ChR2*) / (Total DAPIE) X 100. DAPI+ counts were

approximation of 5 dorsal DG slices using ImageJ.

Stereotactic injection and optic fiber implant

DG injections of AAV9-TRE-ChR2-EYFP were targeted bilaterally to (-1.9 mm AP, +/- 1.3 mm ML, -2.0

mm DV). DG implants were placed at (-1.9 mm AP, +/- 1.3 mm ML, -1.85 mm DV). CA3 injections of

AAV 9-TRE-mCherry were targeted bilaterally to (-2.0 mm AP, +/- 2.0 mm ML, -1.9 mm DV). BLA

injections of AAV 9-TRE-mCherry were targeted bilaterally to (-1.4 mm AP, +/- 3.1 mm ML, -4.6 mm

DV). All virus volumes were 300 nl. As criteria we only included mice with ChR2-EYFP expression

limited to the targeted region.

Amygdala activation in amnesia - (Figure 4A-C)

Four groups of c-fos-tTA mic e injected with AAV 9-TRE-ChR2-EYFP in the DG along with optic fiber

implants were used for this experiment. Memory engram cells for contextual fear conditioning (CFC)

were labeled in the DG of all groups. A day after training, two groups of mice (Saline Natural Cues,

Anisomycin Natural Cues) were returned to the conditioning context (Context B) for a natural memory
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recall test followed by timed perfusions; performed to identify recall-induced cFos+ cells. The remaining

groups (Saline ChR2, Anisomycin ChR2) were placed in Context A for DG engram activation followed

by timed perfusions. By this protocol, we quantified cFos' neurons in the amygdala (CeA, BLA)

following either natural recall or DG engram activation.

Cellular connectivity in amnesia - (Figure 4D-K)

In support of the physiological connectivity data in Figure lG, four groups of c-fos-tTA mice injected

with AAV 9-TRE-ChR2-EYFP in the DG and AAV9-TRE-mCherry in CA3 and BLA along with optic

fiber implants were prepared for this experiment. Memory engram cells for CFC were labeled in DG,

CA3 and BLA of all groups. A day after training, two groups of mice (Saline Natural Cues, Anisomycin

Natural Cues) were returned to the conditioning context (Context B) for a natural memory recall test

followed by timed perfusions. The remaining groups (Saline ChR2, Anisomycin ChR2) were placed in

Context A for DG engram activation followed by timed perfusions. This procedure allowed us to quantify

the percentage of engram neurons in CA3 and BLA that were re-activated (cFos+) by either natural recall

or DG engram activation.
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Figure 1: Synaptic Plasticity and Connectivity of Engram Cells.

(A) Mice taken Off DOX 24 hrs before contextual fear conditioning (CFC) and dispatched 24 hrs post

training. Saline (SAL) or anisomycin (ANI) administered immediately after training.

(B) AAV8-CaMKIIa-ChR2-EYFP and AAV9-TRE-mCherry viruses injected into the entorhinal cortex

and dentate gyrus, respectively, of c-fos-tTA mice.

(C) Paired recordings of engram (red) and non-engram (grey) DG cells during optogenetic stimulation of

ChR2+ perforant path (PP) axons.

(D) Representative image of a pair of recorded biocytin-labeled engram (mCherry*) and non-engram

(mCherry-) DG cells. Note ChR2+ PP axons in green.

(E) (Top) Example traces of AMPA and NMDA receptor-dependent postsynaptic currents in mCherry+

and mCherry- cells, evoked by light activation of ChR2+ PP axons. (Bottom) EPSC amplitudes and

AMPA/NMDA current ratios of mCherry+ and mCherry~ cells of the two groups are displayed as means
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(columns) and individual paired data points (grey lines). Paired t-test * p < 0.05, ** p < 0.001. SAL group

compared with the ANI group, unpaired t-test * p <0.05.

(F) (Left) Representative confocal images of biocytin filled dendritic fragments derived from SAL and

ANI groups for ChR2 and ChR2~ cells (arrow heads: dendritic spines). (Right) Average dendritic spine

density showing an increase occurring exclusively in ChR2 t fragments. Data are represented as mean t

SEM. Unpaired t tests ** p < 0.01, *** p < 0.001.

(G) Engram Connectivity. (Top left) AAV9-TRE-ChR2-EYFP and AAV 9-TRE-mCherry viruses, injected

into the DG and CA3, respectively, of c-fos-tTA mice. (Bottom left) Example of mCherry+ (1) and

mCherry- (2) biocytin-filled CA3 pyramidal cells. Note ChR.2' mossy fibers (MF) in green. (Top Right)

mCherry' cell but not mCherry~ cell displayed EPSPs in response to optogenetic stimulation of MF.

(Bottom Right) Probability of connection of DG ChR2+ engram axons and CA3 mCherry' and mCherry-

cells. Error bars are approximated by binomial distribution. Fisher's exact test: * p < 0.05.
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Figure 2: Optogenetic Stimulation of DG Engram Cells Restores Fear Memory in Retrograde

Amnesia.

(A) Behavioral schedule. Beige shading signifies that subjects are On DOX, precluding ChR2 expression.

Mice taken off DOX 24-30 hrs before CFC in Context B. SAL or ANI was injected into the mice after

training.

(B) Habituation to Context A with Light-Off and Light-On epochs. Blue light stimulation of the DG did

not cause freezing behavior in naYve, unlabelled mice of the pre-SAL (n = 10) or pre-ANI (n = 8) groups.
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(C) Memory recall in Context B 1 day post-training (Test 1). ANI group displayed significantly less

freezing than SAL group (p < 0.005). No-shock groups with SAL (n = 4) or ANI (n = 4) did not display

freezing upon re-exposure to Context B.

(D) Memory recall in Context A 2 days post-training (Engram Activation) with Light-Off and Light-On

epochs. Freezing for the two Light-Off and Light-On epochs are further averaged in the inset. Significant

freezing due to light stimulation was observed in both the SAL (p < 0.01) and ANI groups (p < 0.05).

Freezing levels did not differ between groups. SAL and ANI-treated no-shock control groups did not

freeze in response to light stimulation of context B engram cells.

(E) Memory recall in Context B 3 days post-training (Test 2). ANI group displayed significantly less

freezing than SAL group (p < 0.05).

(F, G) Images showing DG sections from c-fos-tTA mice 24 hrs after SAL or ANI treatment.

(H) ChR2-EYFP cell counts from DG sections of SAL (n = 3) and ANI (n = 4) groups.

(I) In vivo anesthetized recordings (see Materials and Methods).

(J, K) Light pulses induced spikes in DG neurons recorded from head-fixed anesthetized c-fos-tTA mice

24 hrs after treatment with either SAL or ANI.

Data presented as mean + SEM.
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Figure 3: Recovery of Memory from Amnesia under a Variety of Conditions.

(A) DG engram activation and optogenetic place avoidance (OptoPA). During habituation neither group

displayed significant avoidance of target zone. For Natural Recall the ANI group (n = 10) displayed

significantly less freezing than SAL group (n = 12) in Context B (p < 0.005). SAL and ANI displayed

similar levels of OptoPA.

(B) CA I engram activation and CFC. I day post-CFC (Test 1) ANI group (n = 9) displayed significantly

less freezing than SAL group (n = 10) in Context B (p < 0.0 1). 2 days post-training (Engram Activation),

light-activation of CAI engrams elicited freezing in both SAL (p < 0.01) and ANI groups (p < 0.001). 3

days post-training (Test 2) ANI group froze less than SAL group in Context B (p < 0.01).

(C) Lateral amygdala (LA) engram activation and tone fear conditioning (TFC). The behavioral schedule

was identical to that in Fig. 3B, except that context tests were replaced with tone tests in Context C

(Experimental methods). (Left) example image of ChR2-mCherry labeling of LA neurons. 2% of DAPI

cells were labeled by ChR2. (Right) I day post-training (Test 1), ANI group (n = 9) displayed

significantly less freezing to tone than SAL group (n = 9) (p < 0.05). 2 days post-training (Engram

Activation), significant light-induced freezing was observed for both SAL (p < 0.005) and ANI groups (p

< 0.005). 3 days post-training (Test 2) ANI group froze less to tone than SAL group (p < 0.05).

(D) DG engram activation and CFC reconsolidation. ANI (n = 11) and SAL (n = 11) groups showed

similar levels of ChR2 labeling. Both groups showed light-induced freezing behavior I day post-training

(Engram Activation 1), pre-SAL (P < 0.001), pre-ANI (P < 0.02). 2 days post training, (Test 1) the fear

memory was reactivated by exposure to Context B, and SAL or ANI injected. 3 days post-training, (Test

2) the ANI group froze significantly less than SAL to Context B (p < 0.0 1). 4 days post-training, (Engram

Activation 2) significant light-induced freezing was observed for the SAL (p < 0.001) and ANI (p <

0.003) groups.

(E) DG Inception (Experimental methods) following contextual memory amnesia. Context-only engram

was labeled for target Context A, followed by injection of SAL (n = 11) or ANI (n = 11). Amnesia
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demonstrated in ANI group by decreased ChR2+/c-Fos+ co-labeling following Context A re-exposure I

day post labeling.

Following fear inception, neither SAL nor ANI groups displayed freezing behavior in Context B, while

both groups displayed significant freezing in Context A, with no significant difference between groups.

No-light inception SAL (n = 7) and ANI (n = 6) controls displayed no freezing to Context A or B.

Statistical comparison are performed by using unpaired t tests, *** p < 0.001.

Data presented as mean SEM.
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Figure 4: Amygdala Activation and Functional Connectivity in Amnesia by Light Activation of DG

Engram

(A) Schedule for cell counting experiments. Mice were either given a natural recall session in Context B,

or a light-induced recall session in Context A. Mice were perfused I hr post recall.

(B) Representative image showing c-Fos expression in the basolateral amygdala (BLA) and central

amygdala (CeA).

(C) c-Fos' cell counts in the BLA and CeA of mice following natural or light-induced recall (n = 3-4 per

group).

(D) Schedule for cell counting experiments. c-fos-tTA mice with AAV9-TRE-ChR2-EYFP injected into

the DG and AAV 9-TRE-mCherry injected into both CA3 and BLA were fear conditioned off DOX, and 1

day later were given a natural recall session in Context B, or a light-induced recall session in Context A.

Mice were perfused I hr post recall.

(E - G) Representative images showing mCherry engram cell labeling, c-Fos expression, mCherry+/c-

Fos+ overlap in CA3.

(H - J) Representative images showing mCherry engram cell labeling, c-Fos expression, mCherry/c-Fos

overlap in BLA.

(K) c-Fos*/mCherry+ overlap cell counts in CA3 and BLA of mice following natural or light-induced

recall (n = 3 - 4 per group). Chance levels were estimated at 0.76 (CA3) and 0.42 (BLA). Data are

presented as mean : SEM. Statistical comparison are performed by using unpaired t tests, * p < 0.05, ** p

< 0.01.
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Figure Si: Labeling Dentate Gyrus Engram Cells with ChR2.

(A) Adeno-associated virus carrying ChR2 gene under the control of a TRE promoter (AAV9-TRE-ChR2-

EYFP) was stereotactically injected in the dentate gyrus (DG) of c-fos-tTA transgenic mice. Following

virus injections, bilateral optic fibers were implanted into the DG.

(B) When the c-fos promoter is active, tTA is expressed in cells. tTA protein binds to the TRE promoter,

resulting in the expression of ChR2-EYFP. DOX prevents binding of tTA to the TRE promoter,

restricting expression of ChR2 to defined temporal windows.

(C) Naive, unlabeled mice were habituated to the patch cord and laser in Context A while On DOX. Mice

were taken Off DOX 24-30 hours prior to CFC in Context B. Mice were placed back On DOX

immediately after training. DG engrams were evoked by blue laser stimulation of the DG in Context A, at

least 24 hours after training.

(D) Representative image showing a DG section from a c-fos-tTA mouse injected with AAV9-TRE-

ChR2-EYFP that was kept On DOX during training. No significant expression of ChR2-EYFP was

observed, demonstrating DOX control over the labeling method.

(E) Representative image showing a DG section from a c-fos-tTA mouse injected with AAV9-TRE-

ChR2-EYFP, Off DOX from 24 hours before training. Sparse ChR2-EYFP expression occurs across the

DG.
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(F) Representative image of a ChR2-EYFP labeled DG neuron injected with biocytin during patch clamp

recording.

(G) Blue light stimulation (20 pulses, 20 Hz, 15 ms each) of ChR2-EYFP labeled DG neuron resulted in

spikes.
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Figure S2: Analysis of Spontaneous EPSCs.

(A) Example of spontaneous EPSC recordings from mCherry- and mCherry+ DG granule cells collected

from cfos-tTA mice injected with AAV9-TRE-mCherry in DG (same cells of Fig. lA-E). Mice were

injected with saline immediately after CFC and sacrificed 24 hr later for ex vivo recording. The mCherryt

group displays higher EPSC frequency (two tailed paired t-test, P < 0.05) and higher EPSC amplitude

than the mCherry' group (Kolmogorov-Smirnov test, P < 0.005).

(B) Example of spontaneous EPSC recordings from mCherry~ and mCherry+ DG granule cells collected

from cFos-tTa mice injected either with AAV9-TRE-mCherry in the DG. Mice were injected with

anisomycin immediately after CFC and sacrificed 24 hr later for ex vivo recording. The mCherry* group

displays higher EPSC frequency than the mCherry~ group (two tailed paired t-test, P < 0.05) but the

distributions of EPSC amplitudes are similar (Kolmogorov-Smirnov test, P = 0.37).
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The mCherry* cells of the saline group display higher EPSC amplitudes than the mCherry+ cells of the

anisomycin group (Kolmogorov-Smirnov test, P < 0.001), whereas the mCherry- cells of the saline and

the anisomycin group display similar EPSC amplitudes (Kolmogorov-Smirnov test, P = 0.12).
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Figure S3: Confocal images of dendritic spines.

Two series (top and bottom) of confocal images of dendritic spines form ChR2+ and ChR2 DG granule

cell dendrites from the Saline (SAL) or the Anisomycin (ANI) group. Scale bar is the same for all the

images.
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Figure S4: Physiological Profiling of DG Engram Cells.

(A) Schematic of ex vivo physiological experiments. c-fos-tTA mice with AAV9-TRE-ChR2-EYFP

injected into the DG were taken Off DOX 24 hrs before CFC, administered either SAL or ANI, and

dispatched 24 hrs post-training,

(B) Representative images of ChR2+ and ChR2~ DG cells taken from the SAL group.

(C-I) Intrinsic physiological properties of engram (ChR2+) and non-engram (ChR2) cells of the SAL

(green), and ANI (purple) groups.
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(C) Photocurrent measurements (pA) for ChR2' and ChR2~ cells. Traces are displayed above bar charts.

Blue light evoked comparable current influx in ChR2' cells but not in ChR2- cells of all three groups. Cell

numbers in parentheses.

(D) Resting membrane potential measurements (Vm) for ChR2+ and ChR2^ cells across groups

(E) Action potential threshold (APth) for ChR2+ and ChR2~ cells across groups.

(F) Input resistance (Ri) for ChR2+ and ChR2~ cells across groups.

(G) Membrane capacitance (C) for ChR2' and ChR2~ cells across groups.

(H, I) Examples of relationship between current injection and firing rate for the SAL (H) and ANI (I)

groups, for engram ChR2+ and non-engram ChR2^ cells. Data are approximated by linear fit (gray formula

in H) and the average value of the slope (b) is displayed in the bar charts. The ChR2+ cells from the SAL

group (H) display an excitability level similar to ChR2~ cells. The ChR2+ cells from the ANI group (I)

display a significant 31% increase in excitability compared to ChR2 cells.

Data are represented as mean t SEM. Statistical comparison are performed by using unpaired t tests, * p

< 0.05, ** p < 0.05, and *** p < 0.001.
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Figure S5: ChR2 and ANI have no Effect on the Intrinsic Properties of DG Granule Cells.

(A-B) The DG of c-fos-tTA transgenic mice were infected using an AAV8-CaMKIIa-ChR2-EYFP virus.

B, from the dotted-line box in A).

(C-D) Optogenetic stimulation of DG cells during voltage clamp recording revealed a robust photocurrent

comparable to what was previously shown in Fig. S4C.

(E) ChR2 expression had no effect on the intrinsic properties (resting membrane potential Vm, action

potential threshold APth, input resistance Ri and capacitance C) of DG cells (ChR2+ cells n = 11, ChR2

cells n = 16).
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(F) Direct bath application of 40 ptM ANI had no effect on the intrinsic properties of DG cells (control n =

11, ANI n = 14).

(G) Voltage clamp recording of a DG cell combined with optogenetic stimulation of ChR2 axons of the

perforant path.

(H) Examples of excitatory postsynaptic currents (EPSCs) recorded in DG cells responding to optogenetic

stimulation of the ChR2+ axons of the perforant path in control conditions and following ANI bath

application. Note the mild difference.

(I) Average EPSCs of experiments described in panel G-H (n = 6, paired t test ** p < 0.0 1).
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Figure S6: Anisomycin Injection Outside of the Memory Consolidation Window does not Affect

Synaptic Strength, AMPA/NMDA Receptor Current Ratio, or Dendritic Spine Density.

(A) cfos-tTA mice injected in the DG either with AAV9-TRE-mCherry (for synaptic analysis) or AAV 9-

TRE-ChR2-EYFP (for spine density analysis) were taken off DOX 24 hr before exposure to contextual

fear conditioning, injected with anisomycin 24 hr later and then sacrificed 24 hr after injection for ex vivo

recording.

(B) Analysis of synaptic strength. The mCherry' group displays higher synaptic strength than the

mCherry- group (two tailed paired t-test, P < 0.05).

(C) Analysis of AMPA/NMDA receptors ratio. The mCherry+ group displays higher AMPA/NMDA

receptors ratio than the mCherry~ group (two tailed paired t-test, P < 0.05).

(D) Dendritic spine density analysis of ChR2+ and ChR2- DG granule cells. The ChR2* group displays

higher spine density than the ChR2~ group (two tailed unpaired t-test, P < 0.001).
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Figure S7: Effect of Exposure to Novel Context on Synaptic Strength, AMPA/NMDA Receptors

Current Ratio, and Dendritic Spine Density.

(A) cfos-tTA mice injected in DG either with AAV9-TRE-mCherry (for synaptic analysis) or AAV9-TRE-

ChR2-EYFP (for spine density analysis) were taken off DOX 24 hr before a 5 min. exposure to a novel

context and then sacrificed 24 hr later for ex vivo recording.

(B) Analysis of synaptic strength. The mCherry* group displays higher synaptic strength than the

mCherry group (two tailed paired t-test, P < 0.05).

(C) Analysis of AMPA/NMDA receptors ratio. The mCherry+ group displays higher AMPA/NMDA

receptors ratio than the mCherry- group (two tailed paired t-test, P < 0.05).

(D) Dendritic spine density analysis of ChR2+ and ChR2~ DG granule cells. The ChR2+ group displays

higher spine density than the ChR2 group (two tailed unpaired t-test, P < 0.05).
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Figure S8: Response to Shock During CFC.

For the DG consolidation experiment (Fig. 2), naYve implanted c-fos-tTA mice were subjected to a CFC

protocol while Off DOX, where three 0.75 mA shocks (unconditioned stimulus US 1-3) of 2 s duration

were delivered at 150 s, 210 s, and 270 s. No difference in unconditioned freezing behavior was observed

between the two groups. Data presented as mean SEM.
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Figure S9: Optogenetic Stimulation of DG Engram Cells Retrieves fear memory in CHM-Induced

Retrograde Amnesia.

(A) Schematic of the behavioral schedule used for experiments.

(B) Long-term memory recall in Context B, 1 day post-training. CHM group (N = 9) displayed

significantly less freezing behavior to natural contextual cues than the SAL group (N = 9), (p < 0.04).

(C) Light-induced memory recall in Context A, 2 days post-training with Light-Off and Light-On epochs.

Freezing levels for the two Light-Off and Light-On epochs are further averaged in the inset. Significant

freezing due to light stimulation was observed in both the SAL (p < 0.001) and CHM groups (p < 0.01).

Light-induced freezing levels did not differ between groups. Data presented as mean SEM.
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Figure Sf0: Post-Training Anisomycin Impairs DG Protein Synthesis.

(A) Schematic of the behavioral schedule used for experiments. Mice were pefused I hour post-training.

(B) Representative image of Arc staining in the DG of mice treated with saline.

(C) Representative image of Arc staining in the DG of mice treated with anisomycin.

(D) Average percentages of Arc+ DG cells of SAL and ANI groups.

Data presented as mean SEM, * p < 0.05.
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Figure S11: Anisomycin Delivery 24 hours Post-Training did not Induce Retrograde Amnesia.

(A) Schematic of the behavioral schedule used for experiments.

(B) Long-term memory recall in Context B, 1 day post-drug treatment. ANI group (N = 11) displayed

equivalent freezing behavior to SAL group (N = 11).
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Figure S12: Optogenetic Stimulation of Engram Cells Does Not Retrieve Fear Memory following

Anterograde Amnesia due to Impaired Encoding.

(A) An AAV virus carrying the inhibitory DREADDs hM4Di receptor under the control of a hSynI

promoter (AAV9-hSynl-hM4Di-mCitrine) was stereotactically injected in CAl of c-fos-tTA transgenic

mice, with AAV9-TRE-ChR2-mCherry injected into the DG. Following virus injections, bilateral optic

fibers were implanted into DG.

(B) Schematic of the behavioral schedule used for memory encoding experiment. Depictions of DG cell

populations. Mice were taken off 24-30 hrs before contextual fear conditioning in Context B and SAL or

CNO (5 mg kg') 1 hr before training.

(C-E) Representative images showing a hippocampal section from a c-fos-tTA mouse expressing hM4Di-

mCitrine in CAI, and ChR2-mCherry in DG.

(F) CNO administration triggered hM4Di receptors to inhibit CAl neuronal firing.
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(G) ChR2' cell counts from DG sections of SAL (n = 4) and CNO (n = 4) treated c-fos-tTA mice. CNO

treatment did not impair ChR2 labeling of DG engram cells.

(H) Long-term memory recall in Context B, I day post-training. The CNO group (N = 13) showed

significantly less freezing behavior than the SAL group (N = 11), (p < 0.00 1).

(1) Light-induced memory recall in Context A, 2 days post-training with Light-Off and Light-On epochs.

Freezing levels for the two Light-Off and Light-On epochs are further averaged in the inset. Significant

freezing due to light stimulation was observed in both the SAL (p < 0.000 1) and CNO groups (p < 0.05).

Light-induced freezing was significantly lower in the CNO group (18.2% 1.3% versus 9.3% 1.6%

freezing; p < 0.0005).

(J) Long-term memory recall in Context B, 3 days post-training. The CNO group showed significantly

less freezing behavior than the SAL group (20.7% 4.7% versus 8.9% 1.7% freezing; p < 0.05).

Data presented as mean SEM.
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Figure S13: Optogenetic Stimulation of DG Engram Cells Retrieves Fear Memory 8 Days After

Impaired Consolidation

(A) Schematic of the behavioral schedule used for experiments.

(B) Long-term memory recall in Context B, 1 day post-training. ANI group (N = 8) displayed less

freezing behavior to natural contextual cues than the SAL group (N = 7, p = 0.015).

(C) Light-induced memory recall in Context A, 8 days post-training with Light-Off and Light-On epochs.

Freezing levels for the two Light-Off and Light-On epochs are further averaged in the inset. Significant

freezing due to light stimulation was observed in both the SAL (p < 0.005) and ANI groups (p < 0.005).

Light-induced freezing levels did not differ between groups.

Data presented as mean SEM.
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Chapter 3. Restoring memory in mouse models of early Alzheimer's disease

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by progressive memory

decline and subsequent loss of broader cognitive functions (Selkoe, 200 1). Memory decline in early stages

of Alzheimer's is mostly limited to episodic memory, for which the hippocampus (HPC) plays a crucial

role (Selkoe, 2002). However, it has been uncertain whether the observed amnesia in early stages of

Alzheimer's is due to disrupted encoding and consolidation of episodic information, or an impairment in

the retrieval of stored memory information. Here we show that in transgenic mouse models of early

Alzheimer's, direct optogenetic activation of hippocampal memory engram cells results in memory

retrieval despite the fact that these mice are amnesic in long-term memory tests when natural recall cues

are utilized, revealing a retrieval, rather than a storage impairment. Prior to amyloid plaque deposition,

the amnesia in these mice is age-dependent (Hsia et al., 1999; Jacobsen et al., 2006; Mucke et al., 2000),

which correlates with a progressive reduction of spine density of hippocampal dentate gyrus (DG) engram

cells. We show that optogenetic induction of long-term potentiation (LTP) at perforant path (PP) synapses

of DG engram cells restores both spine density and long-term memory. We also demonstrate that an

ablation of DG engram cells containing restored spine density prevents the rescue of long-term memory.

Thus, selective rescue of spine density in engram cells may lead to an effective strategy for treating

memory loss in early stages of Alzheimer's disease.

3.1 Brief introduction

Alzheimer's disease (AD) is the most common cause of brain degeneration, and typically begins

with impairments in cognitive functions (Selkoe, 2001). Most research has focused on understanding the

relationship between memory impairments and the formation of two pathological hallmarks seen in late

stages of AD: extracellular amyloid plaques and intracellular aggregates of tau protein (Selkoe, 2001,

2002). Early phases of AD have received relatively less attention, although synaptic phenotypes have

been identified as major correlates of cognitive impairments in both human patients and mouse models
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(Jacobsen et al., 2006; Terry et al., 1991). Several studies have suggested that the episodic memory deficit

of AD patients is due to ineffective encoding of new information (Granholm and Butters, 1988; Hodges et

al., 1990; Weintraub et al., 2012). However, since cognitive measures used in these studies rely on

memory retrieval, it is not possible to rigorously discriminate between impairments in information storage

and disrupted retrieval of stored information. This issue has an important clinical implication: if the

amnesia is due to retrieval impairments, memory could be restored by technologies involving targeted

brain stimulation.

3.2 Experimental results

A mouse model of AD (hereafter referred to as "AD mice") (Jankowsky et al., 2004)

overexpresses the delta exon 9 variant of presinilin-I (PSI), in combination with the Swedish mutation of

amyloid precursor protein (APP). Consistent with previous reports (Hsia et al., 1999; Jacobsen et al.,

2006; Mucke et al., 2000), 9-month old AD mice showed severe plaque deposition across multiple brains

regions (Fig. la), specifically in the DG (Fig. I b) and medial entorhinal cortex (EC) (Fig. Ic); in contrast,

7-month old AD mice lacked amyloid plaques (Fig. Id and Extended Data Fig. la-d). Focusing on these

two age groups of AD mice, we quantified short-term (I hr; STM) and long-term (24 hr; LTM) memory

formation using contextual fear conditioning (CFC) (Fig. I e). Nine-month old AD mice were impaired in

both STM and LTM, which suggested a deficit in memory encoding (Fig. Ik-o). In contrast, 7-month old

AD mice showed normal levels of training-induced freezing (Fig. lf) and normal STM (Fig. Ig), but were

impaired in LTM (Fig. Ih). Neither control nor 7-month old AD mice displayed freezing behavior in a

neutral context (Fig. Ii). In the DG of 7-month old AD mice, the levels of cells which are immediate early

gene cFos-positive following CFC training were normal, but were lower compared to control mice

following LTM tests (Fig. lj). The density of DG granule cells and motor behaviors were normal in these

mice (Extended Data Fig. le-k). Thus, these behavioral- and cellular-level observations confirmed that 7-

month old AD mice serve as a mouse model of early AD regarding memory impairments.
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Recently, molecular, genetic and optogenetic methods to identify neurons that hold traces, or

engrams, of specific memories have been established(Liu et al., 2012; Ramirez et al., 2013). Using this

technology, several groups have demonstrated that DG neurons activated during CFC learning are both

sufficient (Liu et al., 2012; Ramirez et al., 2013; Redondo et al., 2014; Ryan et al., 2015) and necessary

(Denny et al., 2014) for subsequent memory retrieval. In addition, our recent study found that engram

cells under protein synthesis inhibitor-induced amnesia were capable of driving acute memory recall if

they are directly activated optogenetically (Ryan et al., 2015). In the present study, we have applied this

memory engram cell identification and manipulation technology to 7-month old AD mice to determine

whether memories could be retrieved in early stages of the disease. Because it is known that the EC/HPC

network is among the earliest to show altered synaptic/dendritic properties and these alterations have been

suggested as underlying the memory deficits in early AD (Harris et al., 2010; Hyman et al., 1986), we

focused on labeling the DG component of CFC memory engram cells of 7-month old AD mice using a

double adeno-associated virus system (Fig. lp-q and see Experimental methods). While on a doxycycline

(DOX) diet, DG neurons completely lacked ChR2-EYFP labeling, one day off DOX was sufficient to

permit robust ChR2-EYFP expression in control mice (Fig. Ir-s and Extended Data Fig. 2a-c), as well as

in 7-month old AD mice (Fig. It-u).

As expected, these engram-labeled early AD mice were amnesic a day after CFC training (Fig.

I v). But, remarkably, these mice froze on the next day in a distinct context (Context B) as robustly as

equivalently treated control mice in response to blue light stimulation of the engram cells (Fig. 1w). This

light-specific freezing was not observed using on DOX mice (Extended Data Fig. 2d-f). A natural recall

test conducted on the third day in the conditioning context (Context A) revealed that the observed

optogenetic engram reactivation did not restore memory recall by natural cues in early AD mice (Fig. lx).

This was the case even after multiple rounds of light activation of the engram cells (Extended Data Fig.

3). We replicated the successful optogenetic rescue of memory recall in two other models of early AD: a

triple transgenic line obtained by mating c-fos-tTA mice with double transgenic APP/PSI mice (Extended

Data Fig. 4a-g) and a widely used triple transgenic AD model (Oddo et al., 2003) (PSI/APP/tau,
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Extended Data Fig. 4h-m). These data show that DG engram cells in 7-month old mouse models of early

AD are sufficient to induce memory recall upon optogenetic reactivation, which indicates a deficit of

memory retrievability during early AD-related memory loss.

Reduced dendritic spines have been implicated in memory impairments of AD (Jacobsen et al.,

2006). In addition, our recent study of protein synthesis inhibitor-induced amnesia found reduced engram-

cell specific dendritic spine density (Ryan et al., 2015). We detected an age-dependent (Extended Data

Fig. 5a) decrease in dendritic spine density of DG engram cells in early AD mice (Fig. 2a-c), showing that

long-term memory impairments of early AD correlate with dendritic spine deficits of DG engram cells

(Extended Data Fig. 5b). The inability to generate newborn neurons in the DG could play a role in the

development of AD-specific cognitive deficits (Rodriguez et al., 2008). However, early AD mice showed

similar levels of neurogenesis in DG compared to control mice, which were quantified using doublecortin

staining (DCX, Extended Data Fig. 1l-q). We recently proposed that the persistent cellular connectivity

between multiple engram cell ensembles is a fundamental mechanism of memory information retention

(Ryan et al., 2015). We labeled putative CFC memory engram cells in both medial EC (MEC) and lateral

EC (LEC) with oChIEF (Lin et al., 2009) (a variant of ChR2) and simultaneously labeled CFC memory

engram cells in the DG with EYFP (Fig. 2d). With this procedure, perforant path terminals are also

labeled with oChIEF (Fig. 2e-f). One day after footshocks, we optogenetically activated these terminals

and quantified the overlap between putative DG engram cells (i.e. EYFP+, green) and DG cells in which

the endogenous cFos (red) had been activated by the optogenetic activation of oChIEF+ perforant paths.

Both control and early AD mice showed above-chance and indistinguishable levels of cFos+/EYFP'

overlap, indicating the preferential functional connectivity between engram cells is maintained in the

early AD mice (Fig. 2g-i).

We then hypothesized that the reversal of dendritic spine deficits in DG engram cells of early AD

mice may rescue long-term memory. To investigate this possibility, we took advantage of previous

findings that spine formation can be induced rapidly by long-term potentiation (LTP) (Engert and

Bonhoeffer, 1999; Maletic-Savatic et al., 1999) and that LTP can be induced in vivo using light activation
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of oChIEF (Nabavi et al., 2014). We validated learning-dependent labeling, with oChIEF, of neurons in

MEC (Fig. 3a-c and Extended Data Fig. 6a-c) and LEC (Fig. 3d) as well as perforant path (PP) terminals

in the DG (Fig. 3e-f). In vivo extracellular recording upon light stimulation of oChIEF+ EC axonal

terminals in DG showed a reliable spiking response of DG cells in anesthetized control mice (Fig. 3g).

Further, in HPC slices from control mice we successfully induced LTP in DG cells using a previously

established optical LTP protocol (Nabavi et al., 2014) (Fig. 3h-j). These biocytin-filled DG cells revealed

an increase in spine density following in vitro optical LTP (Extended Data Fig. 6d).

In early AD mice, in vivo application of the engram-specific optical LTP protocol restored spine

density of DG engram cells to control levels (AD+100 Hz, Fig. 3k-I). Furthermore, this spine restoration

in early AD mice correlated with amelioration of long-term memory impairments observed during recall

by natural cues (Fig. 3m), an effect which persisted for at least 6 days after training (AD

rescue+DTR+saline group, Fig. 3p). The LTP-induced spine restoration and behavioral deficit rescue

were protein-synthesis dependent (Extended Data Fig. 7). The rescued memory was context-specific

(Extended Data Fig. 8a). In addition, long-term memory recall of age-matched control mice was

unaffected by this optical LTP protocol (Extended Data Fig. 8b). In contrast, applying the optical LTP

protocol to a large portion of excitatory PP terminals in the DG (i.e., with no restriction to the PP

terminals derived from EC engram cells) did not result in long-term memory in early AD mice (Extended

Data Fig. 9). To confirm the correlation between restoration of spine density of DG engram cells and

amelioration of long-term memory impairments, which were both induced by the optical LTP protocol,

we compared the overlap of natural recall cue-induced cFos+ cells and CFC training-labeled DG engram

cells after an application of the engram-specific LTP protocol to early AD mice (Fig. 3n). Early AD mice

that did not receive the optical LTP protocol showed low levels of cFost /EYFP-' overlap compared to

control mice upon natural recall cue delivery. In contrast, early AD mice that went through the optical

LTP protocol showed cFos+/EYFP+ overlap similar to that of control mice (Fig. 3n). Thus, these data

suggest that spine density restoration in DG engram cells contributes to the rescue of long-term memory

in early AD mice.
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Because of the highly redundant connectivity between EC and DG (Tamamaki and Nojyo, 1993),

it is possible that the extensive optical LTP protocol also augmented spine density in some non-engram

DG cells. To establish a link between the spine rescue in DG engram cells and the behavioral rescue of

early AD mice, we developed an engram-specific ablation (Zhan et al., 2013) virus. We confirmed that

this diphtheria toxin receptor (DTR)-mediated method efficiently ablated DG engram cells following

diphtheria toxin (DT) administration (Fig. 3o), while leaving the nearby DG mossy cells intact (Extended

Data Fig. 10). By simultaneously labeling axonal terminals of PP with oChIEF and DG engram cells with

DTR, we examined the effect of DG engram cell ablation following optical LTP-induced behavioral

rescue (Fig. 3p). Within-animal comparisons (Test 1 vs. Test 2) showed a decrease in freezing behavior of

LTP-rescued AD mice in which DG engram cells were ablated. These data strengthen the link between

DG engram cells with restored spine density and the long-term behavioral rescue in early AD mice.

To examine if the optical LTP-induced behavioral rescue could be applied to DG engram cells

from other learning experiences, we labeled memory engrams for inhibitory avoidance or novel object

location in early AD mice (Fig. 4a). Early AD mice showed memory impairments in inhibitory avoidance

(IA) memory and novel object location (NOL) spatial memory (Fig. 4b-c). Optical LTP-induced spine

rescue at the PP-DG engram synapses was sufficient to reverse long-term memory impairments of early

AD mice in both behavioral paradigms, thus demonstrating the versatility of our engram-based

intervention.

3.3 Discussion

Prior studies that examined early stages of AD found correlations between memory impairments

and synaptic pathology at the EC PP input into the DG (Hsia et al., 1999; Jacobsen et al., 2006; Terry et

al., 1991). It has been proposed that these early cognitive deficits are a failure of memory encoding based

on behavioral observations in human patients (Hodges et al., 1990; Weintraub et al., 2012). Here,

however, we have shown that optogenetic activation of hippocampal cells active during learning elicits
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memory recall in mouse models of early AD. To our knowledge, this is the first rigorous demonstration

that memory failure in early AD models reflects an impairment in the retrieval of information. Further

support for a memory retrieval impairment in early AD comes from the fact that impairments are in long-

term memory (at least one day long), but not in short-term memory (-1 hr after training), which is

consistent with a retrieval deficit. The retrieval deficit in early AD models is similar to memory deficits

observed in amnesia induced by impairing memory consolidation via protein synthesis inhibitors (Ryan et

al., 2015). The underlying mechanism of memory failure in early AD patients may not necessarily parallel

the molecular and circuit impairments observed in mouse models of early AD. For instance, some early

AD patients can exhibit amyloid plaque deposition years before the onset of cognitive decline (Weintraub

et al., 2012). However, converging data on the underlying mechanism for genetically- and

pharmacologically-induced amnesia in animal models increase the possibility that similar memory

retrieval-based failures may also operate in an early stage of AD patients. While we have shown that

amnesia in early AD mice is a deficit of memory retrieval, it remains possible that the long-term

maintenance of memory storage may also gradually become compromised as the disease proceeds from

the early stage to more advanced stages, and eventually lost with neuronal degeneration. Further research

will investigate these possibilities.

Our conclusions apply to episodic memory, which involves processing by hippocampal and other

medial temporal lobe (MTL) structures. In the literature (Weintraub et al., 2012), it is widely recognized

that early AD patients exhibit non-episodic memory deficits as well, which would involve brain structures

other than the MTL. Additional work is required to examine mechanisms underlying cognitive

impairments in these other types of memories. Nevertheless, our findings already contribute to a better

understanding of memory retrieval deficits in several cases of early AD, and may apply to other

pathological conditions, such as Huntington's disease (Hodges et al., 1990) in which patients show

difficulty in memory recall.

Consistent with several studies highlighting the importance of dendritic spines (Jacobsen et al.,

2006; Ryan et al., 2015; Terry et al., 1991; Tonegawa et al., 2015b) in relation to memory processing, we
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observed an engram-cell specific decrease in spine density that correlated with memory deficits in early

AD. Natural rescue of memory recall in early AD mice required the DG engram cells in which synaptic

density deficits have been restored by an application of in vivo optical LTP protocols to the EC cells

activated by specific learning. In contrast, the application of optical LTP protocols to a much wider array

of excitatory EC cells projecting to the DG, which may be analogous to deep brain stimulation (DBS), did

not rescue memory in AD mice. A potential explanation for this observation is that DG granule cells

(GCs) may contribute to a variety of memories through their partially overlapping engram cell ensembles

in a competitive manner, and that activation of a large number of these ensembles simultaneously may

interfere with a selective activation of an individual ensemble. Thus, activation of a more targeted engram

cell ensemble may be a key requirement for effective retrieval of the specific memory, which is difficult

to achieve with the current DBS strategy.

Genetic manipulations of specific neuronal populations can have profound effects on cognitive

impairments of AD (Cisse et al., 2011). We propose that strategies applied to engram circuits can support

long-lasting improvements in cognitive functions, which may provide insights and therapeutic value for

future approaches that rescue memory in AD patients.

3.4 Experimental methods

Subjects

The APP/PS 1 (Jankowsky et al., 2004) double transgenic AD mice, originally described as Line 85, were

obtained from Jackson Laboratory (stock number 004462). Under the control of mouse prion promoter

elements, these mice express a chimeric mouse/human APP transgene containing Swedish mutations

(K595N/M596L) as well as a mutant human PSI transgene (delta exon 9 variant). To label memory

engram cells in APP/PSI mice, we generated a triple transgenic mouse line by mating c-fos-tTA (Liu et

al., 2012; Reijmers et al., 2007) transgenic mice with APP/PS 1 double transgenic mice. The PSl/APP/tau

(Oddo et al., 2003) triple transgenic AD mice were obtained from Jackson Laboratory (stock number
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004807). These 3xTg-AD mice express a mutant human PSI transgene (M146V), a human APP

transgene containing Swedish mutations (KM670/671NL) and a human tau transgene harboring the

P301L mutation. All mouse lines were maintained as hemizygotes. Mice had access to food and water ad

libitum and were socially housed in numbers of two to five littermates until surgery. Following surgery,

mice were singly housed. For behavioral experiments, all mice were male and 7-9 months old. For

optogenetic experiments, mice had been raised on food containing 40 mg kg' DOX for at least one week

before surgery, and remained on DOX for the remainder of the experiments except for the target engram

labeling days. For in vitro electrophysiology experiments, mice were 24-28 days old at the time of

surgery. All experiments were conducted in accordance with U.S. National Institutes of Health (NIH)

guidelines and the Massachusetts Institute of Technology Department of Comparative Medicine and

Committee of Animal Care.

Viral constructs

Our previously established method (Liu et al., 2012) for labeling memory engram cells combined c-fos-

tTA transgenic mice with a doxycycline (DOX)-sensitive adeno-associated virus (AAV). However, in this

study, we modified the method using a double-virus system to label memory engram cells in the early AD

mice, which already carry two transgenes. The pAAV-c-fos-tTA plasmid was constructed by cloning a I

kb fragment from the c-fos gene (550 bp upstream of c-fos exon I through 35 bp into exon II) into an

AAV backbone using the KpnI restriction site at the 5' terminus and the Spel restriction site at the 3'

terminus. The AAV backbone contained the tTA-Advanced (Urlinger et al., 2000) sequence at the Spel

restriction site. The pAAV-TRE-ChR2-EYFP and pAAV-TRE-EYFP constructs were previously

described (Liu et al., 2012; Ramirez et al., 2013). The pAAV-TRE-oChIEF-tdTomato (Lin et al., 2009)

plasmid was constructed by replacing the ChR2-EYFP fragment from the pAAV-TRE-ChR2-EYFP

plasmid using Nhel and MfeI restriction sites. The pAAV-CaMKII-oChIEF-tdTomato plasmid was

constructed by replacing the TRE fragment from the pAAV-TRE-oChIEF-tdTomato plasmid using

BamHI and EcoRi restriction sites. The pAAV-TRE-DTR-EYFP (Zhou et al., 2013) plasmid was
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constructed by replacing the ChR2 fragment from the pAAV-TRE-ChR2-EYFP plasmid using EcoRI and

Agel restriction sites. AAV vectors were serotyped with AAV 9 coat proteins and packaged at the

University of Massachusetts Medical School Gene Therapy Center and Vector Core. Viral titers were 1.5

x 1013 genome copy (GC) ml-1 for AAV9-c-fos-tTA, AAV9-TRE-ChR2-EYFP and AAV 9-TRE-EYFP, I x

1013 GC ml-' for AAV9-TRE-oChIEF-tdTomato, 4 x 1013 GC m-1 for AAV9-CaMKII-oChIEF-tdTomato

and 2 x 1013 GC mlr for AAV 9-TRE-DTR-EYFP.

Surgery and optic fiber implants

Mice were anesthetized with isoflurane or 500 mg kg-' avertin for stereotaxic injections (Ryan et al.,

2015). Injections were targeted bilaterally to the DG (-2.0 mm AP, +/- 1.3 mm ML, -1.9 mm DV), MEC

(-4.7 mm AP, +/- 3.35 mm ML, -3.3 mm DV) and LEC (-3.4 mm AP, +/- 4.3 mm ML, -4.0 mm DV).

Injection volumes were 300 nl for DG and 400 ni for MEC and LEC. Viruses were injected at 70 nl min'

using a glass micropipette attached to a 10 ml Hamilton microsyringe. The needle was lowered to the

target site and remained for 5 min before beginning the injection. After the injection, the needle stayed for

10 min before it was withdrawn. A custom DG implant containing two optic fibers (200 mm core

diameter; Doric Lenses) was lowered above the injection site (-2.0 mm AP, +/- 1.3 mm ML, -1.7 mm

DV). The implant was secured to the skull with two jewelry screws, adhesive cement (C&B Metabond)

and dental cement. An opaque cap derived from the top part of an Eppendorf tube protected the implant.

Mice were given 1.5 mg kg~1 metacam as analgesic and allowed to recover for 2 weeks before behavioral

experiments. All injection sites were verified histologically. As criteria, we only included mice with virus

expression limited to the targeted regions.

Systemic injection of kainic acid

For seizure experiments (Liu et al., 2012), mice were taken off DOX for 1 day and injected

intraperitoneally with 15 mg kg-' kainic acid (KA). Mice were returned to DOX food 6 hours after KA

treatment and perfused the next day for immunohistochemistry procedures.
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1mmunohistochemistry

Mice were dispatched using 750-1000 mg kg-' avertin and perfused transcardially with PBS, followed by

4% paraformaldehyde (PFA). Brains were extracted and incubated in 4% PFA at room temperature

overnight. Brains were transferred to PBS and 50 jim coronal slices were prepared using a vibratome. For

immunostaining (Ryan et al., 2015), each slice was placed in PBS + 0.2% Triton X-100 (PBS-T), with 5%

normal goat serum for I hr and then incubated with primary antibody at 40C for 24 hr. Slices then

underwent three wash steps for 10 min each in PBS-T, followed by 1 hr incubation with secondary

antibody. After three more wash steps of 10 min each in PBS-T, slices were mounted on microscope

slides. All analyses were performed blind to the experimental conditions. Antibodies used for staining

were as follows: to stain for ChR2-EYFP, DTR-EYFP or EYFP alone, slices were incubated with primary

chicken anti-GFP (1:1000, Life Technologies) and visualized using anti-chicken Alexa-488 (1:200). For

plaques, slices were stained using primary mouse anti-p-amyloid (1:1000, Sigma-Aldrich) and secondary

anti-mouse Alexa-488 (1:500). cFos was stained with rabbit anti-cFos (1:500, Calbiochem) and anti-

rabbit Alexa-568 (1:300). Adult newborn neurons were stained with guinea pig anti-DCX (1:1000,

Millipore) and anti-guinea pig Alexa-555 (1:500). Neuronal nuclei were stained with mouse anti-NeuN

(1:200, Millipore) and Alexa-488 (1:200). DG mossy cell axons were stained with mouse anti-CR

(]:1000, Swant) and Alexa-555 (1:300).

Cell counting

To characterize the expression pattern of ChR2-EYFP, DTR-EYFP, EYFP alone and oChIEF-tdTomato

in control and AD mice, the number of EYFP t /tdTomato+ neurons were counted from 4-5 coronal slices

per mouse (n = 3-5 mice per group). Coronal slices centered on coordinates covered by optic fiber

implants were taken for DG quantification and sagittal slices centered on injection coordinates were taken

for MEC and LEC. Fluorescence images were acquired using a Zeiss Axiolmager.Zl/ApoTome

microscope (20X). Automated cell counting analysis was performed using ImageJ software. The cell

body layers of DG granule cells (upper blade), MEC or LEC cells were outlined as a region of interest
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(ROI) according to the DAPI signal in each slice. The number of EYFP+/tdTomato& cells per section was

calculated by applying a threshold above background fluorescence. Data were analyzed using Microsoft

Excel with the Statplus plug-in. A similar approach was applied for quantifying AP plaques, cFos+

neurons and adult newborn (DCXl) neurons. Total engram cell reactivation calculated as ((cFos+ EYFP+)

/ (Total DAPI)) x 100. Chance overlap calculated as ((cFos+ / Total DAPI*) x (EYFP+ / Total DAPI+)) x

100. Percentage of adult newborn neurons expressing neuronal markers was calculated as ((NeuNt DCX*)

/ (Total DCX+) x 100. DAPI* counts were approximated from 5 coronal/sagittal slices using ImageJ. All

counting experiments were conducted blind to experimental group. Researcher 1 trained the animals,

prepared slices and randomized images, while Researcher 2 performed semi-automated cell counting.

Statistical comparisons were performed using unpaired t tests: *P < 0.05, **P < 0.01, ***P < 0.001.

Spine density analysis

Engram cells were labeled using c-fos-tTA-driven synthesis of ChR2-EYFP or EYFP alone. The EYFP

signal was amplified using immunohistochemistry procedures after which fluorescence z-stacks were

taken by confocal microscopy (Zeiss LSM700) using a 40X objective. Maximum intensity projections

were generated using ZEN Black software (Zeiss). Four mice per experimental group were analyzed for

dendritic spines. For each mouse, 30-40 dendritic fragments of 10 ptm length were quantified (n = 120-

160 fragments per group). To measure spine density of DG engram cells with a focus on entorhinal

cortical inputs, distal dendritic fragments in the middle-to-outer molecular layer (ML) were selected. For

CA3 and CAI engram cells, apical and basal dendritic fragments were selected. To compute spine

density, the number of spines counted on each fragment was normalized by the cylindrical approximation

of the surface of the specific fragment. Experiments were conducted blind to experimental group.

Researcher I imaged dendritic fragments and randomized images, while Researcher 2 performed manual

spine counting.
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In vitro recordings

Following isoflurane anesthesia, brains were quickly removed and used to prepare sagittal slices (300 ptm)

in an oxygenated cutting solution at 4'C with a vibratome (Ryan et al., 2015). Slices were incubated at

room temperature in oxygenated ACSF until the recordings. The cutting solution contained (in mM): 3

KCl, 0.5 CaCl 2, 10 MgC 2 , 25 NaHCO 3, 1.2 NaHP0 4, 10 D-glucose, 230 sucrose, saturated with 95%02-

5%CO2 (pH 7.3, osmolarity of 340 mOsm). The ACSF contained (in mM): 124 NaCl, 3 KCI, 2 CaCl 2, 1.3

MgSO 4 , 25 NaHCO 3, 1.2 NaH 2PO 4 , 10 D-glucose, saturated with 95%02-5% CO 2 (pH 7.3, 300 mOsm).

Individual slices were transferred to a submerged experimental chamber and perfused with oxygenated

ACSF warmed at 35'C (+/- 0.5'C) at a rate of 3 ml min' during recordings. Current or voltage clamp

recordings were performed under an IR-DIC microscope (Olympus) with a 40X water immersion

objective (0.8 NA), equipped with four automatic manipulators (Luigs & Neumann) and a CCD camera

(Hamamatsu). Borosilicate glass pipettes (Sutter Instruments) were fabricated with resistances of 8-10

ME. The intracellular solution (in mM) for current clamp recordings was: 110 K-gluconate, 10 KCl, 10

HEPES, 4 ATP, 0.3 GTP, 10 phosphocreatine, 0.5% biocytin (pH 7.25, 290 mOsm). Recordings used two

dual channel amplifiers (Molecular Devices), a 2 kHz filter, 20 kHz digitization and an ADC/DAC data

acquisition unit (Instrutech) running on custom software in Igor Pro (Wavemetrics). Data acquisition was

suspended whenever the resting membrane potential was depolarized above -50 mV or the access

resistance (RA) exceeded 20 MQ. Optogenetic stimulation was achieved using a 460 nm LED light

source (Lumen Dynamics) driven by TTL input with a delay onset of 25 is (subtracted offline for latency

estimation). Light power on the sample was 33 mW/mm 2 . To test oChIEF expression, EC cells were

stimulated with a single light pulse of 1 s, repeated 10 times every 5 s. DG granule cells were held at -70

mV. Optical LTP protocol: 5 min baseline (10 blue light pulses of 2 ms each, repeated every 30 s) was

acquired before the onset of the LTP protocol (100 blue light pulses of 2 ms each at a frequency of 100

Hz, repeated 5 times every 3 min) and the effect on synaptic amplitude was recorded for 30 min (1 pulse

of 2 ms every 30 s). Potentiation was observed in 6 out of 30 cells and results were statistically confirmed

using a two-tailed paired t test. Experiments were performed in the presence of 10 jiM gabazine (Tocris)
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and 2 pM CGP55845 (Tocris). Recorded cells were recovered for morphological identification using

streptavidin CF633 (Biotium).

In vivo recordings

Multi-unit responses to optical stimulation were recorded in the DG of mice injected with a cocktail of

AAV 9-c-fos-tTA and AAV9-TRE-oChIEF-tdTomato viruses into MEC/LEC. Mice were anesthetized (10

ml kg') using a mixture of ketamine (100 mg ml)/xylazine (20 mg ml') and placed in the stereotactic

system. Anesthesia was maintained by booster doses of ketamine (100 mg kg 1). An optrode consisting of

a tungsten electrode (0.5 Mn) attached to an optic fiber (200 jim core diameter), with the tip of the

electrode extending beyond the tip of the fiber by 300 pim, was used for simultaneous optical stimulation

and extracellular recording. The power intensity of light emitted from the optrode was calibrated to about

10 mW, consistent with the power used in behavioral assays. oChIEF+ cells were identified by delivering

20 ms light pulses (1 Hz) to the recording site every 50-100 pm. After light-responsive cells were

detected, multi-unit activity in response to trains of light pulses (200 ms) at 100 Hz was recorded. Data

acquisition used an Axon CNS Digidata 1440A system. MATLAB analysis was performed, as previously

described (Ramirez et al., 2013).

Behavior assays

Experiments were conducted during the light cycle (7 am to 7 pm). Mice were randomly assigned to

experimental groups for specific behavioral assays immediately after surgery. Mice were habituated to

investigator handling for 1-2 minutes on three consecutive days. Handling took place in the holding room

where the mice were housed. Prior to each handling session, mice were transported by wheeled cart to

and from the vicinity of the behavior rooms to habituate them to the journey. For natural memory recall

sessions, data were quantified using FreezeFrame software. Optogenetic stimulation interfered with the

motion detection, and therefore all light-induced freezing behavior was manually quantified. All behavior

experiments were analyzed blind to experimental group. Unpaired student's t-tests were used for

92



independent group comparisons, with Welch's correction when group variances were significantly

different. Given behavioral variability, initial assays were performed using a minimum of 10 mice per

group to ensure adequate power for any observed differences. Experiments that resulted in significant

behavioral effects were replicated three times in the laboratory. Following behavioral protocols, brain

sections were prepared to confirm efficient viral labeling in target areas. Animals lacking adequate

labeling were excluded prior to behavior quantification.

Contextual fear conditioning

Two distinct contexts were employed (Ryan et al., 2015). Context A were 29 x 25 x 22 cm chambers with

grid floors, opaque triangular ceilings, red lighting, and scented with 1% acetic acid. Four mice were run

simultaneously in four identical context A chambers. Context B consisted of four 30 x 25 x 33 cm

chambers with perspex floors, transparent square ceilings, bright white lighting, and scented with 0.25%

benzaldehyde. All mice were conditioned in context A (two 0.60 mA shocks of 2 s duration in 5 min),

and tested (3 min) in contexts A and B one day later. Experiments showed no generalization in the neutral

context B. All experimental groups were counter-balanced for chamber within contexts. Floors of

chambers were cleaned with quatricide before and between runs. Mice were transported to and from the

experimental room in their home cages using a wheeled cart. The cart and cages remained in an anteroom

to the experimental rooms during all behavioral experiments. For engram labeling, mice were kept on

regular food without DOX for 24 hours prior to training. When training was complete, mice were

switched back to food containing 40 mg kg- DOX.

Open field

Spontaneous motor activity was measured in an open field arena (52 x 26 cm) for 10 min. All mice were

transferred to the testing room and acclimated for 30 min before the test session. During the testing

period, lighting in the room was turned off. The apparatus was cleaned with quatricide before and

between runs. Total movements (distance traveled and velocity) in the arena were quantified using an
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automated infrared (IR) detection system (EthoVision XT, Noldus). The tracking software plotted heat

maps for each mouse, which was averaged to create representative heat maps for each genotype. Raw data

was extracted and analyzed using Microsoft Excel.

Engram activation

For light-induced freezing behavior, a context distinct from the CFC training chamber (context A) was

used. These were 30 x 25 x 33 cm chambers with perspex floors, square ceilings, white lighting, and

scented with 0.25% benzaldehyde. Chamber ceilings were customized to hold a rotary joint (Doric

Lenses) connected to two 0.32 m patch cords. All mice had patch cords fitted to the optic fiber implant

prior to testing. Two mice were run simultaneously in two identical chambers. ChR2 was stimulated at 20

Hz (15 ms pulse width) using a 473 nm laser (10-15 mW), for the designated epochs. Testing sessions

were 12 min in duration, consisting of four 3 min epochs, with the first and third as light-off epochs, and

the second and fourth as light-on epochs. At the end of 12 min, the mouse was detached and returned to

its home cage. Floors of chambers were cleaned with quatricide before and between runs.

In vivo optical LTP

One day after CFC training and engram labeling (DG+PP terminals) in control and early AD groups, mice

were placed in an open field arena (52 x 26 cm) after patch cords were fitted to the fiber implants.

Following a 15 min acclimatization period, mice with oChIEF+ PP engram terminals in the DG received

the optical LTP (Nabavi et al., 2014) protocol (100 blue light pulses of 2 ms each at a frequency of 100

Hz, repeated 5 times every 3 min). This in vivo protocol was repeated 10 times over a 3 hour duration.

After induction, mice remained in the arena for an additional 15 min before returning to their home cage.

To apply optical LTP to a large portion of excitatory MEC neurons, an AAV virus expressing oChIEF-

tdTomato under the CaMKII promoter, rather than a c-fos-tTA/TRE virus (i.e., engram labeling), was

used. For protein synthesis inhibition experiments, immediately after the in vivo LTP induction protocol

mice received 75 mg kg' anisomycin (Aniso) or an equivalent volume of saline (Saline) intra-
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peritoneally. Mice were then returned to their home cages. An hour later, a second injection of Aniso or

Saline was delivered.

Inhibitory avoidance

A 30 x 28 x 34 cm unscented chamber with transparent square ceilings and intermediate lighting was

used. The chamber consisted of two sections, one with grid flooring and the other with a white light

platform. During the conditioning session (1 min), mice were placed on the light platform, which is the

less preferred section of the chamber (relative to the grid section). Once mice entered the grid section of

the chamber (all four feet), 0.80 mA shocks of 2 s duration were delivered. On average, each mouse

received 2-3 shocks per training session. After 1 min, mice were returned to their home cage. The next

day, latency to enter the grid section of the chamber as well as total time on the light platform was

measured (3 min test).

Novel object location

Spatial memory was measured in a white plastic chamber (28 x 28 cm) that had patterns (series of parallel

lines or circles) on opposite walls. The apparatus was unscented and intermediate lighting was used. All

mice were transferred to the behavioral room and acclimated for 30 min before the training session. On

day 1, mice were allowed to explore the chamber with patterns for 15 min. On days 2 and 3, mice were

introduced into the chamber that had an object (7 cm tall glass flask filled with metal beads) placed

adjacent to either patterned wall. The position of the object was counter-balanced within each genotype.

On day 4, mice were placed into the chamber with the object either in the same position as the previous

exposure (familiar) or at a novel location based on wall patterning. Frequency of visits to the familiar and

novel object locations was quantified using an automated detection system (EthoVision XT, Noldus).

Total time exploring the object was also measured (nose within 1.5 cm of object). The tracking software

plotted heat maps based on exploration time, which was averaged to create representative heat maps for

each genotype. Raw data was extracted and analyzed using Microsoft Excel.
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Figure 1 Optogenetic activation of memory engrams restores fear memory in early AD mice.

a-c, AP plaques in 9-month old AD mice (a), in DG (b), and in EC (c). d, A$ plaque counts in

hippocampal sections (n = 4 mice per group). e, CFC behavioral schedule (n = 10 mice per group). f-i,

Freezing levels of 7-month old AD groups during training (f), STM test (g), LTM test (h) or upon

exposure to neutral context (i). j, cFos+ cell counts in the DG of 7-month old mice following CFC training

or LTM test, represented in f, h (n = 4 mice per group). k-n, Freezing levels of 9-month old AD mice

during training (k), STM test (I), LTM test (m) or upon exposure to neutral context (n). o, cFos' cell

counts in the DG of 9-month old mice (n = 3 mice per group) following CFC training represented in k. p,

Virus-mediated engram labeling strategy using a cocktail of AAV 9-c-fos-tTA and AAV 9-TRE-ChR2-

EYFP. q, AD mice were injected with the two-viruses bilaterally and implanted with an optic fiber

bilaterally into the DG. r, Behavioral schedule and DG-engram cell labeling (see Experimental methods).

s, ChR2-EYFP+ cell counts from DG sections shown in r (n = 3 mice per group). ND, not detected. t,

Behavioral schedule for optogenetic activation of DG engram cells. u, ChR2-EYFP+ cell counts from DG

sections of 7-month old mice (n = 5 mice per group). v, Memory recall in Context A 1 day after training

(Test 1, n = 9 mice per group). w, Freezing by blue light stimulation (left). Average freezing for the two

light-off and light-on epochs (right). x, Memory recall in Context A 3 days after training (Test 2).

Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P < 0.001. Data

are presented as mean SEM.
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Figure 2 Neural correlates of amnesia in early AD mice.

a-b, Images showing dendritic spines from DG engram cells of control (a) and AD (b) groups. c, Average

spine density showing a decrease in AD mice (n = 7032 spines) compared to controls (n = 9437 spines, n

= 4 mice per group). d, For engram connectivity, MEC/LEC and DG cells were injected with virus

cocktails. e, Engram connectivity behavioral schedule. Mice (n = 4 per group) were either given a natural

exploration session (Light -) or a PP engram terminal stimulation session (Light +) in an open field. f,

Image showing simultaneous labeling of engram terminals (red) and engram cells (green). Green

terminals reflect mossy cell axons. g-h, Images showing cFos+/EYFP+ overlap in the DG. i, cFos+/EYFP+

counts from control and AD mice. Chance overlap (0.24) calculated (see Experimental methods) and

indicated by the dashed line. Statistical comparisons are performed using unpaired t tests; **P < 0.01,

***P < 0.001. Data are presented as mean SEM.

98



a Optical LTP induction

Activity-dependent vector

Plasticity vector

Activity-dependent
oChIEF expression

MEC

LEC

h
Optical LTP protocol

3 min 3 min 3 min 3 min 3 min 3 min

100 Hz

0-

0

z

4

3 "

2-

w 

0 U

- ~15

1.51 100 Hz *00

0 10 20 30
Time (min)

40 50

k AD engrams - Spine rescue
AAV.-TRE-oChIEF-tdTomato

AAV,-TRE-EYFP

DG
MEC

LEC

M 0

Ctx A 
24 hr

(Training)

AD rescue - Natural memory recall

E24 hr t ) 24A hr O pn field 4Cb A24h 1)4h (Optical LTP 48 hr ItA hr(Tann) (Test 1) protocol) (Test 2)

1~4 lox

0 AD rescue - Engram cell necessity

Ablation vector

in viva
optical LTP
(Open field)_

lox

48 hr

DAD
EAD+100 Hz

60 *

- ----------

40

2t

TetTest2

0DAD
* AD+100 Hz

1.5 0

~.1.0

C,.1 11
n Engram-cFos overlap in DG

N.S
2 *.

W DAD
M AD rescue

0-

E Saline
E DT

~81

84- IW

2-
0 ""

CtxA 24 hr Open field
(Training) (Optical LTP)

10x '

Saline / DT
4a

48 hr Ctx A 24 hr 48 hr Ctx A
(Test 1) (Test 2) Iq

20 --- - --

Test I Test 2

99

b

p
o AD rescue+DTR

(+ Saline)
s AD rescue+DTR

(+ DT)

I



Figure 3 Reversal of engram-specific spine deficits rescues memory in early AD mice.

a, Engram-specific optical LTP using two viruses. b, Virus cocktail injected into MEC/LEC. c-e, Images

showing oChIEF labeling 24 hours after CFC: in MEC on DOX (left) and off DOX (right; c); in LEC off

DOX (d); in DG off DOX (sagittal; e). Scale bar shown in c, applies to d and e. f, oChIEF+ cell counts (n

= 3 mice per group). g, In vivo spiking of DG neurons in response to 100 Hz light applied to PP

terminals. h, Optical LTP protocol (Nabavi et al., 2014). i-j, In vitro responses of DG cells after optical

LTP. Image showing biocytin-filled DG cell receiving oChIEF* PP terminals (coronal; i). Excitatory post-

synaptic potentials (EPSPs) showing a 10% increase in amplitude (n = 6 cells; j). k, For in vivo optical

LTP at EC-DG synapses, MEC/LEC and DG cells were injected with virus cocktails. 1, Protocol for in

vivo spine restoration of DG engram cells in AD mice (left). Images showing dendritic spines of DG

engram cells following LTP (middle). A two-way ANOVA followed by Bonferroni post-hoc tests

revealed a spine density restoration in AD+100 Hz mice (F 1 2 11 = 7.21, P < 0.01, 13025 spines, n = 4 mice

per group; right). Dashed line represents control mice spine density (1.21). m, Behavioral schedule for

memory rescue in AD mice (left). A two-way ANOVA with repeated measures followed by Bonferroni

post-hoc tests revealed restored freezing in AD+100 Hz mice (F 1,36 = 4.95, P < 0.05, n = 10 mice per

group; right). Dashed line represents control mice freezing (48.53). n, Following rescue, mice were

perfused for cFos+/EYFP+ overlap cell counts. Chance estimated at 0.22. N.S., not significant. o,

Construct for ablation of engram cells using DTR (left). Images showing DG engram cells after saline/DT

administration (middle). DTR-EYFP cell counts (n = 5 mice per group; right). p, Behavioral schedule

testing the necessity of engram cells following spine restoration (left). Memory recall showed less

freezing of AD mice treated with DT (AD rescue + DTR + DT) compared to saline treated mice (n = 9

mice per group; right). Dashed line represents freezing of non-stimulated early AD mice (20.48). Unless

specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P <

0.001. Data are presented as mean SEM.
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Figure 4 1 Recovery of multiple types of hippocampal-dependent memories from amnesia in early

AD.

a, MEC/LEC and DG cells were injected with virus cocktails (left). Behavioral schedule for engram

labeling (right). b, IA long-term rescue (n = 10 mice per group). Latency did not differ between control

and AD groups during training. Recall test 1 showed decreased latency and time on platform for AD

mice. A two-way ANOVA with repeated measures followed by Bonferroni post-hoc tests revealed a

recovery of IA memory in early AD mice (Latency: F1,2 7 = 25.22, P < 0.001; Time on platform: F1 ,27 =

6.46, P < 0.05; Recall test 2). c, NOL long-term rescue (n = 15 mice per group). Average heat maps

showing exploration time for familiar or novel locations (left or right, respectively). White circles
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represent object location. Recall test 1 showed comparable exploration of familiar locations by control

and AD mice, however AD mice showed decreased exploration of novel locations. A two-way ANOVA

with repeated measures followed by Bonferroni post-hoc tests revealed a recovery of NOL memory in

early AD mice (F 1 ,56 = 5.87, P < 0.05; Recall test 2). Unless specified, statistical comparisons are

performed using unpaired t tests; *P < 0.05, **P < 0.01. Data are presented as mean SEM.
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Amyloid plaque deposition in AD mice

DG granule cells in early AD mice

*Control mAD

160

20.EUILLOpen field behavior in early AD mice

AD O foy0rol

Adul neuogensis n ealy A ADc

100

50 2

S25

Extended Data Figure 1 Characterization of 7-month old early AD mice.

a-d, Images showing hippocampal A plaques lacking in control mice (a, b) and 7-month old AD mice

(c), which showed an age-dependent increase in 9-month old AD mice (d). e-f, Images showing neuronal

nuclei (NeuN) staining of DG granule cells in control (e) and 7-month old AD (1) mice. g, NeuN*

fluorescence intensity of the granule cell layer from control and AD sections shown in e-f (n = 8 mice per

group). h-i, Heat maps showing exploratory behavior in an open field arena from control (h) and 7-month

old AD (i) mice. j-k, Distance traveled (j) and velocity (k) did not differ between control and AD groups

(n = 9 mice per group). 1-in, Images showing adult newborn neurons (DCX*) in DG sections from control

mice (I) that are double positive for NeuN (in). n, Percentage of NeuN* cells among DCX* cells (n = 3

mice). o-p, Images showing DCXI neurons in DG sections from control (o) and AD (p) groups (n = 4

mice per group). q, DCX* cell counts from control and AD mice. Data are presented as mean SEM.
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Extended Data Figure 21 Labeling and engram activation of early AD mice on DOX.

a, Mice are taken off DOX for 24 hours in the home cage (HC) and subsequently trained in CFC. DG

sections (n = 3 mice per group) revealed 2.05% ChR2-EYFP labeling in the HC, consistent with the

previously established engram tagging strategy (Liu et al., 2012). b, Mice were injected with a virus

cocktail of AAV9-c-fos-tTA and AAV9-TRE-ChR2-EYFP. After one day off DOX, kainic acid was used

to induce seizures. Image showing efficient labeling throughout the DG. c, ChR2-EYFP cell counts from

DG sections shown in b (n = 3 mice). d, Behavioral schedule for optogenetic activation of DG engram

cells. e, Memory recall 1 day after training (Test 1) showed less freezing of AD mice compared to control

mice (n = 8 mice per group). f, Engram activation with blue light stimulation (left). Average freezing for

the two light-off and light-on epochs (right). Statistical comparisons are performed using unpaired t tests;

**P < 0.01. Data are presented as mean SEM.
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Repeated DG engram activations
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Extended Data Figure 3 Chronic DG engram activation in early AD mice did not rescue long-term

memory.

a, Behavioral schedule for repeated DG engram activation experiment. b, AD mice in which a DG

memory engram was reactivated twice a day for two days (AD+ChR2) showed increased STM freezing

levels compared to memory recall prior to engram reactivation (ChR2-STM test, n = 9 mice per group). c,

Memory recall I day after repeated DG engram activations (ChR2-LTM test). N.S., not significant.

Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01. Data are presented as

mean SEM.
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Extended Data Figure 4 Engram activation restores fear memory in triple transgenic and

PSl/APP/tau models of early AD.

a, Triple transgenic mouse line obtained by mating c-fos-tTA transgenic mice (Liu et al., 2012; Reijmers

et al., 2007) with double transgenic APP/PSI AD mice (Jankowsky et al., 2004). These mice combined

with a DOX-sensitive AAV virus permits memory engram labeling in early AD. b, Triple transgenic mice

were injected with AAV9-TRE-ChR2-EYFP and implanted with an optic fiber targeting the DG. c, Image

showing DG engram cells of triple transgenic mice 24 hours after CFC. d, ChR2-EYFP cell counts from
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control and triple transgenic AD mice (n = 5 mice per group). e, Behavioral schedule for engram

activation. f, Memory recall 1 day after training (Test 1) showed less freezing of triple transgenic AD

mice compared to control mice (n = 10 mice per group). g, Engram activation with blue light stimulation

(left). Average freezing for the two light-off and light-on epochs (right). h, Triple transgenic AD model

(3xTg-AD) as previously reported (Oddo et al., 2003). A cocktail of AAV 9-c-fos-tTA and AAV9-TRE-

ChR2-EYFP viruses were used to label memory engrams in 3xTg-AD mice. i, Image showing memory

engram cells in the DG of 3xTg-AD mice 24 hours after CFC. j, ChR2-EYFP cell counts from DG

sections of control and 3xTg-AD mice (n = 4 mice per group). k, Behavioral schedule for engram

activation. 1, Memory recall I day after training (Test 1) showed less freezing of 3xTg-AD mice

compared to control mice (n = 9 mice per group). m, Engram activation with blue light stimulation (left).

Average freezing for the two light-off and light-on epochs (right). Statistical comparisons are performed

using unpaired t tests; *P < 0.05, **P < 0.01. Data are presented as mean SEM.
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Extended Data Figure 5 | Dendritic spines of engram cells in 7-month old early AD mice.

a, Average dendritic spine density of DG engram cells showed an age-dependent decrease in 7-month old

APP/PS 1 AD mice (n = 7032 spines) as compared to 5-month old AD mice (n = 4577 spines, n = 4 mice

per group). Dashed line represents spine density of control mice (1.21). b, (Left) Average dendritic spine

density of CA3 engram cells in control (n = 5123 spines) and AD mice (n = 6019 spines, n = 3 mice per

group). (Right) Average dendritic spine density of CA1 engram cells in control (n = 9120 spines) and AD

mice (n = 7988 spines, n = 5 mice per group). N.S., not significant. Statistical comparisons are performed

using unpaired t tests; **P < 0.01. Data are presented as mean SEM.
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Extended Data Figure 6 |High fidelity responses of oChIEF* cells and dendritic spines of DG

engram cells after in vitro optical LTP.

a, Entorhinal cortex (BC) cells were injected with a virus cocktail containing AAV9-TRE-oChIEF-

tdTomato for activity-dependent labeling. b, Image showing a biocytin-fihled oChIEF* stellate cell in BC.

c, 100 Hz (2 ms pulse width) stimulation of an oChIEF* cell across 20 consecutive trials. Spiking

responses exhibit high fidelity. d, Average dendritic spine density of biocytin-filled DG cells showed an

increase following optical LTP induction in vitro (n = 1452 spines, n = 6 cells). Statistical comparisons

are performed using unpaired t tests; *P3 < 0.05. Data are presented as mean +SEM.
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Extended Data Figure 7 1 Behavioral rescue and spine restoration by optical LTP is protein-

synthesis dependent.

a, Modified behavioral schedule for long-term rescue of memory recall in AD mice in the presence of

saline or anisomycin (left). Memory recall 2 days after LTP induction followed by drug administration

showed less freezing of AD mice treated with anisomycin (AD + 100 Hz + Aniso) compared to saline

treated AD mice (AD + 100 Hz + Saline, n = 9 mice per group; right). Dashed line represents freezing

level of control mice (48.53). b, Average dendritic spine density in early AD mice treated with

anisomycin after LTP induction (n = 4810 spines) was decreased compared to saline treated AD mice (n =

6242 spines, n = 4 mice per group). Dashed line represents spine density of control mice (1.21). Statistical

comparisons are performed using unpaired t tests; *P < 0.05. Data are presented as mean SEM.
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Extended Data Figure 8 Rescued early AD mice behavior in a neutral context and control mice

following in vivo optical LTP.

a, After the long-term rescue of memory recall in AD mice (Test 2, Fig. 3m), animals were placed in an

untrained neutral context to measure generalization (n = 10 mice per group). Rescued AD mice (AD+ 100

Hz) did not display freezing behavior. b, (Left) Average dendritic spine density of DG engram cells from

control mice remained unchanged following optical LTP induction in vivo (Control + 100 Hz, n = 4211

spines, n = 3 mice; Control data from Figure 2c). (Right) The behavioral rescue protocol applied to early

AD mice (Fig. 3m) was tested in age-matched control mice (n = 9 mice per group). Similar freezing

levels were observed following optical LTP (Test 2) as compared to memory recall prior to the 100 Hz

protocol (Test 1). N.S., not significant. Statistical comparisons are performed using unpaired t tests. Data

are presented as mean SEM.
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Extended Data Figure 9 1 Optical LTP using a CaMKII-oChIEF virus did not rescue memory in

early AD mice.

a, AAV virus expressing oChIEF-tdTomato under a CaMKII promoter. b, CaMKII-oChIEF virus injected

into MEC and LEC. c-d, Images showing tdTomato labeling in a large portion of excitatory MEC

neurons (c) as well as the PP terminals in DG (d). e, In vivo optical LTP protocol (Nabavi et al., 2014). f,

Behavioral schedule for long-term rescue of memory recall in AD mice (left). In contrast to the engram-

specific strategy, long-term memory could not be rescued by stimulating a large portion of excitatory PP

terminals in the DG (right; n = 9 mice per group). N.S. not significant. Statistical comparisons are

performed using unpaired t tests. Data are presented as mean SEM.
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Extended Data Figure 10 1 Normal DG mossy cell density after engram cell ablation.

a-d, Images showing DG engram cells after saline treatment (a) and the corresponding calretinin positive

(CR*) mossy cell axons (b). DTR-EYFP engram cell labeling after DT treatment (c) and the respective

CR+ mossy cell axons (d). e, CR+ fluorescence intensity of mossy cell axons from saline and DT treated

DG sections shown in a-d (n = 8 mice per group). Data are presented as mean SEM.
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Chapter 4. Dorsal subiculum is required for episodic memory retrieval

The formation and retrieval of a memory is thought to be accomplished by activation and

reactivation, respectively, of the memory-holding cells (engram cells) by a common set of neural circuits,

but this hypothesis has not been established. The medial temporal-lobe system is essential for the

formation and retrieval of episodic memory for which individual hippocampal subfields and entorhinal

cortex layers contribute by carrying out specific functions. One subfield whose function is poorly known

is the subiculum. Here, we show that dorsal subiculum and the circuit, CAl to dorsal subiculum to medial

entorhinal cortex layer 5, plays a crucial role selectively in the retrieval of episodic memories.

Conversely, the direct CAl to medial entorhinal cortex layer 5 circuit is essential specifically for memory

formation. Our data suggest that the subiculum-containing detour loop is dedicated to meet the

requirements associated with recall such as rapid memory updating and retrieval-driven instinctive fear

responses.

4.1 Brief introduction

It is generally thought that formation and retrieval of a memory are accomplished by activation

and reactivation of memory-holding cells (engram cells), respectively, by a largely common set of neural

circuits that convey relevant sensory and/or processed information. However, this hypothesis has not been

well studied. One of the best neural systems to prove this issue is the medial temporal lobe (MTL),

including the hippocampus (HPC) and entorhinal cortex (EC), which plays crucial roles in episodic

memory (Eichenbaum et al., 2007; Squire, 1992). Numerous studies have identified specific and crucial

roles of individual HPC subfields and EC layers to the overall mnemonic function (Deng et al., 2010;

Hasselmo and McClelland, 1999; Hitti and Siegelbaum, 2014; Moser et al., 2014; Nakazawa et al., 2004).

However, the essential function of one HPC subfield, subiculum (Sub), is poorly known. The mammalian

HPC formation is organized primarily as a unidirectional circuit, where information transferred from the

EC's superficial layers to the dentate gyrus (DG) is processed successively in CA subfields: CA3, CA2,
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and CA1. Dorsal CAI (dCA1) sends its primary projections directly to medial EC layer 5 (EC5) or

indirectly via dorsal subiculum (dSub) (a detour circuit). One of the interesting differences between the

direct and indirect HPC output pathways is that in the latter, dSub projects not only to EC5, but also to

many cortical and subcortical brain regions (Ding, 2013; Kishi et al., 2000).

Using functional magnetic resonance imaging of human subjects, several studies have suggested

that the DG and CA subfields are selectively activated during episodic memory formation, whereas

subiculum (Sub) is active during the recollection of an episode (Eldridge et al., 2005; Gabrieli et al.,

1997). In rodents, ibotenic acid lesions of the CAI subfield or Sub caused impairments in the acquisition

of place navigation (Morris et al., 1990). However, since human imaging studies provide only correlative,

rather than causal, evidence and rodent lesions are not well targeted to a specific hippocampal subregion,

especially given the close proximity of CAl and dSub, it has not been possible to identify the essential

function of Sub in episodic memory. Furthermore, previous studies did not address the potential purpose

of the parallel diverging and converging dCA I to medial EC5 and dCA I to dSub to medial EC5 circuits

in memory formation versus retrieval.

In this study, we addressed these issues by creating a mouse line expressing Cre recombinase

specifically in dSub neurons. Combined with circuit tracing and optogenetic manipulations during

behavioral paradigms, we found differential roles of dSub projections in hippocampal memory retrieval

and retrieval-induced stress hormone responses. We demonstrate that dSub and the circuit,

CA1-dSub-EC5, is selectively required for memory retrieval, while the dSub to mammillary bodies

(MB) circuit regulates stress hormones following memory retrieval. In contrast, the direct CAI-EC5

circuit is essential for hippocampal memory formation, but not recall. Our study reveals a functional

double-dissociation between parallel hippocampal output circuits that are important for memory

formation versus memory retrieval.
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4.2 Experimental results

We took advantage of the finding that fibronectin- 1 (FN 1) gene expression is restricted to dSub

neurons (Lein et al., 2004) and created a transgenic mouse line (FN1-Cre) that expresses Cre recombinase

under the FNI promoter (Figure IA, and see Experimental methods). When infected with a Cre-

dependent adeno-associated virus containing an eYFP gene, eYFP expression was highly restricted to

dSub neurons and was completely absent in neighboring dCA1 excitatory neurons identified by WFS1

(Figure 1 B). The expression of eYFP was restricted to CaMKII* excitatory neurons in both the deep and

superficial layers of dSub (Figures iC-iD, and see Figure SIA). This eYFP expression accounted for

over 85% of all excitatory neurons in this brain region, and was dSub-specific along the entire medial-

lateral axis (Figures 1 E- 1 K). Further, Cre expression was absent in ventral subiculum (vSub) and medial

entorhinal cortex (MEC) in this mouse line (Figures SIB-SIK). Using in situ hybridization, we confirmed

that Cre expression in this mouse line is highly restricted to dSub, and the dorsal tegmental nucleus (DTg)

in the brain stem (Figure SiL). Thus, FN1-Cre mice allows for the genetic manipulation of dSub

excitatory neurons with unprecedented specificity.

We next examined the inputs to dSub excitatory neurons as well as their anterograde brain-wide

projection pattern. Consistent with traditional anatomical studies (Ding, 2013; Kishi et al., 2000),

monosynaptic retrograde tracing using a Cre-dependent helper virus combined with rabies virus (RV)

technology (Wickersham et al., 2007) revealed that dCAI provides the major input to dSub excitatory

neurons (Figures 2A-2C). Other brain areas that provide inputs to dSub include parasubiculum (PaS),

retrosplenial agranular cortex (RSA), superficial layers of EC (MEC 11/111), nucleus of the diagonal band

(NDB), nucleus accumbens shell (Acb Sh), and several thalamic nuclei (Thal Nucl) (Figure 2D, and see

Figure SIM).

A Cre-dependent channelrhodopsin-2 (ChR2)-eYFP virus combined with light sheet microscopy

of CLARITY (Chung et al., 2013, see Experimental methods)-processed brain samples revealed that

major efferents of dSub neurons were directed to RSA, mammillary bodies (MB), medial EC5, and

postrhinal cortex (Pos) (Figures 2E-2F). No projections from dSub were observed in the superficial layers
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(II/Ill) of MEC (Figure 2G). These dSub neurons converged on both medial and lateral regions of MB

(Figure 2H). Using a Cre-dependent synaptophysin virus to label dSub axonal terminals, we found that

these Cre' neurons express vesicular glutamate transporters I and 2 (Kaneko et al., 2002), reflecting their

excitatory nature (Figures SIN-SIP). Injection of a retrograde tracer, cholera toxin subunit B (CTB), into

the MB revealed a gradient of CTB555 with higher intensity labeling in the proximal part of dSub (i.e.,

closer to CA1), whereas injection into medial EC5 showed a gradient of CTB488 with higher intensity

labeling in the distal part of dSub (i.e., away from CAl) (Figures 21-2M, and see Figure SIQ) (Witter et

al., 1990). However, neurons in both proximal and distal parts of dSub were weakly labeled by CTB

injected into MB or EC5. Together, these results indicate that dCAl serves as the main input structure to

dSub, and that the majority of dSub neurons send projections to multiple downstream target structures.

To examine the functional role of dSub neurons and their circuits, we performed optogenetic

inhibition experiments using a Cre-dependent eArch3.0-eYFP virus. During the contextual fear-

conditioning (CFC) paradigm, we confirmed that green light inhibition of dSub decreased behavior-

induced immediate early gene cFos-positive neurons (Figures S2A-S2L). Inhibition of dSub neurons

during CFC training had no effect on footshock-induced freezing behavior or long-term memory

formation (Figure 3A). In contrast, dSub inhibition during CFC recall tests decreased behavioral

performance (Figure 3B). Inhibition of dSub neurons had no effect on motor behaviors in an open-field

assay (Figure S2M). Inhibition of dSub terminals in medial EC5, but not in MB, also revealed a memory

retrieval deficit (Figure 3C). Since the behavioral effect of dSub inhibition in this mouse line is based on

eArch expression in approximately 85% of excitatory neurons in this brain region, we examined the effect

of a more complete inhibition of dSub neurons. Inhibition of dSub-+EC5 terminals in wild type mice

using an EFla-eArch3.0-eYFP virus revealed a greater memory retrieval deficit (Figure S3 vs. Figure

3C). Further, inhibition of vSub--EC5 terminals showed normal levels of memory recall (Figure S3).

Conversely, optogenetic activation of ChR2-eYFP-expressing dSub projections to medial EC5

during CFC recall tests increased recall-induced freezing behavior in the training context, but not in a
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neutral context (Figure 3D, and see Figure S4A). This result indicates that dSub is involved in

hippocampal memory retrieval in a context-specific manner. Activation of dSub-EC5 in mice that did

not receive footshocks during training lacked freezing behavior during the recall test, supporting the

specificity of increased memory retrieval in CFC-trained animals. Our interpretation of these optogenetic

activation experiments is that in the training context natural recall cues reactivate engram cells in all

subfields of the hippocampus, like DG, CA3, and CAl, but also in dSub. When the activity of dSub

projections to EC5 is further increased by ChR2 this leads to enhanced freezing due to increased

activation of dSub engram cells. On the other hand, in a neutral context lacking the specific natural recall

cues to reactivate dSub engram cells, the ChR2 activation without engram labeling is not sufficient to

induce memory recall. In another hippocampus-dependent memory paradigm, trace fear-conditioning,

dSub-EC5 inhibition impaired memory recall (Figure 3E, and see Figures S4B-S4C). In contrast,

inhibition of dSub->EC5 had no effect on the recall of a hippocampus-independent memory formed

during delay fear-conditioning (Figures S4D-S4E). Together, these experiments indicate that the

dSub--EC5 circuit regulates episodic memory retrieval bidirectionally. We confirmed that the

dSub->EC5 projection is also necessary for the retrieval of a positive-valence, hippocampus-dependent

(Raybuck and Lattal, 2014) memory formed in a conditioned place preference (CPP) paradigm (Figure

3F, and see Figures S4F-S4G).

During both CFC training and recall, levels of the stress hormone corticosterone (CORT)

increases in the blood (Figure 3G), which is believed to be important to prepare the animal for a predicted

immediate danger (Kelley et al., 2009). Given our finding that dSub neurons are required for memory

retrieval, but not memory formation, we investigated whether the dSub-+MB circuit is involved in

retrieval-induced stress hormone responses. Optogenetic inhibition of dSub--MB projections following

CFC recall, but not following CFC training, prevented the CORT increase (Figure 3G). This deficit was

specific to dSub-MB terminal inhibition, since dSub--EC5 terminal inhibition had no effect. In

addition, optogenetic activation of ChR2-expressing dSub->MB projections following CFC recall
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increased CORT levels, revealing a bidirectional regulation of blood stress hormone levels by the

dSub-MB circuit following fear memory retrieval. Interestingly, we did not observe increased CORT

levels following CPP memory retrieval (Figure S4H). From our finding that the dSub--EC5 circuit is

crucial for CPP memory retrieval (Figure 3F), it is clear that dSub neurons are activated and therefore

both downstream EC5 and MB circuits would be activated. The lack of increased CORT levels following

CPP memory retrieval suggests that the dSub--MB circuit is necessary but not sufficient to induce

CORT. These experiments uncovered a neural circuit originating from dSub that regulates stress hormone

responses to conditioned cues.

The dCA 1 neurons send primary projections directly to medial EC5, or indirectly via dSub (Ding,

2013). We examined whether the same dCAl neurons send divergent projections to both dSub and EC5,

or whether these two circuits involve distinct subpopulations of dCA 1 neurons. To test these possibilities,

we conducted monosynaptic retrograde tracing by injecting a Cre-dependent helper virus combined with

rabies virus (Wickersham et al., 2007) into dSub of FNl-Cre mice combined with CTB488 injected into

medial EC5 (Figures 4A-4C, and see Figure SlQ). We observed three neuronal populations distributed

throughout the proximal-distal axis of dCA 1, namely RV-mCherry-positive dCA I cells, CTB488-positive

dCA1 cells, and double-positive dCA1 cells (Figures 4D-4F), indicating that dCA1 neurons project

collaterally to both dSub and medial EC5 (22%), project to dSub alone (18%), or to medial EC5 alone

(23%) (Figure 4G, and see Figures S5A-S5H). A significant proportion of the remaining dCA I neurons

most likely send primary projections to the deep layers of the lateral EC (LEC5) (Knierim et al., 2013),

which we confirmed using CTB retrograde tracing (Figure S51). Further, it has been suggested that

proximal and distal dCAI may play differential roles in memory formation (Nakazawa et al., 2016),

however we did not observe differences between dCA1 neurons projecting to dSub and EC5 based on

their proximal versus distal location. Thus, these data demonstrate that, although there are distinct dCA 1

subpopulations that project to either dSub or EC5, a significant proportion of dCA I neurons projecting to

dSub and EC5 are shared between these two circuits.
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Given the selective role of the dSub-+EC5 circuit in memory retrieval and our finding that

heterogeneous subpopulations of dCAl neurons project to dSub and medial EC5, respectively, we next

investigated the behavioral contributions of the direct dCAl-EC5 circuit. The injection of a Cre-

dependent H2B-GFP virus into dCA1 of CAl pyramidal cell-specific Cre transgenic mice, TRPC4-Cre

(Okuyama et al., 2016), resulted in GFP expression restricted to dCA1 pyramidal cells without any

expression in dSub (Figure 4H). Terminal inhibition of CAl axons at medial EC5 during CFC training

impaired long-term memory formation (Figure 41), whereas the same manipulation during CFC recall had

no effect on behavioral performance (Figure 4J). Further, consistent with the role of dSub in CFC recall,

terminal inhibition of dCA 1 -- dSub during CFC recall, but not during CFC training, decreased behavioral

performance (Figures 4K-4L). Therefore, the direct dCA1-EC5 circuit plays a crucial role in the

encoding, but not recall, of CFC long-term memory, whereas the indirect dCAI--dSub--EC5 circuit is

crucial for memory recall, but not encoding.

A potential purpose of the parallel diverging and converging direct dCAI -EC5 and indirect

dCAl-dSub->EC5 circuits could be to support rapid memory updating (Lee, 2010). To test this

possibility, we performed the pre-exposure mediated contextual fear-conditioning (PECFC) paradigm

with optogenetic terminal inhibition of CAl-+EC5 (Figure 4M) or dSub--EC5 (Figure 4N) during the

pre-footshock period (context retrieval) only or footshock period (fear association) only, on Day 2.

CAl--EC5 inhibition specifically during the footshock period of Day 2 impaired the context-shock

association evidenced by decreased freezing on Day 3, whereas inhibition during the pre-footshock period

had no effect (Figure 4M). In contrast, dSub--EC5 inhibition during the pre-footshock period of Day 2

impaired the context-shock association on Day 3, while inhibition restricted to the footshock period had

no effect (Figure 4N). Together, these data indicate that the dSub-EC5 circuit is crucial for the rapid

recall in order to perform memory updating, while the CAl-+EC5 circuit is crucial for encoding new

information into a long-term memory.
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Expression of immediate-early genes (IEGs) has been used to map specific functions onto

neuronal activity in a given brain region (Kubik et al., 2007). In order to acquire cellular level evidence

supporting the dedicated role of dSub in recall rather than encoding of CFC memory, we monitored IEG

cFos activation in dCA I and dSub during CFC behavior. To measure cFos activation by training or recall,

we took advantage of a virus-mediated strategy (Roy et al., 2016) using a cocktail of c-Fos-tTA and TRE-

H2B-GFP viruses (Figures 5A-5B). Wild type mice raised on a doxycycline (DOX) diet to prevent

activity-dependent labeling by the injected virus cocktail were taken off DOX 24 hr before CFC encoding

or recall to visualize H2B-GFP labeling in CAI and dSub (Figures 5C-5E). There was significant cFos

activation in both CAI and dSub following encoding or recall epochs as compared to the home cage

group (Figure 5F). Interestingly, in dSub, memory recall epochs enhanced cFos activation more compared

with encoding epochs, whereas there was no difference of cFos activation in CA1 neurons elicited by

these epochs (Figure 5G).

Further, we examined the overlap between behavior-induced cFos in CAI and CAI cells that

were retrogradely labeled by injection of CTB555 into dSub or medial EC5 (Figure S lQ). Consistent with

the optogenetic manipulation experiments, CAI neurons projecting to EC5 showed higher levels of cFos

activation during CFC encoding rather than retrieval, whereas CA1 neurons projecting to dSub showed

higher levels of cFos activation during retrieval (Figure 5H, and see Figures S5J-S5M). To examine CAl

memory engram cell reactivation following recall, among dSub and EC5 projecting subpopulations, we

tagged CAl engram cells formed during CFC encoding using a virus cocktail of c-Fos-tTA and TRE-

ChR2-eYFP (Liu et al., 2012), while simultaneously labeling CAl cells projecting to dSub or medial EC5

with CTB555. One day after training, we quantified the overlap between recall-induced cFos in CAl and

CAl engram cells that were retrogradely labeled (Figures 51-5L). Strikingly, dSub-projecting CAl

engram cells showed higher cFos reactivation following memory retrieval compared to EC5-projecting

CAl engram cells (Figure 5M). Next, following CFC recall, we measured cFos activation levels in the

basolateral amygdala (BLA), which plays crucial roles in fear memory encoding and recall (Hall et al.,

2001). Terminal inhibition of the dSub->EC5 circuit, but not the dCAI-.EC5 circuit, decreased cFos
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levels in the BLA (Figure 5N), further indicating that the direct and indirect dCA I output circuits have

differential functional roles in memory retrieval.

We also investigated activation of dSub and dCA 1 pyramidal cells in response to training and

recall by monitoring in vivo calcium (Ca 2 ) transients using a miniaturized microendoscope (Kitamura et

al., 2015; Sun et al., 2015; Ziv et al., 2013). For this purpose, Cre-dependent GCaMP6f virus was injected

into the dSub of FN I -Cre mice to specifically express the Ca 2 indicator in dSub cells (Figure 6A, and see

Figures S6A-S6B). As expected, expression of GCaMP6f was restricted to dSub, with no expression in

CAl neurons in these mice (Figures 6B, 6D). Similarly for dCAI neurons, GCaMP6f virus was injected

into the dCA1 of dCAl-specific WFSI-Cre mice (Kitamura et al., 2014, and see Experimental methods)

(Figures 6C, 6E). With the open field paradigm (Figures S6C-S6G), CAl neurons showed homogeneous

activation profiles, whereas dSub neurons displayed two types of activation profiles (Geva-Sagiv et al.,

2016; Sharp and Green, 1994; Staff et al., 2000; Taube, 1993): short-tail cells whose profiles were similar

to those of CAl cells, and long-tail cells in which the post-stimulation activity persisted as long as 15 s

(Figures 6F-6G). Consistent with a previous study (Sharp and Green, 1994), dSub neurons exhibited place

fields, which were larger in both types of dSub cells compared to CA1 pyramidal cells (Figure 6H, and

see Figure S6H).

Next, we investigated Ca2' activity patterns as mice went through the CFC paradigm (Figure 61,

and see Figures S61-S6K). CAl showed an increased percentage of active cells during both training and

recall periods compared to the pre-footshock period in the context in which a footshock was subsequently

delivered. The dSub neurons showed an increased percentage of active cells during recall compared to the

pre-footshock or training periods, and no significant difference of active cell percentages was observed

between the latter two periods (top row, Figure 61). We then divided the training and recall periods into

two epochs-non-freezing (NF) and freezing (F)-in order to differentiate an effect of the animal's

movement state (Ranck, 1973) on the proportion of active cells. During training, the proportion of active

CAl cells was greater during F epochs compared to the NF epochs, whereas these proportions were

similar during recall. In contrast, the proportions of active dSub cells were greater during recall compared
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to training regardless whether the mice were in F or NF epochs. We then subdivided active dSub cells

into short-tail and long-tail cells, and found that the proportion of active short-tail cells were greater

during recall compared to training regardless whether mice were in F or NF epochs. In contrast, the

proportion of active long-tail dSub cells was greater specifically during recall-induced F epochs,

compared to the other three types of epochs (bottom row, Figure 61). Together, and consistent with the

behavior and cFos activation experiments, these data demonstrate distinct contributions of dCA1 and

dSub cells to memory encoding and memory recall, respectively.

4.3 Discussion

It has been established that CAI and Sub serve as the major output structures of the hippocampus

(O'Mara, 2006); however, the functional role of Sub in hippocampus-dependent episodic memory has

remained elusive. Here, we have shown that optogenetic inhibition of dSub during recall, but not during

encoding, impairs behavioral performance in three hippocampal-dependent memory paradigms: CFC,

trace fear-conditioning, and conditioned place preference. The activity of dSub neurons is capable of

regulating memory recall bidirectionally: its inhibition impairs recall and its activation enhances recall.

To our knowledge, this is the first identification of the specific causal role of dSub neurons in episodic

memory recall.

Previously, lesions (Morris et al., 1990) as well as optogenetic inhibition (Goshen et al., 2011)

showed that in rodents, neuronal activity in the CAl subfield is necessary for both the encoding and

retrieval of long-term memories. In this study, we employed optogenetic inhibition of specific terminals

of CAI cell projections and found that the CAl-*dSub circuit is crucial for memory recall but not for

encoding, whereas the CAl -+EC5 circuit is crucial for memory encoding but not for recall. Supporting

this role of the CAl--dSub circuit is the finding that inhibition of the downstream dSub terminals in

medial EC5 also impairs memory recall selectively. Together, these data indicate that the hippocampal

output pathways are functionally segregated: episodic memory encoding uses primarily the direct
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dCA1-iEC5 circuit, while episodic memory retrieval uses primarily the indirect dCAl->dSub-EC5

circuit. The functional dissociation between these two dCA1 output circuits is especially striking given

that a significant proportion of dCAI neurons projecting to dSub and EC5 are overlapping, and that the

overall difference in cFos activation levels between dCAI neurons projecting to dSub versus EC5 during

either training or recall epochs is approximately 2% of all dCAI cells. Further, it is intriguing that we

found that about 20% of dCAl engram cells, those projecting to EC5, are not reactivated by memory

recall and thus do not contribute to this behavioral epoch. What could be the purpose of these dCAl

engram cells? We speculate that these engram cells are the stable holder of the original memory, which

are undisturbed by a retrieval process, and contribute to the generation of engrams in downstream regions,

such as remote memory engram cells in the prefrontal cortex.

The dSub neurons displayed two types of activation profiles-short-tail cells and long-tail cells.

Interestingly, the proportion of active long-tail dSub neurons is greater specifically during recall-induced

freezing epochs compared to training-induced freezing epochs. This may be because activation of long-

tail cells requires more powerful drive than short-tail cells, and because such a potent drive may be

provided only by reactivation of previously formed CAI engram cells by recall cues (Tonegawa et al.,

2015b), and not by activation of nave CAl cells which occurs during training. Further, these cells may

correspond to the previously reported non-bursting cells and bursting cells (Geva-Sagiv et al., 2016;

Sharp and Green, 1994; Staff et al., 2000; Taube, 1993). One study found that the distribution of bursting

neurons in rat ventral subiculum linearly correlated with position along the proximal-distal axis,

specifically 24% bursting neurons at the ventral CAI-subiculum border as compared to higher than 50%

in distal regions of ventral subiculum (Jarsky et al., 2008). Additional work reported that bursting activity

can be regulated by stimulation of afferent projections to the subiculum, bursting plasticity does not

require synaptic depolarization or activation of AMPA/NMDA receptors, and that an enhancement in

bursting activity required synergistic activation of group 1, subtype I metabotropic glutamate receptors

(mGluRs) and muscarinic acetylcholine receptors (mAChR) (Moore et al., 2009). Another study used in

vivo injections of retrogradely transported beads into several downstream projection targets and
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performed whole-cell current-clamp recordings from the bead-containing subiculum neurons in brain

slices. The authors concluded that subicular projections to each downstream target were composed of a

mixture of non-bursting and bursting neurons, and that non-bursting cells were preferentially located in

proximal subiculum while bursting cells were preferentially located in distal subiculum (Kim and

Spruston, 2012). Finally, it has been suggested that the two cell types in subiculum are segregated into

parallel pathways that process distinct information (Graves et al., 2012), which is consistent with our

findings that the two cell types in dorsal subiculum could support differential roles during memory

retrieval.

What advantages would the distinct circuits for memory encoding and recall provide? One

possible merit may be related to episodic memories with negative valence. Fear memory retrieval by

conditioned cues induces not only an instinctive fear response (anxiety, avoidance, freezing, etc.), but also

an increase in blood stress hormones that organizes multiple body systems to prepare the animal for a

predicted immediate danger (Kelley et al., 2009). While a recent study showed that an area of the rodent's

olfactory cortex plays a key role in the hormonal component of the instinctive fear response to volatile

predator odors (Kondoh et al., 2016), neural circuits responsible for triggering both episodic memory

retrieval and retrieval-induced stress hormone responses have remained unknown. In this study, we have

identified two neural circuits originating from dSub that independently regulate freezing behavior and

stress hormone responses to conditioned cues: the dSub-EC5 circuit mediates appropriate freezing

behavior during memory retrieval, while the dSub--MB circuit is crucial for memory retrieval-induced

stress responses via bed nucleus of the stria terminalis (BNST) and the hypothalamic corticotropin

hormone-releasing neurons (Herman et al., 1998). The preferential activation of long-tail dSub neurons by

recall cues may contribute to a sustained enhancement of hormonal release from these downstream areas

(Bourque et al., 1993). It has been known that glucocorticoid hormone synthesis is enhanced during

memory consolidation (Roozendaal, 2002). Similarly, the retrieval-induced enhancement of CORT may

promote memory reconsolidation triggered by recall. Therefore, the Sub--MB pathway may regulate
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memory retrieval-based emotions and together with the Sub-EC5 pathway that controls the retrieval-

based instinctive fear response, would allow for more flexible actions that improve the animal's survival

during challenging events in nature.

Another possible merit of distinct circuits for encoding and retrieval of memory may be to

perform rapid memory updating. When a new salient stimulus (such as footshock) is delivered while a

subject is recalling a previously acquired memory, the original memory is known to be modified (or

updated) by incorporating the concurrently delivered salient stimulus. The diverging followed by

converging CAl-+dSub--EC5 and CAl--EC5 circuits seem to be ideal for this mnemonic processing:

the content of the previously formed memory is retrieved by dSub and a stimulus transmitted directly

from CAl will be co-delivered to EC5 to make a new association resulting in memory updating. It has

previously been suggested that such memory updating takes place in the PECFC paradigm by converting

the previously acquired contextual memory to a context-dependent fear memory (Lee, 2010). Our

findings, that in the PECFC paradigm, conversion of a contextual memory to a context-dependent fear

memory is impaired by either the inhibition of dSub-+EC5 terminals targeted to the short (8 sec) context

recall period, or inhibition of CAl-EC5 terminals targeted to the period when an association of the

recalled context memory with footshock takes place, supports the crucial role of dSub in memory

updating.

Our study is on hippocampus-dependent episodic (or episodic-like) memories, which involves

information processing by the hippocampus and other medial temporal lobe structures. Additional work is

required to examine whether distinct circuits for encoding and retrieval is a property shared by brain

regions responsible for the formation of non-episodic memories, which would involve structures other

than the temporal lobe. In this context, it is interesting that a recent study with a worm (Caenorhabditis

elegans) showed that aversive long-term memory formation and retrieval are carried out by distinct neural

circuits (Jin et al., 2016). Therefore, it is possible that distinct circuits for long-term memory formation

versus retrieval may be an evolutionarily conserved feature in many species that are capable of learning.
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With regards to cognitive disorders, it is widely believed that subiculum is among the earliest brain

regions affected in Alzheimer's disease patients (Hyman et al., 1984). Our findings contribute to a better

understanding of neural mechanisms underlying episodic memory formation and may provide insights

into pathological conditions affecting memory retrieval.

4.4 Experimental methods

Animals

The C57BL/6J wild type male mice were obtained from Jackson Laboratory. For optogenetic behavioral

manipulations of dCAI neuronal terminals, we used the previously described CAI-specific TRPC4-Cre

transgenic mouse line (Okuyama et al., 2016). For in vivo Ca imaging of dCAl neurons, we used the

previously described dCA I-specific WFSI-Cre transgenic mouse line (Kitamura et al., 2014). WFSI-Cre

mice were used for dCA1-specific Ca 2 imaging experiments due to their lower levels of transgene

expression compared to TRPC4-Cre mice, which was crucial for stable long-term recordings. All

transgenic mouse lines were maintained as hemizygotes. Mice had access to food and water ad libitum

and were socially housed in numbers of two to five littermates until surgery. Following surgery, mice

were singly housed. For behavioral experiments, all mice were male and 3-5 months old. For virus-

mediated activity-dependent labeling experiments (Roy et al., 2016), male mice had been raised on food

containing 40 mg kg-' doxycycline (DOX) for at least one week before surgery, and remained on DOX

for the remainder of the experiments except for 24 hr preceding the target labeling day. For CLARITY

and in vivo Ca imaging experiments, male mice were 4-6 months old at the time of surgery. All

experiments were conducted in accordance with U.S. National Institutes of Health (NIH) guidelines and

the Massachusetts Institute of Technology Department of Comparative Medicine and Committee of

Animal Care.

127



Generation of FN1-Cre mice

Bacterial artificial chromosome (BAC) recombineering was carried out using the EL250 bacterial strain,

provided by Dr. Neal Copeland at the Houston Methodist Research Institute. BAC clone RP24-2 11 Li 6

containing the whole FNl (NM_001276408.1, Mus musculus fibronectin 1) was obtained from Invitrogen

and transferred into EL250. To introduce the Cre sequence in-frame following the first exon of FNI, a

BAC modifying cassette was prepared: a 5' homology arm, Cre, the kanamycin resistance gene flanked

by FRTs, and a 3' homology arm. The modifying cassette was electroporated into EL250 carrying the

BAC clone. Resistant clones were selected and confirmed for appropriate homologous recombination,

after which kanamycin was removed using the site-specific recombinase FLP. Purified DNA from the

selected clone containing the modified BAC was digested with NotI, which cut both ends of the insert.

Insert DNA was purified (1 ng/pl) and microinjected into C57BL/6JCrlj male pronuclei of fertilized eggs.

Two-cell stage embryos were transferred to pseudopregnant recipient female mice. The C57BL/6J-

Tg(FNI-Cre)41(RBRC03020) transgenic mice were established and maintained in the same background.

Cre mRNA expression was visualized by in situ hybridization as previously described (Okuyama et al.,

2016).

Viral constructs

The AAV 9-EFla-DIO-eYFP, AAV 9-EFla-DIO-ChR2-eYFP, and AAV9-EFIa-DIO-eArch3.0-eYFP

viruses were acquired from the University of North Carolina (UNC) at Chapel Hill Vector Core. The

AAV 9-EFla-DIO-mCherry, AAV 9-EFIa-DIO-eArch3.0-mCherry, and AAV 9-EFla-eArch3.0-eYFP

viruses were acquired from Vector BioLabs. The AAV2-Syn-DIO-GCaMP6f and AAV5-Syn-DIO-

GCaMP6f viruses were acquired from the University of Pennsylvania Vector Core. The AAV 8 -CMV-

DIO-Synaptophysin-mCherry construct was provided by Dr. Rachael Neve at the MIT Viral Gene

Transfer Core and packaged at the University of Massachusetts Medical School Gene Therapy Center and

Vector Core. The pAAV-EFla-DIO-H2B-GFP plasmid was constructed by cloning the histone H2B gene

into a pAAV-EFla-DIO-GFP backbone, which was serotyped with AAV 9 coat proteins and packaged at

128



Vigene Biosciences. The c-Fos-tTA (Roy et al., 2016) and TRE-H2B-GFP (Okuyama et al., 2016) vectors

were serotyped with AAV 9 and AAV 5 coat proteins respectively, and packaged at the University of

Massachusetts Medical School Gene Therapy Center and Vector Core. The TRE-ChR2-eYFP (Liu et al.,

2012) vector was serotyped with AAV 9 coat proteins and packaged at Vigene Biosciences. We used our

previously established method (Roy et al., 2016) for labeling memory engram cells using a virus cocktail

of c-Fos-tTA and TRE-H2B-GFP or c-Fos-tTA and TRE-ChR2-eYFP (Figure 5J). Viral titers were 1.2 x

103 genome copy (GC) ml-' for AAV9-EFIa-DIO-eYFP, 4 x 102 GC ml-' for AAV9-EFla-DIO-ChR2-

eYFP, 1.6 x 10" GC ml-' for AAV9-EFla-DIO-eArch3.0-eYFP, 3 x 103 GC ml- for AAV 9-EFlIa-DIO-

mCherry and AAV 9-EFIa-DIO-eArch3.0-mCherry, I x 10" GC ml' for AAV 9-EFla-eArch3.0-eYFP, 4

x 1012 GC ml 1 for AAV2-Syn-DIO-GCaMP6f and AAV5-Syn-DIO-GCaMP6f, 1.1 x 10" GC ml-' for

AAV 8-CMV-DIO-Synaptophysin-mCherry, 2 x 10" GC mlr for AAV 9-EFla-DIO-H2B-GFP, 4 x 1013

GC ml' for AAV9-c-Fos-tTA, 1.4 x 10" GC ml' for AAV5-TRE-H2B-GFP, and 1.5 x 10" GC ml' for

AAV 9-TRE-ChR2-eYFP.

Surgery and optic fiber implants

Mice were anesthetized with isoflurane or 500 mg kg-' avertin for stereotaxic injections. Injections were

targeted bilaterally to the dCA1 (-2.1 mm AP, +/- 1.5 mm ML, -1.4 mm DV), dSub (-3.08 mm AP, +/- 1.5

mm ML, -1.5 mm DV), vSub (-4.2 mm AP, +/- 3.25 ML, -4.0 mm DV), medial EC5 (-4.63 mm AP, +/-

3.36 mm ML, -2.55 mm DV), MB (-2.8 mm AP, +/- 0.35 mm ML, -4.9 mm DV), and lateral EC5 (-3.40

mm AP, +/- 4.0 mm ML, -4.30 mm DV). Injection volumes were 400 nl for dCAI, 200 nl for dSub and

vSub, 300 nl for medial EC5, 300 nl for MB, and 400 nl for lateral EC5. Viruses were injected at 70 nl

min' using a glass micropipette attached to a 10 ml Hamilton microsyringe. The needle was lowered to

the target site and remained for 5 min before beginning the injection. After the injection, the needle stayed

for 10 min before it was withdrawn. Custom dSub and MB implants containing two optic fibers (200 mm

core diameter; Doric Lenses) was lowered above the injection site (dSub: -3.08 mm AP, +/- 1.5 mm ML,

-1.2 mm DV; MB: -2.8 mm AP, +/- 0.35 mm ML, -4.8 mm DV). Single optic fiber implants (200 mm
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core diameter; Doric Lenses) were lowered above the EC5 injection sites (-4.8 mm AP, +/- 3.36 mm ML,

-2.20 mm DV). The implant was secured to the skull with two jewelry screws, adhesive cement (C&B

Metabond) and dental cement. An opaque cap derived from the top part of an Eppendorf tube protected

the implant. Mice were given 1.5 mg kg' metacam as analgesic and allowed to recover for 2 weeks

before behavioral experiments. All injection sites were verified histologically. As criteria, we only

included mice with virus expression limited to the targeted regions.

Retrograde neuronal tracing

Cholera toxin subunit B

To characterize neuronal populations in dSub and dCA 1 based on downstream projection targets, we used

cholera toxin subunit B (CTB) conjugated to Alexa-488 or Alexa-555 diluted in phosphate buffered saline

(PBS) solution at a final concentration of 1% wt volr. Diluted CTB was aliquoted and stored at -200 C.

For tracing experiments, 50-200 nl CTB was unilaterally injected into target sites. Six days after

injections, mice were perfused for histology and imaging.

Rabies virus

To identify major inputs to dSub Cre neurons, we used a monosynaptic retrograde tracing approach via a

Cre-dependent helper virus combined with rabies virus (RV) technology. The first component was an

AAV vector that allowed simultaneous expression of three genes: TVA, eGFP, and RV glycoprotein (G).

Briefly, this vector was constructed by deleting the sequence between the inverse terminal repeats of

pAAV-MCS (Stratagene), and replacing it with a cassette containing the following: human synapsin- 1

promoter (Syn, Genbank NG_008437); the Kozak sequence; a FLEX cassette containing the

transmembrane isoform of TVA (lacking a start codon), eGFP, and G separated by the highly efficient

porcine teschovirus self-cleaving 2A element; the woodchuck post-transcriptional regulatory element

(WPRE) and a bovine growth hormone polyadenylation site. This vector was termed pAAV-synP-FLEX-

sTpEpB (i.e., the helper virus), serotyped with AAVrh8 coat proteins, and packaged at the University of

Pennsylvania Vector Core. The second component was a deletion-mutant RV produced by replacing the
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eGFP gene in cSPBN-4GFP with the mCherry gene (i.e., the RVAG-mCherry virus, also known as the

rabies virus), which was packaged with the ASLV-A envelope protein. For tracing experiments, 50 nl of

the Cre-dependent helper virus was unilaterally injected into dSub of FNI-Cre mice. One week later, 50

n! of RVAG-mCherry virus was unilaterally injected into the same dSub. Six days after the second viral

injection, mice were perfused for histology and imaging.

Immunohistochemistry

Mice were dispatched using 750-1000 mg kg' avertin and transcardially perfused with PBS, followed by

4% paraformaldehyde (PFA). Brains were extracted and incubated in 4% PFA at room temperature

overnight. Brains were transferred to PBS and 50 pm coronal slices were prepared using a vibratome. For

immunostaining, each slice was placed in PBS + 0.2% Triton X-100 (PBS-T), with 5% normal goat

serum for 1 hr and then incubated with primary antibody at 40C for 24 hr. Slices then underwent three

wash steps for 10 min each in PBS-T, followed by a 2 hr incubation with secondary antibody. After three

more wash steps of 10 min each in PBS-T, slices were mounted on microscope slides. All analyses were

performed blind to the experimental conditions. Antibodies used for staining were as follows: CAI-

specific excitatory neurons were stained with rabbit anti-WFS1 (1:400, Proteintech) and anti-rabbit

Alexa-555 (1:500), excitatory neurons were stained with mouse anti-CaMKII (1:200, Abcam) and anti-

mouse Alexa-555 (1:300), inhibitory neurons were stained with mouse anti-GAD67 (1:500, Millipore)

and anti-mouse Alexa-555 (1:300), nuclei were stained with DAPI (1:3000, Sigma), neuronal nuclei were

stained with mouse anti-NeuN (1:200, Millipore) and anti-mouse Alexa-555 (1:300), parvalbumin

inhibitory neurons were stained with mouse anti-PV (1:500, Swant) and anti-mouse Alexa-555 (1:300),

Wisteria floribunda lectin was stained with biotinylated WFA lectin (1:3000, Vector Labs) and

streptavidin Alexa-555 (1:200), calbindin was stained with mouse anti-CALB (1:500, Swant) and anti-

mouse Alexa-555 (1:300), vesicular glutamate transporter I was stained with rabbit anti-VGLUTl

(1:1000, Synaptic Systems) and anti-rabbit Alexa-488 (1:300), vesicular glutamate transporter 2 was

stained with rabbit anti-VGLUT2 (1:500, Synaptic Systems) and anti-rabbit Alexa-488 (1:300), vesicular
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glutamate transporter 3 was stained with guinea pig anti-VGLUT3 (1:1000, Millipore) and anti-guinea pig

Alexa-488 (1:500), myelin basic protein (MBP) was stained with rabbit anti-MBP (1:1000, Abcam) and

anti-rabbit Alexa-546, cFos was stained with rabbit anti-cFos (1:400, Santa Cruz Biotechnology) and anti-

rabbit Alexa-488, and TRE-ChR2-eYFP (Figure 5J) was stained with chicken anti-GFP (1:1000, Life

Technologies) and anti-chicken Alexa-633.

CLARITY

Mice were anesthetized with 750-1000 mg kg- avertin and transcardially perfused with a hydrogel

monomer solution containing 4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044 initiator, and 4%

PFA in PBS. Brains were incubated in the monomer solution at 4C for 48-72 hr. For hydrogel tissue

embedding, the brains were degassed in a desiccation chamber replacing all the gas with nitrogen, after

which polymerization was initiated by raising the solution temperature to 37C for 1 hr. Brains were

extracted from the hydrogel, and washed in clearing solution containing 200 mM boric acid, 4% sodium

dodecyl sulfate (SDS), and sodium hydroxide (pH 8.5) at 37"C for 24 hr. Brains were placed in a custom-

built electrophoretic tissue-clearing (ETC) chamber, as previously described (Chung et al., 2013).

Clearing solution was circulated through the ETC chamber at 37'C for 3 days along with 15V application

across the brain sample. After clearing, brains were washed twice for 24 hr each in PBS-T at room

temperature. Before imaging, brains were incubated in FocusClear solution for 2 days at room

temperature to achieve the optimal refractive index of 1.45. Whole brain fluorescence z-stacks were

acquired using a light sheet fluorescence microscope (5x). Stitching and high resolution rendering of z-

stacks was performed using an Arivis Vision4D software package at the Harvard Center for Biological

Imaging (HCBI).

Cell counting

To quantify the number of neurons in each brain region projecting to dSub Cre' neurons, rabies virus

(RV)-mCherry+ neurons in each target structure were counted from 4-5 sagittal slices per mouse (n = 4
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mice). To quantify the number of dCA 1 neurons projecting to lateral EC5, CTB555' neurons were

counted from 5-6 coronal slices per mouse (n = 3 mice). Fluorescence images were acquired using a Zeiss

Axiolmager.Z 1/ApoTome microscope (10, 20, or 40X). Automated cell counting analysis was performed

using ImageJ software. DAPIF counts were approximated from 5 sagittal slices using ImageJ. Percentage

of neurons in each brain region projecting to dSub was calculated as ((mCherryt ) / (Total DAPI+)) x 100.

To characterize dSub Cre+ eYFP neurons, the overlap between eYFP and several molecular markers

(labeled with mCherry-tagged antibodies) were examined. The number of eYFP+, mCherry", and eYFP'

mCherry' neurons were counted from 4-5 sagittal slices per mouse (n = 3 mice per group). Percentage of

dSub Cre& neurons expressing the different molecular markers was calculated as ((eYFP' mCherry*) /

(Total eYFP+)) x 100. A similar quantification strategy was used to examine the overlap of cholera toxin

subunit B (CTB) 488 and 555 from different downstream brain regions in dSub and dCA 1, as well as the

overlap of RV-mCherry and CTB488 from different downstream brain regions in dCA 1. For these

retrograde tracing experiments, the percentage of overlap was calculated as ((eYFP+ mCherry*) / (Total

DAPI+)) x 100. Chance overlap calculated as ((eYFP+ / Total DAPI*) x (mCherry t / Total DAPI+)) x 100,

where eYFP+ and mCherryt represents the total population of cells labeled by eYFP and mCherry,

respectively. For activity-dependent labeling experiments using cFos (as TRE-H2B-GFP signal) or cFos

staining, cFos' neurons were counted from 5-7 sagittal or coronal slices per mouse (n = 5-6 mice). The

cell body layers of dCAI, dSub, EC5, MB, or basolateral amygdala (BLA) were outlined as regions of

interest (ROIs) and the percentage of cFos+ neurons were calculated as ((cFos+) / (Total DAPIF)) x 100.

For cFos CTB555+ neurons in dCAI, percentage overlap was calculated as ((cFos+ CTB555') / (Total

DAPI)) x 100. Chance overlap calculated as ((cFos+ / Total DAPI) x (CTB555+ / Total DAPI)) x 100,

where cFos+ and CTB555+ represents the total population of cells labeled by cFos and CTB555,

respectively. For cFos+ ChR2+ CTB555+ neurons in dCAl (Figure 5M), percentage overlap was

calculated as ((cFos+ ChR2+ CTB555+) / (Total DAPI)) x 100. The numbers of fluorophore-positive cells

per section were quantified after applying a threshold above background fluorescence. Data were

analyzed using Microsoft Excel with the Statplus plug-in, or Prism 6 software. All counting experiments
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were conducted blind to experimental group. Researcher I trained the animals, prepared slices and

randomized images, while Researcher 2 performed semi-automated cell counting. Statistical comparisons

were performed using unpaired t tests, one-sample t tests, and Fisher's exact tests: * P < 0.05, **P < 0.01,

***P < 0.001.

In vivo calcium imaging

Microendoscope surgery

We used our previously established method (Kitamura et al., 2015; Sun et al., 2015) for microendoscope

surgeries. Briefly, for Ca2+ imaging experiments, unilateral injections were targeted to the right dSub of

FNl-Cre mice or the right dCA1 of WFSI-Cre mice. Mice were injected with AAV2-Syn-DIO-GCaMP6f

(FN 1 -Cre) or AAV 5-Syn-DIO-GCaMP6f (WFS 1 -Cre). One month after AAV injection, we implanted a

microendoscope lens (1 mm diameter) above the dorsal region of CAl (-2.0 mm AP, +/- 1.5 mm ML, -1.2

mm DV), specifically targeting the medial region along the proximodistal axis, or the dorsal region of

Sub (-3.1 mm AP, +/- 1.5 mm ML, -1.0 mm DV). These microendoscope lenses have a working distance

of 0.3 mm (Inscopix, Inc.). One month later, the baseplate for a miniaturized microscope camera (Ziv et

al., 2013) was attached above the implanted microendoscope. Following baseplate surgeries, mice were

habituated to investigator handling and the attachment of a microscope camera for 2 weeks.

Imaging during open field and CFC

Mice were housed in a reverse light cycle room (dark period: 9 am to 9 pm). This is different from the

light cycle room for the optogenetic behavior experiments (see below). This was necessary in order to

maximize the animal's movement during the open field experiments for best coverage of the arena, which

was crucial to examine spatial information and place field properties. All Ca2+ imaging experiments were

performed during the dark cycle. Open field tests were conducted using a 50 x 50 cm white plastic

platform, which lacked walls and was raised by 15 cm above the table. Under dim light conditions, Ca2+

activity in the open field arena was collected for 30 min per mouse in order to obtain sufficient numbers
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of transients for adequately powered statistical analyses. Contextual fear conditioning (CFC) tests were

conducted using a 29 x 25 x 22 cm chamber with grid floors, dim white lighting, and scented with 1%

acetic acid. Mice were conditioned (300 s exploration, one 0.75 mA shock of 2 s duration at 300 s, 120 s

post-shock period). One day later, mice were returned to the conditioned chamber (7 min) to assess

memory recall-induced freezing behavior. Before and between runs in the open field and CFC paradigms,

the experimental apparatus was cleaned with quatricide. Mouse behavior, specifically position tracking

and freezing epochs, was recorded using an automated infrared (IR) detection system (EthoVision XT,

Noldus). As we previously described (Kitamura et al., 2015; Sun et al., 2015), Ca2+ events were captured

at 20 Hz on an Inscopix miniature microscope.

Image processing and cell identification

We used our previously established method (Sun et al., 2015) for image processing and single cell

identification analyses. Briefly, Ca2+ imaging movies were motion corrected using Inscopix Mosaic

software: translation and rotation; reference region with spatial mean (r = 20 pixels) subtracted, inverted,

and spatial mean (r = 5 pixels) applied. Using ImageJ software, each image was divided one pixel at a

time by a low pass (r = 20 pixels) filtered version, after which the AF/F signal was calculated. Two

hundred cell regions of interest (ROIs) were carefully selected from the resulting movie by PCA-ICA

method (300 output PCs, 200 ICs, 0.1 weight of temporal information in spatio-temporal ICA, 750

iterations maximum, I x 10- fractional change to end iterations) in Inscopix Mosaic software, and the

independent components (ICs) were binarized using a threshold of 0.5 of the maximum intensity. Non-

circular ROIs (i.e., if its length exceeded its width by greater than 2 times) were not included in the

analysis. Ca events were detected by applying a threshold (greater than 2 standard deviations from the

AF/F signal) at the local maxima of the AF/F signal. Events that occurred within 250 ms of a previous

Ca2+ event were excluded from the analysis. For ICs that satisfied all criteria, Ca2+ traces during behavior

were computed. For open field, using this high resolution spatial map, the distribution of Ca2+ events were

calculated, while event rate heat maps were calculated by binning the behavioral arena into 50 x 50 array
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bins, each of which covered a 2 x 2 cm area. Smoothed rate heat maps were constructed with each pixel

boxcar averaged over the surrounding 5 x 5 pixel area using a Gaussian smoothing kernel (a = 2 pixels).

For CFC, 8-15 s epochs during pre-footshock periods (Pre), and non-freezing (NF) and freezing (F)

periods of training and recall were examined. The total duration examined within each test session was

held constant across mice. For the NF and F epoch analysis, the total time was held constant across each

of the test sessions, which was necessary in order to make meaningful comparisons between these epochs.

On average, 10-20 epochs per mouse were analyzed. Active cells (Figure 61) were defined as those

exhibiting at least 15 significant Ca2
' events during a given recording session. We confirmed that these

active cell results show robustness to change around this value (15) in the range of 10-18 significant Ca2
+

events.

Spatial information, place field size, and sparsity

We used our previously established method (Sun et al., 2015) for these analyses. Briefly, the behavior

position tracking data was sorted into 5 x 5 cm spatial bins. Ca event rate per spatial bin was calculated

for all dCA1 and dSub cells. Individual spatial bins were accepted if their event rate exceeded 0.2 Hz.

Bins that had mouse occupancy duration less than 100 ms were not included in the analysis. Without

smoothing, the spatial information rate in bits per second was calculated for each cell according to

(Skaggs et al., 1992):

information rate = pii log2

where pi is the probability of the mouse occupying the i-th bin for all i, Ai is the mean Ca2 event rate in

the i-th bin, and A is the overall Ca 2 event rate. Cells with significant spatial information were identified

as those above the 95t percentile of all shuffles (all cell event times were shuffled 100 times, for a total of

approximately 20,000 shuffles per mouse). To identify a place field, the criterion was at least 4

contiguous spatial bins (16 cm2 ). For each place cell, only the largest place field was considered for the

place field size analysis. Single cell sparsity is defined as <R>2 / <R> 2, where R is the calcium activity
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rate in a particular spatial bin, and <> denotes the average value over all spatial bins. A sparsity of 0.15

indicates that the cell is active in 15% of the open field arena (Treves and Rolls, 1992).

Classification of short and long tail cells

For each dCA I and dSub cell, Ca2' events that were greater than 4 standard deviations were included for

this analysis. For each cell and each Ca 2 event, the total time to decay to 0.33 the maximum value was

defined as the event width. Cells that had an average decay time of less than 3.5 s were categorized as

short tail cells, while cells that had an average decay time of greater than 3.5 s were categorized as long

tail cells. We confirmed that these cell type classification results show robustness to change around this

value (3.5 s) in the range of 3.0-4.0 s. The distributions of individual calcium transient durations for the

entire population of dCAl and dSub cells were plotted (the x-axes used a logarithmic scale for optimal

visualization of the data). A line fit was included in each population distribution (black lines). The cell

type classification results are supported by the fact that dSub calcium transient durations showed a

bimodal distribution (Figure S6C).

Corticosterone assay

To measure stress responses following behavior, we used a CORT enzyme-linked immunosorbant assay

(ELISA; Enzo Life Sciences). One hour after training or testing sessions, we collected trunk whole blood.

For sample collection following optogenetic manipulations (Figure 3G), ChR2 activation (40 min blue

light on) and eArch inhibition (10 min green light on, 2 min green light off, repeated for 40 min) was

carried out immediately after CFC training or recall. Specifically, once mice were removed from the CFC

training context, they were returned to their home cages, optic fibers were attached, and optogenetic

manipulations were initiated. Details of the laser light sources and power are provided in the optogenetic

manipulations section (see below). Samples remained on ice until centrifugation (2000 x g, for 10 min) to

isolate blood plasma. Plasma samples were aliquoted and stored at -80'C. 1-3 days after plasma

collection, ELISA assays were performed.
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Behavior assays

Experiments were conducted during the light cycle (7 am to 7 pm). Mice were randomly assigned to

experimental groups for specific behavioral assays immediately after surgery. Mice were habituated to

investigator handling for 1-2 minutes on three consecutive days. Handling took place in the holding room

where the mice were housed. Prior to each handling session, mice were transported by wheeled cart to

and from the vicinity of the behavior rooms to habituate them to the journey. For natural memory recall

sessions, data were quantified using FreezeFrame software. Optogenetic manipulations interfered with

motion detection, and therefore freezing behavior in these experiments were manually quantified. All

behavior experiments were analyzed blind to experimental group. Unpaired student's t-tests were used for

independent group comparisons, with Welch's correction when group variances were significantly

different, or two-way ANOVAs followed by Bonferroni post-hoc tests were used. Given behavioral

variability, initial assays were performed using a minimum of 10 mice per group to ensure adequate

power for any observed differences. Following behavioral protocols, brain sections were prepared to

confirm efficient viral labeling in target areas. Animals lacking adequate labeling were excluded prior to

behavior quantification.

Contextual fear-conditioning

Two distinct contexts were employed (Roy et al., 2016). The conditioning context were 29 x 25 x 22 cm

chambers with grid floors, dim white lighting, and scented with 0.25% benzaldehyde. The neutral context

consisted of 30 x 25 x 33 cm chambers with white perspex floors, red lighting, and scented with 1%

acetic acid. All mice were conditioned (180 s exploration, one 0.75 mA shock of 2 s duration at 180 s,

120 s post-shock period), and tested (3 min) one day later. Experiments showed no generalization in the

neutral context. Floors of chambers were cleaned with quatricide before and between runs. Mice were

transported to and from the experimental room in their home cages using a wheeled cart. The cart and

cages remained in an anteroom to the experimental rooms during all behavioral experiments. For activity-

dependent labeling using cFos (as H2B-GFP signal), mice were kept on regular food without DOX for 24
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hours prior to training or recall. When training or recall was complete, mice were switched back to food

containing 40 mg kg' DOX.

Trace and delay fear-conditioning

The conditioning context were 29 x 25 x 22 cm chambers with grid floors, bright white lighting, and

scented with 1% acetic acid. The recall test context consisted of 30 x 25 x 33 cm chambers with white

perspex floors, red lighting, and scented with 0.25% benzaldehyde. For trace fear-conditioning, mice were

conditioned (240 s exploration, 20 s tone, 20 s trace period, a 0.75 mA shock of 2 s duration at 280 s, 60 s

post-shock period, repeated 3 more times). For delay fear-conditioning, mice were conditioned (240 s

exploration, 20 s tone co-terminating with a 0.75 mA shock of 2 s duration, 60 s post-shock period,

repeated 3 more time). For both paradigms, memory recall was tested (14 min; 2 min exploration, 60 s

tone, 120 s post-tone period, repeated 3 more times) one day later. The tone was calibrated to 75 dB SPL,

with a frequency of 2 kHz. Experiments showed no generalization in the recall test context.

Conditioned place preference

The conditioned place preference (CPP) behavior chamber was a rectangular arena (40 x 15 cm), divided

into three quadrants (left, middle, right). The left and right quadrants were 15 cm long, while the middle

quadrant was 10 cm long. The left quadrant had grid floors and a pattern (series of parallel lines) on the

wall. The right quadrant had smooth polypropylene floors and a pattern (series of circles) on the wall. On

day 1 (pre-exposure), mice were allowed to explore the entire arena for 30 min. Experiments showed no

preference to any one quadrant. On day 2 (training), mice were confined to the left or right quadrants for

20 min following cocaine (20 mg kg-) or saline intraperitoneal administration. On days 3-7 (training

continued), mice were conditioned in opposite quadrants in an alternating manner (i.e., cocaine left-saline

right-cocaine left, etc.) until every mouse received 3 cocaine and 3 saline pairings. For every behavioral

cohort, half the mice were conditioned with cocaine in the left quadrant, while the remaining mice

received cocaine in the right quadrant. On day 8, memory recall was measured by preference to the left or
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right quadrant (10 min). All sessions were performed with dim white lighting. Mouse behavior,

specifically position tracking and duration, was recorded using an automated infrared (IR) detection

system (EthoVision XT, Noldus). The tracking software plotted heat maps for each mouse, which was

averaged to create representative heat maps for each group. Raw data was extracted and analyzed using

Microsoft Excel.

Memory updating

We employed the pre-exposure mediated contextual fear-conditioning (PECFC) paradigm to examine

memory updating. The behavior context were 29 x 25 x 22 cm chambers with grid floors, dim white

lighting, and scented with 0.25% benzaldehyde. On day 1, mice were allowed to explore the context for 6

min. On day 2, mice were conditioned (8 s exploration, one 0.75 mA shock of 2 s duration at 8 s, no post-

shock period), and tested for 3 min one day later (day 3).

Open field assay

Spontaneous motor activity was measured in an open field arena (52 x 26 cm) for 10 min. Mice were

transferred to the testing room and acclimated for 30 min before the test session. During the testing

period, lighting in the room was turned off. The apparatus was cleaned with quatricide before and

between runs. Total movement (distance traveled and velocity) in the arena was quantified using an

automated infrared (IR) detection system (EthoVision XT, Noldus). The tracking software plotted heat

maps for each mouse, which was averaged to create representative heat maps for each group. Raw data

were extracted and analyzed using Microsoft Excel.

Optogenetic manipulations

All behavioral paradigms were performed as described above. For experiments that included optogenetic

manipulations, the behavior chamber ceilings were customized to hold a rotary joint (Doric Lenses)

connected to two 0.32 m optic fibers. All mice had optic fibers attached to their optic fiber implants prior
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to training and recall tests. For ChR2 experiments, dSub terminals were stimulated at 20 Hz (15 ms pulse

width) using a 473 inm laser (10-15 mW, blue light), for the entire duration (3 min) of CFC recall tests or

neutral context tests (Figure 3D). For eArch experiments, dSub cell bodies/terminals, vSub terminals, and

dCA I terminals were inhibited using a 561 nm laser (10 mW, constant green light). For CFC experiments

(Figures 3A, 3B, 3C, 41, 4J, 4K, 4L; Figures S2, S3), green light inhibition was performed during the

entire duration (3 min) of training or recall tests. For TFC and DFC training experiments (Figures S4A,

S4B), green light inhibition was performed during the entire duration from tone initiation through shock

delivery (for all tone-shock pairings). The following day, tone-induced memory recall was tested without

green light. For TFC and DFC recall experiments (Figures 3E, S4C), green light inhibition was performed

during the first and third tones (each tone is 60 s) in half the mice, while the remaining mice received

inhibition during the second and fourth tones. This reflects a counter-balanced experimental design. For

CPP training experiments (Figure S4D), green light inhibition was performed during days 2-7, for the

entire 20 min session per day (9 min green light on, 1 min green light off, 10 min green light on). For CPP

recall experiments (Figure 3F), green light inhibition was performed during the entire duration (10 min)

of recall tests on day 8. For memory updating experiments (Figures 4M, 4N), green light inhibition was

performed during the entire pre-footshock periods (first 8 s on day 2, left panels) or during the footshock

periods alone (last 2 s on day 2, right panels). For open field experiments (Figure S2M), green light

inhibition was performed during the entire duration (10 min).

Quantification and statistical analysis

Data are presented as mean values accompanied by SEM. No statistical methods were used to

predetermine sample sizes. Data analysis was performed blind to the conditions of the experiments. Data

were analyzed using Microsoft Excel with the Statplus plug-in and Prism 6 software. Two-way ANOVA

followed by Bonferroni post-hoc test, unpaired t test, Fisher's exact test, one-sample t test, and paired t

test were used to test for statistical significance when appropriate. Statistical parameters including the

exact value of n, precision measures (mean SEM), and statistical significance are reported in the figure
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legends. The significance threshold was placed at a = 0.05 (NS, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P

< 0.001).
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Figure 1. Genetic targeting of dSub neurons using FN1-Cre mice

(A) FN 1-Cre mice were injected with a Cre-dependent virus expressing eYFP into dSub.

(B) Cre dSub neurons (eYFP, green) do not overlap with dCA1 excitatory neurons (labeled with WFSI,

red). Sagittal image (left), higher magnification image of boxed region (right). Dashed white line denotes

CA1/dSub border (right).

(C, D) Cre+ dSub neurons (eYFP, green), in sagittal sections, express the excitatory neuronal marker

CaMKII (red; C). Over 85% of all CaMKII+ neurons in the dSub region also expressed eYFP (n = 3

mice). Images are taken with a 20x objective. Cre dSub neurons do not express the inhibitory marker

GAD67 (red; D). White arrows indicate GAD67+ cell bodies (D). Images are taken with a 40x objective.

See also Figure SlA. DAPI staining in blue.

(E-K) Medial to lateral (ML, in millimeters relative to Bregma) sagittal sections show that eYFP signal is

restricted to dSub neurons. DAPI staining (blue). No eYFP signal was observed in ventral subiculum

(vSub) or medial entorhinal cortex (MEC). Dashed white line denotes perirhinal cortex/MEC border (J,

K).

144



~2~~ __ ___

A Retrograde tracing
Transgenic mice

cmCre ,1

Cre-dependent helper virus

D .dSub Ipsi
inputs

CA1 40%
PaS <5%
RSA 9%

MEC I/Ill 8%
NDB <5%

Acb Sh 6%
Thal Nucd 10%

E CLARITY Light sheet
objective

+ Working
distance

:-4.5 mm

145

Contra
54%

5%



Figure 2. Input-output organization of dSub excitatory neurons

(A) Monosynaptic retrograde tracing of dSub inputs used a Cre-dependent helper virus (tagged with

eGFP) combined with a rabies virus (RV, mCherry) injected into dSub of FN I -Cre mice. Avian leukosis

and sarcoma virus subgroup A receptor (TVA) and rabies glycoprotein (G).

(B, C) Representative ipsilateral sections confirmed efficient overlap of helper and RV-infected dSub

neurons. Sagittal image (left; B), higher magnification images of boxed region (right; B). Both ipsilateral

and contralateral sagittal sections revealed that dorsal CAI provides the major input to dSub Cre+ neurons

(C).

(D) Inputs to dSub Cre neurons were quantified based on percentage of neurons in the target brain region

relative to DAPI+ neurons (n = 4 mice). Ipsilateral (Ipsi) and contralateral (Contra) counts. Parasubiculum

(PaS), retrosplenial agranular cortex (RSA), MEC layers II/III (MEC II/III), nucleus of the diagonal band

(NDB), nucleus accumbens shell (Acb Sh), and thalamic nuclei (Thal Nucl).

(E) FN1-Cre mice expressing ChR2-eYFP (Cre-dependent virus) in dSub neurons were used for

CLARITY followed by light sheet microscopy (top). 2.5 mm optical section in sagittal view shows

projections to RSA and mammillary bodies (MB, bottom).

(F) Whole-brain, stitched z-stack (horizontal view) shows all major projections from dSub Cre& neurons

including RSA, MB, EC5, and postrhinal cortex (Pos).

(G, H) Standard sagittal brain sections of FN I -Cre mice expressing ChR2-eYFP (Cre-dependent virus) in

dSub neurons showing dSub projections to EC5 and Pos (G), as well as medial and lateral MB (H).

(I-M) Representative standard sagittal brain sections showing dSub neuronal populations projecting to

MB (red, CTB555; I) or EC5 (green, CTB488; J). The respective CTB was injected into MB or EC5.

Overlap image (K). Quantification, including weakly labeled CTB+ neurons, revealed that 81% of dSub
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cells were double positive (n = 4 mice). Scale bar in panels I-J applies to panel K. Dashed white line

denotes CA1/dSub border. Higher magnification images of boxed regions indicated in Figure 2K (L-M).

White arrows indicate dSub neurons that are both CTB555+ and CTB488+.
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Figure 3. Differential roles of dSub projections in hippocampal memory retrieval and retrieval-

induced stress hormone responses

(A, B) FNI-Cre mice were injected with a Cre-dependent virus expressing eArch3.0-eYFP into dSub.

Optogenetic inhibition of dSub neurons during contextual fear conditioning (CFC) training had no effect

on long-term memory (n = 12 mice per group; A). Inhibition of dSub neurons during CFC recall impaired

behavioral performance (n = 12 mice per group; B). A two-way ANOVA followed by Bonferroni post-

hoc tests revealed a behavioral epoch-by-eArch interaction and significant eArch-mediated attenuation of

freezing (A-B: F1 4 4 = 5.70, P < 0.05, recall). For dSub optogenetic manipulation experiments, injections

were targeted to dSub cell bodies and the extent of virus expression is shown in Figures E-i K.

(C) Terminal inhibition of dSub projections to EC5 (bottom left), but not MB (bottom right), disrupted

CFC memory recall (n = 11 mice per group). A two-way ANOVA followed by Bonferroni post-hoc tests

revealed a dSub terminal-by-eArch interaction and significant eArch-mediated attenuation of freezing

(F1 40 = 7.63, P < 0.01, dSub-EC5 terminals).

(D) FNI-Cre mice were injected with a Cre-dependent virus expressing ChR2-eYFP into dSub.

Optogenetic activation of dSub-+EC5 terminals during CFC memory recall increased freezing levels

(left), which was not observed in a neutral context (middle) or using no shock mice (right, n = 10 mice

per group).

(E) Inhibition of dSub-+EC5 terminals during trace fear conditioning (TFC) recall decreased tone (Tn)-

induced freezing levels (n = 12 mice). A two-way ANOVA followed by Bonferroni post-hoc tests

revealed a behavioral epoch-by-eArch interaction and significant eArch-mediated attenuation of freezing

(E and Figure S4A: F1 4 4 = 7.11, P < 0.05, recall). Pre-tone baseline freezing (Pre). Recall-induced

freezing levels during individual tone presentations (left panel), averaged freezing levels during the two

light-off tones and the two light-on tones (right panel).
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(F) Inhibition of dSub--.EC5 terminals during cocaine-induced conditioned place preference (CPP) recall

impaired behavioral performance (n = 14 mice per group). Behavioral schedule (left, top part). Average

heat maps showing exploration time during pre-exposure and recall trials (left, bottom part). Dashed

white lines demarcate individual zones in the CPP apparatus. Pre-exposure preference duration (right, top

graph) and recall preference duration (right, bottom graph). Saline (S or Sal), cocaine (C or Coc). A two-

way ANOVA followed by Bonferroni post-hoc tests revealed a drug group-by-eArch interaction and

significant eArch-mediated attenuation of preference duration (F 1 5 2 = 5.16, P < 0.05, cocaine). For CPP

training inhibition, see Figure S4D. NS, not significant.

(G) Stress hormone: Terminal inhibition of dSub projections to MB, but not EC5, following CFC memory

recall tests decreased stress responses as measured by corticosterone (CORT) levels. Optogenetic

activation of dSub--.MB terminals following CFC memory recall increased CORT levels (n = 10 mice

per group). Context (ctx). CORT levels in CPP paradigm are shown in Figure S4E.

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01,

***P < 0.001. Data are presented as mean SEM.
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Figure 4. Projection from CAI to EC5 is crucial for encoding, but not for retrieval, of hippocampal

memories

(A-C) Retrograde monosynaptic identification of dCAl neurons projecting to dSub (in FNl-Cre mice)

using a Cre-dependent helper virus combined with a rabies virus (RV). Simultaneous retrograde

monosynaptic identification of dCA 1 neurons projecting to EC5 using CTB. DAPI (blue; A), RV-

mCherry (red; B), CTB488 (green; C). Representative sagittal sections, dashed white line denotes

CA1/CA2 border.

(D-F) Higher magnification images of boxed regions indicated in Figure 4C.

(G) Percentage of dCAl neurons labeled with mCherry (dSub only), CTB488 (EC5 only), or mCherry

and CTB double positive (dSub+EC5, n = 4 mice). Dashed line indicates chance level (6%), calculated

from a control experiment (Figures S5A-S5H, and see Methods). One-sample t tests against chance level

were performed.

(H) Representative sagittal sections of hippocampus from TRPC4-Cre mice showing dCAI neurons

labeled with a Cre-dependent histone H2B-GFP virus (green, bottom) and stained with DAPI (blue, top).

(I, J) TRPC4-Cre mice were injected with a Cre-dependent virus expressing eArch3.0-eYFP into dCAl.

Terminal inhibition of CAl--EC5 during CFC training impaired long-term memory (n = 10 mice per

group; I). Inhibition of CA1--EC5 terminals during CFC recall had no effect on behavioral performance

(n = 10 mice per group; J). A two-way ANOVA followed by Bonferroni post-hoc tests revealed a

behavioral epoch-by-eArch interaction and significant eArch-mediated attenuation of freezing (I-J: F 1,36 =

9.19, P < 0.01, training).

(K, L) Terminal inhibition of CA I -- dSub during CFC training had no effect on long-term memory (n =

13 mice per group; K). Inhibition of CAI--dSub terminals during CFC recall disrupted behavioral

performance (n = 13 mice per group; L). A two-way ANOVA followed by Bonferroni post-hoc tests
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revealed a behavioral epoch-by-eArch interaction and significant eArch-mediated attenuation of freezing

(K-L: F1 ,48 = 5.16, P < 0.05, recall).

(M, N) Memory updating. Experimental schedule (top) for pre-exposure mediated contextual fear

conditioning (PECFC) with optogenetic terminal inhibition of CAl -iEC5 (using TRPC4-Cre mice; M)

and dSub->EC5 (using FNI-Cre mice; N) during the pre-footshock period (left panels) or footshock

period alone (right panels) on Day 2. Freezing levels during recall tests (Day 3) to the conditioned context

(bottom). eYFP and eArch conditions (n = 12 mice per group). NS, not significant. Immediate shock

(Imm. shk). A two-way ANOVA followed by Bonferroni post-hoc tests revealed a behavioral epoch-by-

eArch interaction and significant eArch-mediated attenuation of freezing (M: F1,4 4 = 9.81, P < 0.01, recall

in right panel; N: F 1,4 = 4.75, P < 0.05, recall in left panel).

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01. Data

are presented as mean SEM.
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Figure 5. Distinct cFos activation patterns in CAI and dSub neurons

(A) Virus-mediated cFos' neuronal labeling strategy using a cocktail of c-Fos-tTA and TRE-H2B-GFP

(left). Wild-type mice raised on doxycycline (DOX) food were injected with the two viruses bilaterally

into CA l and dSub (right).

(B) Behavioral schedule and H2B-GFP labeling (see Methods). Beige shading indicates animals are

maintained on DOX food.

(C-E) Representative sagittal section of hippocampus showing H2B-GFP-labeled cell bodies (green) in

CAl and dSub counterstained with DAPI (blue), following CFC training (C). Boxed regions in C are

shown in higher magnification for CAl (D) and dSub (E). Dashed white line denotes CAl/dSub border

(E).

(F) H2B-GFP+ (cFos') cell counts in CAl (left) and dSub (right) from home cage, CFC training

(encoding), and CFC recall groups (n = 6 mice per group). NS, not significant.

(G) Ratio of recall to training H2B-GFP* neurons in CA 1 and dSub (cell counts from Figure 5F). A ratio

of 1.0 indicates comparable H2B-GFP* counts during training and recall epochs. Statistical comparison

used a Fisher's exact test.

(H) Overlap between CFC-induced cFos and CAl neurons projecting (labeled by CTB555) to dSub (left)

or EC5 (right). Representative overlap images are shown in Figures S51-S5L. Dashed lines indicate

chance levels (n = 5 mice per group, see Methods). One-sample t tests against chance level were

performed (#P < 0.05).

(I-M) Wild-type mice raised on DOX were used for these experiments. Representative coronal section of

CAI showing DAPI staining (I), CFC training-induced cFos-positive engram cells labeled with a cocktail

of c-Fos-tTA and TRE-ChR2-eYFP (J), cFos antibody staining following CFC recall tests performed one
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day after training and engram labeling (K), and CAl neurons projecting to either dSub or EC5 visualized

by retrograde CTB555 labeling (L). The circled region with a single asterisk (*) shows an engram cell

that is cFos- but CTB555+ and the region with two asterisks (**) shows an engram cell that is cFos+ and

CTB555*. White arrows show additional examples of CAl engram cells that are both cFos+ and

CTB555+. Overlap of recall-induced cFos, CA1 engram cells labeled during training, and circuit specific

CAl projection neurons (n = 6 mice per group; M).

(N) Representative coronal section of basolateral amygdala (BLA) showing cFos activation following

memory recall (left). cFos+ cell counts (n = 6 mice per group) in BLA following natural recall, and recall

with eArch inhibition of the CAl->EC5 or dSub--EC5 circuits (right). TRPC4-Cre mice were used for

CAl circuit manipulations and FNI-Cre mice were used for dSub circuit manipulations.

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01. Data

are presented as mean SEM.
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Figure 6. dSub neurons exhibit enhanced neuronal activity during hippocampal memory retrieval

(A-C) Implantation of a microendoscope right above dSub of FN 1 -Cre mice (A) or dCA 1 of WFS I -Cre

mice. For dCAI, the medial region along the proximodistal axis was targeted (see also Figures S6A-S6B).

Calcium (Ca2+ ). Representative sagittal sections of hippocampus from FN1-Cre (B) and WFS1-Cre (C)

mice showing GCaMP6f-labeled cells (green) and DAPI staining (blue).

(D, E) Representative maximum intensity projection images, as seen through the microendoscope camera,

of dSub neurons expressing GCaMP6f (D) or CA1 neurons expressing GCaMP6f (E) acquired during a

30 min recording session in an open field arena (see Experimental methods).

(F, G) Representative Ca2+ traces of CAl cells (left, labeled in E) and two types of dSub cells (middle and

right, labeled in D) from the open field paradigm (F), and cell type quantification (n = 759 CA I cells, n =

428 dSub short tail cells, n = 371 dSub long tail cells, n = 4 mice per group; G). See also Figure S6C.

(H) Representative place field Ca2+ events (red dots, left panels) and heat maps (right panels) for CA I and

dSub cells (cell counts in Figure 6G), along with quantification. See also Figure S6D and Experimental

methods. ND, not detected.

(I) Ca2+ activity during CFC. Pre-footshock levels (Pre). Percentage of active cells (see Experimental

methods) during Pre, training, and recall tests (top), including non-freezing (NF) and freezing (F) epochs

(bottom), in CAl and dSub (n = 550 CAl cells, n = 429 dSub short tail cells, n = 203 dSub long tail cells,

n = 3 CA I mice, n = 4 dSub mice). Within session NF and F comparisons used paired t tests.

Comparisons across sessions used a two-way ANOVA with repeated measures followed by Bonferroni

post-hoc tests. See also Figures S6E-S6G.

For statistical comparisons, *P < 0.05, **P < 0.01. Data are presented as mean : SEM.
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Figure SI. Characterization of FN1-Cre mice

(A) FN 1 -Cre mice were injected with a Cre-dependent virus expressing eYFP. Percentage of eYFP+ cells

in dSub expressing various molecular markers (n = 3 mice per group). Cre dSub neurons expressed the

neuronal nuclei (NeuN) protein and the excitatory neuronal marker CaMKII (see Figure IC). Cre+ dSub

neurons did not overlap with CAl excitatory neurons labeled with WFS I (see Figure 1 B), parvalbumin

(PV) inhibitory neurons, the inhibitory neuronal marker GAD67 (see Figure 1D), Wisteria floribunda

(WFA) lectin, or the granule cell marker calbindin. ND, not detected.

(B-D) FN1-Cre mice were injected with a Cre-dependent histone H2B-GFP virus (see Experimental

methods viral constructs section; B). Representative medial sagittal sections showing DAPI staining

(blue, G) and H2B-GFP labeling in dSub (green, D). Dashed white line (C, D) denotes CA1/dSub border.

(E-H) Representative lateral sagittal sections showing DAPI staining (blue, E) and H2B-GFP labeling

(green, F) in dSub, but not vSub. Higher magnification images of boxed regions in F (G-H).

(I-K) FNl-Cre mice were injected with a cocktail of Cre-dependent eYFP virus and CTB into EC5.

Representative lateral sagittal sections showing DAPI staining (blue, 1), CTB555 (red, J), and eYFP

labeling (green, K). CTB555 signal reflects the injection site. Cre-dependent eYFP labeling was observed

in dSub, but not MEC.

(L) Cre mRNA expression in FN 1-Cre mice by in situ hybridization (ISH) showing clear signals in dSub,

and the dorsal tegmental nucleus (DTg) in the brain stem. Anterior to posterior (AP, in millimeters

relative to Bregma) coronal sections.

(M) Representative sagittal sections showing brain regions projecting to dSub Cre+ neurons (see Figure

2D), including thalamic nuclei (Thal Nucl), nucleus accumbens shell (Acb Sh), and retrosplenial

agranular cortex (RSA). Rabies virus-positive neurons (red), DAPI staining (blue). White arrows indicate

multiple thalamic nuclei containing rabies virus-positive neurons.
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(N-P) FNI-Cre mice were injected with a Cre-dependent synaptophysin (SYP) virus to label dSub axonal

terminals. Reflecting the excitatory nature of these dSub Cre+ neurons, SYP labeling (red) overlapped

with vesicular glutamate transporters 1 (VGLUTI in green; N) and 2 (VGLUT2 in green; 0). dSub

neurons do not express VGLUT3 (green; P), which mainly occurs in non-glutamatergic neurons. White

arrows indicate axonal terminals originating from dSub Cre+ neurons that express VGLUTI (N) or

VGLUT2 (0). Representative 40x sagittal confocal images.

(Q) CTB injection sites. Representative sagittal sections showing DAPI staining (blue) and CTB555

labeling (red). Small volume (50 nl) injections targeting MB (left panel), EC5 (middle panel), or dSub

(right panel). Dashed white line (right panel) denotes CAI/dSub border.

Medial to lateral (ML, in millimeters relative to Bregma) coordinates. Data are presented as mean SEM.
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Figure S2. Optogenetic inhibition using eArch decreased memory recall-induced cFos expression in

dSub cell bodies as well as terminals

(A-D) FNl-Cre mice were injected in dSub with a Cre-dependent eArch3.O-mCherry or mCherry alone

virus (A-B). Dashed white line (A, B) denotes CAI/dSub border. To measure cFos levels, a virus cocktail

of c-Fos-tTA and TRE-H2B-GFP viruses were injected into dSub (see Experimental methods; C).

Representative cFos expression in dSub cell bodies from mCherry mice (C, left panel) and eArch3.O-

mCherry mice (C, right panel). During CFC memory recall, optogenetic inhibition of dSub neurons

decreased the percentage of cFos-positive neurons (n = 5 mice per group; D).

(B-H) Axonal terminals originating from dSub Cre* neurons observed in MB (outlined by the white

dashed line; E-F). Representative cFos expression in dSub-+MB terminals from mCherry mice (G, left
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panel) and eArch3.0-mCherry mice (G, right panel). Optogenetic inhibition of dSub terminals in MB

during CFC memory recall decreased the percentage of cFos-positive neurons (n = 6 mice per group; H).

(I-L) Axonal terminals originating from dSub Cre' neurons observed in EC5 (outlined by the white

dashed line; I-J). Representative cFos expression in dSub-EC5 terminals from mCherry mice (K, left

panel) and eArch3.0-mCherry mice (K, right panel). Optogenetic inhibition of dSub terminals in EC5

during CFC memory recall decreased the percentage of cFos-positive neurons (n = 6 mice per group; L).

DAPI staining in representative sagittal sections (A, E, I), eArch3.0-mCherry labeling (B, F, J), and H2B-

GFP labeling (C, G, K).

(M) Open field assay. FNI-Cre mice were injected with a Cre-dependent eArch3.0-eYFP or eYFP alone

virus into dSub. Optogenetic inhibition of dSub cell bodies during an open field test. Average heat maps

(n = 10 mice per group) showing exploration time of eYFP light ON and eArch light ON groups (left).

Distance traveled (centimeters, cm) and velocity (cm/second) (right). NS, not significant.

Statistical comparisons are performed using unpaired t tests; **P < 0.01, ***P < 0.001. Data are

presented as mean SEM.
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Figure S3. Optogenetic inhibition of dSub and/or vSub terminals in EC5 during CFC memory

recall, using wild type mice

(A-C) Wild type C57BL/6J mice were injected with an EFla-eArch3.0-eYFP virus. Behavioral schedule

(A). Representative sagittal section showing eArch3.0-eYFP expression (green, B). DAPI staining (blue).

Inhibition of dSub terminals in EC5 by green light during CFC memory recall impaired behavioral

performance (n = 12 mice; C), while inhibition of vSub terminals in EC5 by green light showed normal

levels of CFC memory recall (n = 14 mice). Consistent with these results, inhibition of both dSub and

vSub (d+v) terminals in EC5 revealed a memory retrieval deficit (n = 12 mice).

Statistical comparisons are performed using unpaired t tests; ***P < 0.001. Data are presented as mean

SEM.
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Figure S4. Control experiments for optogenetic behavior manipulations

(A) FN1-Cre mice were injected with a Cre-dependent ChR2-eYFP virus into dSub. Optogenetic

activation of dSub--MB terminals during contextual fear conditioning (CFC) recall had no effect on

freezing levels (n = 8 mice per group). NS, not significant.

(B) FNI-Cre mice were injected with a Cre-dependent eArch3.0-eYFP virus into dSub. Inhibition of

dSub--EC5 terminals during trace fear conditioning (TFC) training had no effect on tone (Tn)-induced

freezing levels during recall tests (n = I I mice per group). Pre-tone baseline freezing (Pre). Recall-

induced freezing levels during individual tone presentations (left panels), averaged freezing levels (right

panels). NS, not significant.

(C) Inhibition of dSub--MB terminals during trace fear conditioning (TFC) recall had no effect on

freezing levels (n = 10 mice). Pre-tone baseline freezing (Pre). Recall-induced freezing levels during

individual tone presentations (left panel), averaged freezing levels during the two light-off tones and the

two light-on tones (right panel). NS, not significant.

(D) Inhibition of dSub-+EC5 terminals during delay fear conditioning (DFC) training had no effect on

tone (Tn)-induced freezing levels during recall tests (n = 10 mice per group). Pre-tone baseline freezing

(Pre). Recall-induced freezing levels during individual tone presentations (left panels), averaged freezing

levels (right panels). NS, not significant.

(E) Inhibition of dSub- EC5 terminals during delay fear conditioning (DFC) recall had no effect on tone

(Tn)-induced freezing levels (n = 11 mice). Pre-tone baseline freezing (Pre). Recall-induced freezing

levels during individual tone presentations (left panels), averaged freezing levels during the two light-off

tones and the two light-on tones (right panels). NS, not significant.
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(F) Inhibition of dSub-EC5 terminals during cocaine-induced conditioned place preference (CPP)

training had no effect on recall tests (n = 13 mice per group). Behavioral schedule (top part). Pre-exposure

preference duration (bottom, left graph) and recall preference duration (bottom, right graph). Saline (S or

Sal), cocaine (C or Coc).

(G) Inhibition of dSub--MB terminals during CPP recall had no effect (n = 11 mice per group).

Behavioral schedule (top part). Pre-exposure preference duration (bottom, left graph) and recall

preference duration (bottom, right graph). Saline (S or Sal), cocaine (C or Coc).

(H) CORT levels following CPP memory recall tests were not significantly different between the saline

(Sal) and cocaine (Coc) treated animals (n = 7 mice per group). NS, not significant.

Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01. Data are presented as

mean + SEM.
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Figure S5. CTB retrograde tracing and cFos-CTB overlap experiments

(A-H) To quantify the chance level at which retrograde tracing using CTB results in non-overlapping

neuronal populations in the upstream target structure, CTB555 and CTB488 were co-injected into either

EC5 or dSub. Most EC5-projecting CAl cells (n = 3 mice; A-D) as well as dSub-projecting CAl cells (n

= 3 mice; E-H) showed high levels of overlap between CTB555 (red) and CTB488 (green). The

maximum error between the expected perfect overlap and these experimental data was observed at 6%

(CTB555 in CA I from EC5; D), which is used as the chance level for obtaining non-overlapping neuronal

populations in a target upstream structure using CTB dyes (in Figure 4G). Representative coronal sections

are shown.

(1) Wild type C57BL/6J mice were injected with CTB555 into deep layers of the lateral entorhinal cortex

(LEC5), to retrogradely label CAl projection neurons. DAPI (blue, left) and CTB (red, right).

Representative sagittal section showing hippocampal CAI (left). Higher magnification image of boxed

region showing CTB+ neurons (right). Quantification revealed that 32% of dCA I cells were CTB+ (n = 3

mice).

(J-M) Wild type C57BL/6J mice were injected in dSub or EC5 with CTB555 to retrogradely label dCAI

neurons projecting to either brain region. DAPI (J) and CTB (K). To measure cFos levels, a virus cocktail

of c-Fos-tTA and TRE-H2B-GFP viruses were injected into dCAl (see Experimental methods; L). The

overlap of behavior-induced cFos and CTB555 (M) was quantified in Figure 5H. Representative coronal

images are taken with a lOx objective. White arrows indicate dCA1 neurons that are both cFos+ and

CTB*.

Data are presented as mean SEM.
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Figure S6. Physiological characteristics of CAI and dSub cells during open field and CFC tests

(A-B) Representative histological sections showing the damage induced by the microendoscope. Coronal

image from a CAl-GCaMP6f mouse (A), see also Figure 6C. For CAL, the medial region along the

proximodistal axis was targeted. Sagittal image from a dSub-GCaMP6f mouse (B), see also Figure 6B.

Approximate microendoscope location outlined by the dashed white lines. DAPI staining (blue) and

myelin basic protein (MBP) staining (red).

(C) Distribution of individual Ca2 transient durations for the entire population of dCA I (left) and dSub

(right) cells. Y-axes indicate frequency of events (0.01 corresponds to 1%). X-axes indicate Ca event

width (s) plotted in logarithmic (log) scale for optimal visualization. Line fit for each distribution (black

lines) show that the dSub cell population is bimodal.

(D-E) Representative Ca traces from a dSub short tail (D) and a dSub long tail (E) cell during an open

field imaging session of 30 minutes.

(F) Ca2+ traces from 10 dSub short tail cells during an imaging session of 10 minutes (left two columns).

Ca traces from 10 dSub long tail cells during an imaging session of 10 minutes (right two columns).

(G) Ca activity during the open field paradigm. Ca event width (s, left) and rate (Hz, right) are

quantified (n = 759 CAI cells, n = 428 dSub short tail cells, n = 371 dSub long tail cells, n = 4 mice per

group).

(H) Place field size (cm 2 ), spatial information (bits event-), and sparsity quantification (cell counts in

Figure S6C). A sparsity value of 0.15 indicates that the cell is active in 15% of the open field arena. ND,

not detected.

(I-K) Ca2+ event rate during the pre-footshock period of CFC training (1) and non-freezing (NF) and

freezing (F) periods of CFC training and recall (n = 550 CAI cells, n = 429 dSub short tail cells, n = 203
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dSub long tail cells, n = 3 CAl mice, n = 4 dSub mice; J). Proportion of time in each session quantified as

NF or F epochs for pre-footshock periods (Pre), training, and recall (K).

Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P < 0.001. Data

are presented as mean SEM.
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Chapter 5. Conclusions and future directions

In the first two projects, we observed dissociation between protein synthesis-dependent synaptic

strengthening and memory retention 24 hours after training. This prompts a logical question: how is the

memory retained? Undoubtedly, the cellular and molecular processes required for establishing specific

connectivity during memory encoding includes synaptic strengthening such as LTP as well as de novo

protein synthesis. One possibility is that memory is stored in a specific pattern of connectivity between

distributed engram cell ensembles, which is established during encoding and retained during the

consolidation time window in a protein synthesis-independent manner. In these studies, we tested this

possibility by performing two sets of experiments using ex vivo electrophysiological and in vivo IEG

technologies. When both DG and hippocampal CA3 engram cell ensembles were simultaneously labeled

and the presynaptic DG engram cells were activated optogenetically, the occurrence of postsynaptic

responses in CA3 engram cells was significantly higher (~80%) than CA3 non-engram cells (~25%), and

these proportions were not affected by protein synthesis inhibition. In another experiment, engram cells

were simultaneously labeled in the DG, CA3, and BLA during contextual fear conditioning. One day after

training, re-exposure to the conditioning context preferentially activated engram cells in all three brain

regions as measured by c-Fos-positive cell counts, and importantly, this phenomenon was significantly

impaired by anisomycin treatment only during the consolidation time window. However, direct

optogenetic activation of DG engram cells resulted in a greater than chance level of c-Fos overlap with

CA3 or BLA engram cells in both control and anisomycin-treated mice. Together, these results indicated

intact functional connectivity among engram cell ensembles distributed in neural circuits encompassing

multiple brain regions and supported the hypothesis that consolidated memories are stored by engram

cell-specific connectivity formed in a protein synthesis-independent manner. Further work will elucidate

the molecular mechanisms underlying this retained connectivity following protein synthesis blockade.

Using the integrative engram-based findings (Roy et al., 2016; Ryan et al., 2015), we suggested

that engram cell-specific synaptic strength is necessary for the retrievability of specific memory engrams,

while the memory information is encoded in a pattern of engram cell ensemble connectivity. This idea
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was supported by the finding that amnesic mice lacked synaptic strength increases after learning, which

prevented the effective activation of engram cells by natural recall cues and engram cell spiking that is

crucial for successful memory recall. Nevertheless, the information stored in engram cell ensemble

connectivity patterns could be retrieved by optogenetic stimulation of various nodes in the engram cell

circuit. The notion that synaptic strengthening is crucial for memory retrieval, but not for stable storage of

memory per se, is consistent with a number of recent complementary studies. For example, recently it was

shown that optogenetically-induced LTD of rat amygdala cells impaired pre-formed conditioned fear

memory expression (Nabavi et al., 2014). Importantly, subsequent optogenetically-induced LTP of the

same cells restored natural cue-evoked recall of the fear memory. The most parsimonious explanation of

these results is that memory information must have persisted in the brain of the rats even after the

amygdala synapses were depressed, and moreover that the lack of synaptic potentiation prevented

successful memory retrieval. Supporting this perspective is the demonstration that amnesia for a purely

contextual memory can be overcome by direct engram activation paired with simultaneous presentation of

aversive shock (Ryan et al., 2015). Other research found that contextual fear memories formed during a

specific period within adolescent development were not expressed in recall tests until adulthood (Pattwell

et al. 2011). Interestingly, this developmental change correlated with delayed learning-specific synaptic

potentiation of the BLA fear circuit. Therefore, the fear memory was present during adolescence, but its

retrievability was temporarily impaired due to the lack of sufficient synaptic potentiation in BLA

ensembles. In Aplysia (Chen et al., 2014), reminder experiments have shown that amnesia for the

canonical gill withdrawal sensitization behavior could be restored by additional puffs of serotonin, and

that this response persisted despite significantly reduced presynaptic varicosities. Collectively, these

studies support a dissociation of synaptic strength and memory persistence, and point to a crucial role for

experience-dependent synaptic strengthening in the reactivation/retrievability of a memory engram.

A dissociation between augmented synaptic strengthening and engram cell connectivity as the

mechanism for consolidated long-term memory storage has significant implications for the neurobiology

of memory consolidation because the conceptual framework described above may be used to attribute
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experience-dependent molecular/cellular processes to memory storage or retrieval. Since traditional

approaches that demonstrated the formation of a long-term memory relied on memory retrieval itself, it

cannot be assumed that the memory consolidation time window is specifically for the storage of

information. Within this interpretation, molecular mechanisms that serve to potentiate or strengthen

synaptic transmission (Kandel, 2012; Lisman et al., 2012; Sacktor, 2011) are parsimoniously attributable

to memory retrievability. Central to this dissociation is the molecular basis for information retention,

which is clearly crucial for establishing engram cell connectivity and stably maintaining these complex

patterns over time. It is known that NMDA receptor-dependent synaptic plasticity results not just in

potentiated synapses, but also in the formation of new functional synaptic connections through synapse

unsilencing (Liao et al., 1995). Memory encoding-induced establishment of new functional connectivity

could be facilitated by AMPA receptor insertion into pre-existing silent synapses. It is widely accepted

that LTP has an early and a late phase, namely E-LTP and L-LTP, with the latter being sensitive to

protein synthesis inhibitors (Davis and Squire, 1984). Survival of preferential engram cell connectivity

upon protein synthesis inhibitor treatment (Ryan et al., 2015) and in early Alzheimer's disease mice (Roy

et al., 2016) suggests that the induction of engram connectivity may share mechanisms common to E-

LTP. On the other hand, impairing L-LTP has been shown to prevent synapse unsilencing, which

supports the hypothesis that unsilencing silent synapses is unlikely to be a major contributor for the

retention of connectivity (Kasten et al., 2007). Another possibility is that a subset of learning-induced

dendritic spines is responsible for novel connectivity pattern formation between engram cells. In any of

these scenarios, the retention of engram cell connectivity could conceivably be mediated by the

homeostatic regulation of steady state AMPA receptor trafficking. Consistent with this idea is a recent

study showing that protein synthesis inhibitors, when administered prior to recall tests, transiently

impaired AMPA receptor expression and memory retrieval (Lopez et al., 2015). More recently, it has

been suggested that microRNAs and/or perineuronal nets (Gallistel and Balsam, 2014; Tsien, 2013) may

mediate the long-term maintenance of memory engram.
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A major unanswered question regarding engram cell connectivity is the time period during which

such complex patterns are maintained in vivo. On a related note, it will be important to determine whether

the formation and elimination of connectivity patterns is reversible. Even though it has been shown

through engram cell overlap analysis, when the positive or negative emotional valence associated with a

contextual memory is reversed, the functional connectivity of DG to BLA engram cells changes

(Redondo et al., 2014), a direct analysis of synaptic connections will be necessary to understand the true

physiological nature of the plasticity within pre-formed connectivity. Nevertheless, if engram cell

connectivity is the substrate of memory information storage, then it will be necessary to fully explore the

structure and function of the engram circuit. This would require comprehensive mapping of the entire

engram circuit connectome for a given memory. This could be achieved by combining engram labeling

technology, whole brain IEG activity measurements (Wheeler et al., 2013), and three-dimensional

imaging of intact transparent brains (Chung et al., 2013). Furthermore, by using in vivo calcium imaging

of engram cells across multiple brain regions (Lecoq et al., 2014), functional properties of engram circuits

can be studied.

Synaptic plasticity is a ubiquitous feature of neurons that seems to have arisen with the first

nervous system in a common ancestor of cnidarians and bilaterians over a billion years ago (Tonegawa et

al., 2015a). From this evolutionary point of view, synaptic plasticity can be considered a fundamental

neuronal property, the disruption of which in brain regions such as the hippocampus or amygdala will

impair the encoding and retrieval of memory. In contrast, engram cell connectivity may be a substrate that

naturally increases in complexity as brain anatomy evolves. Therefore, for a more complex brain

anatomy, there is a greater opportunity for encoding detailed memories through hierarchical engram

circuits distributed across brain regions. Consistent with Hebb's original vision (Hebb, 1949), engram cell

connectivity patterns are a potential mechanism of information storage. Further research in these

directions may provide significant new insights into the storage of memory, and mechanisms underlying

efficient memory retrieval.
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and Ti 2Ni incoherently precipitate in the B2
matrix upon cooling from 7000 C to 87"C. The
B2 matrix transforms completely to B19 upon
further cooling to 220 C, aided by the simulta-
neous Ti2Cu/B19 epitaxies (Figs. 3 and 4, Table i,
and table S3). The B19/Ti2Cu epitaxy provides an
internal stress pattern, which stabilizes the B19
phase at low temperatures. During stress cycling,
the equivalent epitaxy alternatingly stabilizes the
B2 phase. At each temperature and stress, the
transforming phases attain equilibrium by form-
ing a compatible morphology directed by the
internal epitaxy-generated stress distribution.
Complete transformation is attained at each cycle
because the epitaxial stresses are reversible. Hence,
we propose that the epitaxially promoted comple-
tion of the B2+-+Bl9 phase transformation creates
the low-fatigue state of the Tis4Nis4Cuu films.
The Ti2Cu precipitates act like sentinels, assuring
that the B2-+Bl9 transformation proceeds toward
completion at each cycle. The transformation
will return the film to a stress state and morphol-
ogy that are compatible with the pristine state.
The decrease of the anisotropic peak broaden-
ing of the epitaxy-effected XRD peaks indicates
trainability.

This proposal must be revisited in light of the
favorable values of the quantitative compatibility
criteria calculated from the lattice parameters of
both alloys Iso1NI36Cun and Ti5fI4CN u (Table 2).
These values approach the ideal triplet (4 = 1,
CCI = CCII = 0) and suggest good reversibility
even in polycrystals (29), although they are in-
ferior to those for ZnAu3oCu2s (19). The values
for sample 2 are closer to the ideal than those for
sample 1, which is in accord with the vastly better
fatigue characteristics of sample 2. The ques-
tion then arises whether this large difference of
the fatigue life results from the observed epi-
taxy or that of the two triplets listed in Table 2.
We observe that despite their reversibility, the
phase transformations in SMAs are of fist order
(nucleation- and growth-controlled). We suggest
that the epitaxy leads to reversible nucleation,
whereas the low cofactors promote reversible
near-equilibrium growth so that the combina-
tion of both mechanisms yields the observed ult-
ralow fatigue. In the limit of CCI and CCII-+O, no
energy will be stored in the product phase in the
form of twin boundaries. This creates a strongly
reproducible, and therefore repeatably transfor-
mable, equilibrium state.

Given the fatigue-controlling importance of
the dual epitaxy of Ti 2Cu in TiNiCu-based (SMA)
films, it is natural to search for other alloying
elements that have the potential to play a similar
role. Following this lead, we can assume that
structurally related Ti2Ag precipitates will act
very similar to Ti2Cu. Because TiNiAg SMAs dis-
play transformation characteristics comparable
with that of TiNiCu (30), they could be promising
candidates for biocompatible ultralow fatigue
SMA films. Elastocaloric cooling requires bulk
materials, which is a difficult but, in principle,
solvable challenge. More generally, we expect
similar behavior in phase-transforming materials
that contain dual-epitaxial precipitates.
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during which a memory is susceptible to disrup-
tions, such as protein synthesis inhibition (4-6),
resulting in retrograde amnesia. The stabilization
of synaptic potentiation is the dominant cellular
model of memory consolidation (7-10) because
protein synthesis inhibitors disrupt late-phase
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Engram cells retain memory under
retrograde amnesia
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Memory consolidation is the process by which a newly formed and unstable memory
transforms into a stable long-term memory. It is unknown whether the process of memory
consolidation occurs exclusively through the stabilization of memory engrams. By using
learning-dependent cell labeling, we identified an increase of synaptic strength and
dendritic spine density specifically in consolidated memory engram cells. Although
these properties are lacking in engram cells under protein synthesis inhibitor-induced
amnesia, direct optogenetic activation of these cells results in memory retrieval, and
this correlates with retained engram cell-specific connectivity. We propose that a specific
pattern of connectivity of engram cells may be crucial for memory information storage and
that strengthened synapses in these cells critically contribute to the
memory retrieval process.
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long-term potentiation of in vitro slice prepara-
tions (11-13). Although much is known about the
cellular mechanisms of memory consolidation,
it remains unknown whether these processes
occur in memory engram cells. It may be pos-
sible to characterize cellular consolidation and
empirically separate mnemonic properties in
retrograde amnesia by directly probing and ma-
nipulating memory engram cells in the brain.
The term memory engram originally referred to
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Institute of Technology, Cambridge, MA 02139, USA. 2Howard
Hughes Medical Institute, Massachusetts Institute of
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*These authors contributed equally to this work. tCorresponding
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the hypothetical learned information stored in
the brain, which must be reactivated for recall
(14, 15). Recently, several groups demonstrated
that specific hippocampal cells that are activated
during memory encoding are both sufficient (16-18)
and necessary (19, 20) for driving future recall
of a contextual fear memory and thus represent a
component of a distributed memory engram (21).
Here, we applied this engram technology to the
issue of cellular consolidation and retrograde
amnesia.

We used the previously established method
for tagging the hippocampal dentate gyrus (DG)
component of a contextual memory engram with
mCherry (supplementary materials, materials and
methods, and fig. Si) (16,22). To disrupt consolida-
tion, we systemically injected the protein syn-
thesis inhibitor anisomycin (ANI) or saline (SAL)

as a control immediately after contextual fear
conditioning (CFC) (Fig. 1A). The presynaptic
neurons of the entorhinal cortex (EC) were con-
stitutively labeled with ChR2 expressed from an
AAV8-CaMKIIa-ChR2-EYFP virus (Fig 1B). Voltage
clamp recordings of paired engram (mCherry*)
and nonengram (mCherry~) DG cells were con-
ducted simultaneously with optogenetic stimu-
lation of ChR2 perforant path (PP) axons (Fig. 1,
C and D). mCherry' cells of the SAL group showed
significantly greater synaptic strength than did
paired mCherry~ cells, whereas in the ANI group,
mCherry* and mCherry cells were of comparable
synaptic strength (Fig. 1E). Calculation of AMPA/
N-methyl-D-espartate (NMDA) receptor current ra-
tios (23) showed that at 24 hours after training,
mCherryl engram cells displayed potentiated
synapses relative to paired mCherry~ non-engram
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Fig. L Synaptic plasticity and connectivity of engram cells. (A) Mice
taken off doxycycline (DOX) 24 hours before CFC and dispatched 24 hours
after training. SAL or ANI was administered immediately after training.
(B) AAV-CaMKIla-ChR2-EYFP and AAV-TRE-mCherry viruses injected
into the entorhinal cortex and dentate gyrus, respectively, of c-Fos-tTA mice.
(C) Paired recordings of engram (red) and nonengram (gray) DG cells during
optogenetic stimulation of ChR2' PP axons. (D) Representative image of a pair
of recorded biocytin-labeled engram (mCherry') and nonengram (mCherry-)
DG cells. ChR2* PP axons are in green. (E) (Top) Example traces of AMPA and
NMDA receptor-dependent postsynaptic currents in mCherry' and mCherry~
cells, evoked by means of light activation of ChR2' PP axons. (Bottom) EPSC
amplitudes and AMPA/NMDA current ratios of mCherry' and mCherry- cells
of the two groups are displayed as means (columns) and individual paired
data points (gray lines). Paired t test; *P < 0.05, **P < 0.001. SAL group
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sentative confocal images of biocytin-filled dendritic fragments derived from
SAL and ANI groups for ChR2+ and ChR2- cells (arrow heads indicate dendritic
spines). (Right) Average dendritic spine density showing an increase occurring
exclusively in ChR2* fragments. Data are represented as mean SEM. Unpaired
t tests **P < 0.01, ***P < 0.001. (G) Engram connectivity. (Top left) AAV9 -
TRE-ChR2-EYFP and AAV9-TRE-mCherry viruses, injected into the DG and
CA3, respectively, of c-Fos-tTA mice. (Bottom left) Example of mCherry' (1)
and mCherry- (2) biocytin-filled CA3 pyramidal cells. ChR2' mossy fibers
(MF) are in green. (Top right) mCherry+ cell but not mCherry- cell displayed
excitatory postsynaptic potentials in response to optogenetic stimulation of
MF. (Bottom right) Probability of connection of DG ChR2+ engram axons and
CA3 mCherry+ and mCherry~ cells. Error bars are approximated by using
binomial distribution. Fisher's exact test; *P < 0.05.
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cells in the SAL group (Fig. 1E). However, no such
difference between mCherry' and mCherry~ was
observed in the ANI group. In addition, mCherry
engram cells of the SAL group showed signifi-
cantly greater AMPA/NMDA current ratios than
those of mCherry engram cells of the ANI group.
Analysis of spontaneous excitatory postsynaptic

A

B
-+- Pre-Sa
-- Pre-An
301

-20-

NIq
10

3 mi

currents (EPSCs) of engram and non-engram
cells of both SAL and ANI groups showed the
same pattern (fig. S2).

We also quantified dendritic spine density for
DG engram cells labeled with an AAV9-TRE-
ChR2-EYFP virus. Spine density of ChR2* cells
was significantly higher than corresponding
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Fig. 2. Optogenetic stimulation of DG engram cells restores fear memory in retrograde amnesia.
(A) Behavioral schedule. Beige shading signifies that subjects are on DOX, precluding ChR2 expression.
Mice are taken off DOX 24 to 30 hours before CFC in context B. SAL or ANI was injected into the mice
after training. (B) Habituation to context A with light-off and light-on epochs. Blue light stimulation of
the DG did not cause freezing behavior in naive, unlabeled mice of the pre-SAL (n = 10 mice) or pre-
ANI (n = 8 mice) groups. (C) Memory recall in context B 1 day after training (test 1). ANI group displayed
significantly less freezing than SAL group (P < 0.005). No-shock groups with SAL (n = 4 mice) or ANI
(n = 4 mice) did not display freezing upon reexposure to context B. (D) Memory recall in context A
2 days after training (engram activation) with light-off and light-on epochs. Freezing for the two light-off
and light-on epochs are further averaged in the inset. Significant freezing due to light stimulation was
observed in both the SAL (P < 0.01) and ANI groups (P < 0.05). Freezing levels did not differ between
groups. SAL and ANI-treated no-shock control groups did not freeze in response to light stimulation of
context B engram cells. (E) Memory recall in context B 3 days after training (test 2). ANI group displayed
significantly less freezing than SAL group (P < 0.05). (F and G) Images showing DG sections from
c-Fos-tTA mice 24 hours after SAL or ANI treatment. (H) ChR2-EYFP cell counts from DG sections
of SAL (n = 3 mice) and ANI (n = 4 mice) groups. (I) In vivo anesthetized recordings (supplementary
materials, materials and methods). (J and K) Light pulses induced spikes in DG neurons recorded from
head-fixed anesthetized c-Fos-tTA mice 24 hours after treatment with either SAL or ANI. Data are
presented as mean SEM.
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ChR2- cells in the SAL group (Fig. IF and fig. S3),
but spine densities of ChR2' and ChR2~ cells of
the ANI group were similar (supplementary ma-
terials, materials and methods). Spine density of
ChR2* cells of the SAL group was significantly
higher than that of ANI ChR2 cells (Fig. F), but
ChR2- cell spine density was comparable. This re-
sult was confirmed with analysis of the membrane
capacitance (fig. S4G). ChR2 expression did not
affect intrinsic properties of DG cells in vitro (fig.
S5, A to E). Direct bath application of ANI did not
affect intrinsic cellular properties in vitro (fig.
S5F), although it mildly reduced synaptic currents
acutely (fig. S5, G to I). When ANI was injected
into c-Fos-tTA animals 24 hours after CFC and
engram labeling, engram cell-specific increases
in dendritc spine density and synaptic strength
were undisturbed (fig. S6). We also examined en-
gram cells labeled by means of a context-only ex-
perience (17) and found equivalent engram-cell
increases in spine density and synaptic strength
(fig. S7) as those labeled by means of CFC.

DG cells receive information from EC and relay
it to CA3 via the mossy fiber pathway. We labeled
DG engram cells using an AAV9-TRFrChR2-EYFP
virus and simultaneously labeled CA3 engram
cells using an AAV9-TRE-mCherry virus (Fig. 1G).
Connection probability was assessed 24 hours
after CFC by stimnulating DG CfR2 cell terminals
optogenetically and recording excitatory post-
synaptic potentials in CA3 mCherry' and mCheny
cells in ex vivo preparations. CA3 mCherry' en-
gram cells showed a significantly higher prob-
ability of connetion than did mCheny~ cells with
DG ChR2* engram cells, demonstrating prefrren-
tial engram cell-to-engram cell connectivity. This
form of engram pathway-specific connectivity
was unaffected by posttraining administration
of ANI (Fig. IG).

We next tested the behavioral effect of opto-
genetically stimulating engram cells in amnesic
mice (Fig. 2A). During CFC training in context
B, both SAL and ANI groups responded to the
unconditioned stimuli at equivalent levels (fig. S8).
One day after training, the SAL group displayed
robust freezing behavior to the conditioned stim-
ulus of context B, whereas the ANI group showed
substantially less freezing behavior (Fig. 2C). Two
days after training, mice were placed into the
distinct context A for a 12-min test session con-
sisting of four 3-mm epochs of blue light on or
off During this test session, neither group showed
freezing behavior during light-off epochs, but both
fore significantly during light-on epochs (Fig. 2D).
Remarkably, no difference in the levels of light-
induced freezing behavior was observed between
groups. Three days after training, the mice were
again tested in context B in order to assay the
conditioned response, and retrograde amnesia for
the conditioning context was still clearly evident
(Fig. 2E). Subjects treated with SAL or ANI after
the labeling of a neutral contextual engram (no
shock) did not show freezing behavior in re-
sponse to light stimulation of engram cells
(Fig. 2D). We replicated the DG retrograde am-
nesia experiment using an alternative widely used
protein synthesis inhibitor, cycloheximide (CHM)
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(fig. S9). We examined whether ANI administra-
tion immediately after CFC altered the activity-
dependent synthesis of ChR2-EYFP in DG cells
and found that this was not the case (Fig. 2, F to
H). Nevertheless, the dosage of ANI used in this
study did inhibit protein synthesis in the DG, as
shown with Arc cell counting (fig. S10). Thus,
the dosage of ANI used was sufficient to induce
amnesia but was insufficient to impair c-Fos-
tTA-driven synthesis of virally delivered ChR2-
EYFP in DG cells. Extracellular recordings from
SAL- and ANI-treated mice confirmed the cell
counting results (Fig. 2, 1 to K). In line with fig.
S6 and previous reports (24), ANI injection 24
hours after CFC did not cause retrograde am-
nesia (fig. S11). To provide a negative control for
light-induced memory retrieval in amnesia, we
disrupted memory encoding by activating hM4Di
DREADDs receptors (25) downstream of the DG,
in hippocampal CA1, during CFC, and found that
subsequent DG engram activation did not elicit
memory retrieval (fig. S12).

A_

The recovery from amnesia through the di-
rect light activation of ANI-treated DG engram
cells was unexpected because these cells showed
neither synaptic potentiation nor increased den-
dritic spine density. We conducted additional
behavioral experiments in order to confirm and
characterize the phenomenon. First, we inves-
tigated whether recovery from amnesia can be
demonstrated by means of light-induced opto-
genetic place avoidance test (OptoPA); this would
be a measure of an active fear memory recall
(supplementary materials, materials and meth-
ods) (18), rather than a passive fear response
monitored with freezing. SAL and ANI groups
displayed equivalent levels of avoidance of the
target zone in response to light activation of the
DG engram (Fig. 3A). Second, in our previous
study we showed that an application of the stan-
dard protocol (20 Hz) for activation of the CAI
engram was not effective for memory recall (17).
However, we found that a 4-Hz protocol applied
to the CAI engram of the SAL and ANI groups

elicited similar recovery from amnesia (Fig. 3B).
Third, we used tone fear conditioning (TFC) and
manipulated the fear engram in lateral amygdala
(LA) (26) and found light-induced recovery of
memory from amnesia. Fourth, we asked whether
amnesia caused by disruption of reconsolida-
tion of a contextual fear memory (27, 28) can
also be recovered through the light-activation of
DG engram cells, which was found to be the
case (Fig. 4A). We applied the memory incep-
tion method (supplementary materials, mate-
rials and methods) (17,29) to DG engram cells
and found that both SAL and ANI groups showed
freezing behavior that was specific to the original
context A, demonstrating that light-activated con-
text A engrams formed in the presence of ANI
can function as a conditioned stimulus (CS) in a
context-specific manner (Fig. 4B). Last, we tested
the longevity of CFC amnesic engrams for mem-
ory recovery by means of light activation and
found that memory recall could be observed
8 days after training (fig. S13).
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Fig. 3. Recovery of memory from amnesia under a variety of conditions.
(A) DG engram activation and optogenetic place avoidance (OptoPA). During
habituation, neither group displayed significant avoidance of target zone. For
natural recall, the ANI group (n = 10 mice) displayed significantly less freezing
than SAL group (n = 12 mice) in context B (P < 0.005). SAL and ANI groups
displayed similar levels of OptoPA. (B) CAl engram activation and CFC.
1 day after CFC (test 1), ANI group (n = 9 mice) displayed significantly less
freezing than that of SAL group (n = 10 mice) in context B (P < 0.01). Two
days after training (engram activation), light-activation of CA1 engrams
elicited freezing in both SAL (P < 0.01) and ANI groups (P < 0.001). Three

days after training (test 2), ANI group froze less than did SAL group in context B
(P < 0.01). (C) LA engram activation and TFC. The behavioral schedule was
identical to that in Fig. 3B, except that context tests were replaced with tone tests
in context C (supplementary materials, materials and methods). (Left) Example
image of ChR2-mCherry labeling of LA neurons. Of DAPI cells, 2% were labeled
with ChR2. (Right) One day after training (test 1), ANI group (n = 9 mice) displayed
significantly less freezing to tone than did SAL group (n = 9 mice) (P< 0.05). Two
days after training (engram activation), significant light-induced freezing was ob-
served for both SAL (P < 0.005) and ANI groups (P < 0.005). Three days after
training (test 2), ANI group froze less to tone than did SAL group (P < 0.05).
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Interactions between the hippocampus and
amygdala are crucial for contextual fear memory
encoding and retrieval (18). c-Fos expression in-
creases in the hippocampus and arnygdala upon
exposure of an animal to conditioned stimuli
(30,31) These previous observations open up the
possibility of obtaining cellular-level evidence to
support the behavioral-level finding that the
recovery from amnesia can be accomplished with
direct light activation of ANI-treated DG engram
cells. Thus, we compared the effects of natural re-
call and light-induced recall on amygdala c-Fos
cell counts in amnesic mice (FIg. 5, A to C). c-Fos*
cell counts (Fig. 5B) were significantly lower in
basolateral amygdala (BLA) and central amygdala.
(CeA) of ANI-treated mice as compared with SAL
mice when natural recall aies were delivered, show-
ing that amygdala activity correlates with fear
memory expression (Fig. 5C). In contrast, light-
induced activation of the contextual engram cells
resulted in equivalent amygdala c-Fos- counts in
SAL and ANI groups (Fig. 5C), which supports
the optogenetic behavioral data.

Next, we modified this protocol in order to
include labeling of CAS and BLA engram cells
with mnCherry and examined the effects of light-

induced activation of DG engram cells on the
overlap of mCherry* engram cells and c-Fos'
recall-activated cells in CA3 and BLA (Fig. 5D).
The purpose of this experiment was to investigate
whether there is preferential connectivity between
the upstream engram cells in DG and the down-
stream engram cells in CA3 or BIA Natural re-
call cues resulted in above-chance c-Fos*/mChery
overlap in both CA3 and BLA, which supports
the physiological connectivity data (Fig. 5, E to
K). c-Fos7/mCherry- overlap was significantly re-
duced in the ANI group as compared with the
SAL group but was still higher than chance lev-
els, presumably reflecting incomplete amnesic
effects of ANI (FIg. 5K). Light-activation of DG en-
gram cells resulted in equivalent c-Fos*/mCherry
overlap as natural cue-induced recall, and this was
unaffected by post-CFC ANI treatment. These
data suggest that there is preferential and protein
synthesis-independent functional connectivity be-
tween DG and CA3 engram cells, which sup-
ports the physiological data (Fig. 1G), and that
this connectivity also applies between DG and
BLA engram cells.

We previously showed that DG cells activated
during CFC training and labeled with Ch2 via

the promoter of an immediate early gene (IEG)
can evoke a freezing response when they are
reactivated optogenetically 1 to 2 days later (16),
and this has since been achieved in the cortex
(21). We have also shown that these DG cells, if
light-activated while receiving an unconditioned
stimulus (US), can serve as a surrogate context-
specific CS to create a false CS-US association
(17,18), and that activation of DG or amygdala
engram cells can induce place preference (18).
Furthermore, recent studies showed that opto-
genetic inhibition of these cells in DG, CA3, or
CA1 impairs expression of a CFC memory (19,20).
Together, these findings show that engram cells
activated through CFC training are both sufficient
and necessary to evoke memory recall, satisfying
two crucial attributes in defining a component of
a contextual fear memory engram (15). What has
been left to be demonstrated, however, is that
these DG cells undergo enduring physical changes
as an experience is encoded and its memory is
consolidated. Although synaptic potentiation
has long been suspected as a fundamental mech-
anism for memory and as a crucial component of
the enduring physical changes induced by expe-
rience, this has not been directly demonstrated,
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Fig. 4. Reconsolidation and memory updating. (A) DG engram activation
and CFC reconsolidation. ANI (n = 11 mice) and SAL (n = 11 mice) groups
showed similar levels of ChR2 labeling. Both groups showed light-induced
freezing behavior 1 day after training (engram activation 1), pre-SAL (P <
0.001), pre-ANI (P < 0.02). Two days after training (test 1), the fear memory
was reactivated by exposure to context B, and SAL or ANI was injected. Three
days after training (test 2), the ANI group froze significantly less than did the
SAL group to context B (P < 0.01). Four days after training (engram activation
2), significant light-induced freezing was observed for the SAL (P< 0.001) and
ANI (P < 0.003) groups. (B) DG inception (supplementary materials,

materials and methods) after contextual memory amnesia. Context-only
engram was labeled for target context A, followed by injection of SAL (n = 11
mice) or ANI (n = 11 mice). Amnesia was demonstrated in the ANI group
through decreased ChR2'/c-Fos' colabeling after context A reexposure 1 day
after labeling. After fear inception, neither SAL nor ANI groups displayed
freezing behavior in context B, whereas both groups displayed significant
freezing in context A, with no significant difference between groups. No-light
inception SAL (n = 7 mice) and ANI (n = 6 mice) controls displayed no freezing
to context A or B. Statistical comparisons are performed by using unpaired
t tests; ***P < 0.001. Data are presented as mean SEM.
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until the current study, as a property of the en-
gram cells. Our data have directly linked the
optogenetically and behaviorally defined mem-
ory engram cells to synaptic plasticity.

On the basis of a large volume of previous
studies, (1-3, 7, 8, 32-34), a concept has emerged

Fig. 5. Amygdala activation and functional con-
nectivity in amnesia through light activation of
DG engram. (A) Schedule for cell-counting experi-
ments. Mice were either given a natural recall ses-
sion in context B or a light-induced recall session in
context A. Mice were perfused 1 hour after recall.
(B) Representative image showing c-Fos expres-
sion in the BLA and CeA. (C) c-Fos' cell counts in
the BLA and CeA of mice after natural or light-
induced recall (n = 3 or 4 mice per group). (D)
Schedule for cell-counting experiments. c-Fos-tTA
mice with AAV 9-TRE-ChR2-EYFP injected into the
DG and AAV 9-TRE-mCherry injected into both CA3
and BLA were fear-conditioned off DOX and 1 day
later were given a natural recall session in context
B or a light-induced recall session in context A.
Mice were perfused 1 hour after recall. (E to G)
Representative images showing mCherry engram
cell labeling, c-Fos expression, and mCherry'/c-Fos'
overlap in CA3. (H to J) Representative images
showing mCherry engram cell labeling, c-Fos ex-
pression, and mCherry/c-Fos overlap in BLA. (K)
c-Fos*/mCherry' overlap cell counts in CA3 and
BLA of mice after natural or light-induced recall
(n = 3 or 4 mice per group). Chance levels were
estimated at 0.76 (CA3) and 0.42 (BLA). Data
are presented as mean SEM. Statistical com-
parison are performed by using unpaired t tests:
*P < 0.05, **P < 0.01.

in which retrograde amnesia arises from con-
solidation failure as a result of disrupting the
process that converts a fragile memory engram,
formed during the encoding phase, into a stable
engram with persistently augmented synaptic
strength and spine density. Indeed, our current

A

D

study has demonstrated that amnesic engram
cells in the DG 1 day after CFC training display
low levels of synaptic strength and spine density
that are indistinguishable from nonengram
cells of the same DG. This correlated with a lack
of memory recall elicited by contextual cues.
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However, direct activation of DG engram cells of
the ANI group elicited as much freezing behav-
ior as did the activation of these cells of the SAL
group. This unexpected finding is supported by
a set of additional cellular and behavioral exper-
iments. Whereas amygdala engram cell reactiva-
tion upon exposure to the conditioned context is
significantly lower in the ANI group as compared
with the SAL group, optogenetic activation of DG
engram cells results in normal reactivation of
downstream CA3 and BLA engram cells (FIg. 5).
At the behavioral level, the amnesia rescue was
observed under a variety of different conditions
in which one or more parameters were altered
(Figs. 2 and 3 and figs. S9 and S13). Thus, our
overall findings indicate that memory engrams
survive a posttraining administration of protein
synthesis inhibitors during the consolidation
window and that the memory remains retriev-
able by means of ChR2-mediated direct engram
activation even after retrograde amnesia is in-
duced. The drive initiated with light-activation
of one component of a distributed memory en-
gram (such as that in the DG) is sufficient to re-
activate engrams in downstream regions (such
as that in CA3 and BLA) that would also be af-
fected by the systemic injection of a protein syn-
thesis inhibitor (ANI).

These findings suggest that although a rapid
increase of synaptic strength is likely to be cru-
cial during the encoding phase, the augmented
synaptic strength is not a crucial component of
the stored memory (35-37). This perspective is
consistent with a recent study showing that an
artificial memory could be reversibly disrupted
by depression of synaptic strength (38). On the
other hand, persistent and specific connectivity
of engram cells that we find between DG en-
gram cells and downstream CA3 or BLA engram
cells in both SAL and ANI groups may represent
a fundamental mechanism of memory informa-
tion storage (39). Our findings also suggest that
the primary role of augmented synaptic strength
during and after the consolidation phase may be
to provide natural recall cues with efficient access
to the soma of engram cells for their reactivation
and, hence, recal.

The integrative memory engram-based ap-
proach used here for parsing memory and am-
nesia into encoding, consolidation, and retrieval
aspects may be of wider use to other experimental
and clinical cases of amnesia, such as Alzheimer's
disease (40).
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ocial interactions are often fraught withSbias. Our preconceptions about other peo-ple can influence many types of behavior.
For example, documented policing errors
have repeatedly shown the potential harm.

of racial profiling (1). In experiments that used a
first-person-shooter videogame, both White and
Black participants were more likely to shoot Black
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than White individuals, even when they held a
harmless object rather than a gun (2). When hiring
potential research assistants, both male and female
faculty members were more likely to hire male
than equally qualified female candidates (3).

Although the tendency for people to endorse
racist or sexist attitudes explicitly has decreased
in recent years (4), social biases may nevertheless
influence people's behavior in an implicit or un-
conscious manner, regardless of their intentions
or efforts to avoid bias (5). Ample evidence indi-
cates that implicit biases can drive discriminatory
behaviors and exacerbate intergroup conflict
(5-8). For instance, implicit racial biases decrease
investments given to racial out-group members
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Unlearning implicit social biases
during sleep
Xiaoqing Hu,"2 James W. Antony,1'3 Jessica D. Creery,' Iliana M. Vargas,'
Galen V. Bodenhausen,' Ken A. Pallerl*

Although people may endorse egalitarianism and tolerance, social biases can remain
operative and drive harmful actions in an unconscious manner. Here, we investigated
training to reduce implicit racial and gender bias. Forty participants processed
counterstereotype information paired with one sound for each type of bias. Biases were
reduced immediately after training. During subsequent slow-wave sleep, one sound was
unobtrusively presented to each participant, repeatedly, to reactivate one type of training.
Corresponding bias reductions were fortified in comparison with the social bias not
externally reactivated during sleep. This advantage remained 1 week later, the magnitude
of which was associated with time in slow-wave and rapid-eye-movement sleep after
training. We conclude that memory reactivation during sleep enhances counterstereotype
training and that maintaining a bias reduction is sleep-dependent.



Available online at www.sciencedirect.com

ScienceDirect
Current Opinion in

Neurobiology

Memory engram storage and retrieval
Susumu Tonegawa1 ,2 Michele Pignatellil, Dheeraj S Roy' and "Csm**
Tomas J Ryan1' 2

A great deal of experimental investment is directed towards
questions regarding the mechanisms of memory storage. Such
studies have traditionally been restricted to investigation of the
anatomical structures, physiological processes, and molecular
pathways necessary for the capacity of memory storage, and
have avoided the question of how individual memories are
stored in the brain. Memory engram technology allows the
labeling and subsequent manipulation of components of
specific memory engrams in particular brain regions, and it has
been established that cell ensembles labeled by this method
are both sufficient and necessary for memory recall. Recent
research has employed this technology to probe fundamental
questions of memory consolidation, differentiating between
mechanisms of memory retrieval from the true neurobiology of
memory storage.
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Introduction
Memory refers to the storage of learned information in the
brain, and is crucial for adaptive behavior in animals [1].
Understanding the material basis of memory remains a
central goal of modern neuroscience [2]. The hypothetical
material basis of learned information, the memory engram,
was first conceived by Richard Semon who theorized that
learning induces persistent changes in specific brain cells
that retain information and are subsequently reactivated
upon appropriate retrieval conditions [3*,4,5]. However,
experimental searches for specific memory engrams and
memory engram-bearing cells using brain lesions proved
inconclusive due to methodological limitations and the

likely distributed nature of a memory engram throughout
the brain [6**]. Here we review recent experimental stud-
ies on the identification of memory engram cells, with a
focus on the mechanisms of memory storage. A more
comprehensive review of recent memory engram studies
is available elsewhere [7**].

Memory function and the hippocampus
The medial temporal lobe (MTL), in particular the hip-
pocampus, was implicated in memory of events or episodes
by neurological studies of human clinical patients, where
its direct electrophysiological stimulation evoked the recall
of untargeted episodic memories [8]. Subsequent study of
humans lacking large regions of the MTL showed dramatic
amnesia for episodic memories [9]. Rodent behavioral
studies have since established that the hippocampus is a
central brain region for contextual memory storage and
retrieval [10,11]. Much is now known about brain struc-
tures, neural circuits, and molecules involved in memory
encoding and consolidation [12*, 13,14], but comparatively
few studies have attempted to investigate how individual
memory engrams are stored in the brain [15].

Synaptic plasticity as a mechanism of memory
Lasting memories have long been hypothesized to be
encoded as structural changes at synaptic junctions of
sparse neuronal assemblies [16]. Ram6n y Cajal originally
proposed that the strengthening of synaptic connections
of existing neurons might be a mechanism of memory
storage [17], but it was Donald Hebb's theoretical inte-
gration of neurophysiology and psychology that created
the modern paradigm for memory research [16]. Hebb
proposed that neuronal assemblies linked by adaptable
synaptic connections could encode informational content
in the brain. Empirical research into the physiological
nature of memory storage has been dominated by various
versions of Hebbian synaptic plasticity [18]. The typical
experimental model of synaptic plasticity is long-term
potentiation (LTP) [19], most studies of which rely on in
vitro experimental paradigms where synaptic stimulation
patterns are substituted for behavioral training. It is clear
that memory and synaptic plasticity have many proper-
ties in common [20*]. NMDA receptor function is nec-
essary for the encoding of many types of memory, as well
as for the induction of synaptic plasticity [13,21]. More-
over, both memory consolidation and LTP have a late,
protein synthesis-dependent phase [20',22]. Despite
these biological commonalities, and many serious theo-
retical efforts to integrate memory storage and synaptic

www.sciencedirect.com Current Opinion in Neurobiolegy 2015, 35:101-109

6LSEVER

www.sciencedirect.com Current Opinion In Neurobiology 2015, 35:101-109



102 Circuit plasticity and memory

plasticity [23-27], it remains a controversial subject
without a clear consensus [28-30].

Limitations of standard methodology
Two confounds have hindered progress towards a satis-
factory synthesis of synaptic plasticity and memory.
First, behavioral studies of memory have relied on
the disruption of brain regions, circuits, or molecules
[12--,13,14], and have thus addressed the importance of
these structures and signaling pathways to the capacities
of memory storage or retrieval, rather than the storage of
individual memory engrams themselves. Second, typical
conceptions of memory conflate the properties of mem-
ory storage and memory retrieval. But it is a fundamental
premise of psychology that successful memory function
presupposes not only the retention of learned informa-
tion, but also its successful retrieval [1]. Therefore a
given case of apparent memory loss (amnesia) may in
principle be due to a damaged memory engram, or an
inability to retrieve that particular engram [31-34]. Both
of these confounds have recently been overcome
through the development of memory engram technology
[35**].

Sea change: memory engram technology
Identification and functional activation of engram cells
In order to progress in memory research it is crucial to
identify the engrams and engram cells for specific experi-
ences. The challenge of identifying individual memory
engrams and engram cells amidst the complexity of the
brain becomes less daunting if we co-opt natural brain
activity during learning to point us to the relevant brain
cells. This concept has been realized through the devel-
opment of memory engram technology, which allows the
labeling and subsequent manipulation of engram-bearing
cells [350*]. Engram technology is based on the experi-
mental fusion of immediate early gene (IEG) labeling and
optogenetics. The expression of IEGs, such as c-fos or arc,
is a marker of neuronal activity [36]. Thus the promoters
of IEGs can be co-opted to tag neurons that are active
during a given learning experience with an exogenous
target protein (Figure 1) [37**]. Temporal specificity of
labeling is achieved by engineering the labeling mecha-
nism to be inhibited by administering doxycycline
(DOX). When engram cells of the hippocampus dentate
gyrus (DG) are labeled during contextual fear condition-
ing with channelrhodopsin-2 (ChR2) [38], their subse-
quent stimulation with blue light is sufficient to elicit
retrieval of a target contextual fear memory, as measured
by conditioned freezing behavior [35**]. Crucial control
experiments, where engram cells for neutral contexts
were stimulated in fear-conditioned mice, demonstrated
that the information stored in labeled engram cells is
specific to the target experience [35**]. Importantly,
memory recall by natural cues reactivates the same en-
gram cells [39**] satisfying another important criteria, the
ecphoric nature of an engram [4].

Physiological characterization of engram cells
The storage of lasting memory in the brain must involve

persistent plasticity of engram cell structure and/or

physiology. Indeed, ex vivo characterization of DG en-

gram cells revealed two engram cell-specific properties

[40**]. First, engram cells showed significantly increased

dendritic spine density relative to non-engram cells.

Second, patch clamp recordings of excitatory postsynap-

tic currents in paired engram and non-engram cells

elicited by presynaptic stimulation of perforant path

axons showed substantially higher synaptic strength in

engram cells.

The above two properties are clear cases of plasticity

occurring exclusively in engram cells, and are reminiscent

of Hebbian plasticity. If this plasticity is representing
mnemonic information then it should be encoded by the

specific training experience. Protein synthesis is neces-

sary for late phase synaptic plasticity and memory con-

solidation, and indeed when the protein synthesis

inhibitor anisomycin was administered to animals imme-

diately after fear conditioning, retrograde amnesia was

observed one day later. Analysis of engram cells one day

after anisomycin treatment showed that the anisomycin

abolished engram-cell specific increases in both dendritic

spine density and synaptic strength, but did not alter

either property in non-engram cells. Importantly, aniso-

mycin treatment one day post-training (outside the con-

solidation window) impaired neither the dendritic spine

density increase nor the synaptic strength augmentation

of engram cells [40**]. Therefore engram cell-specific

structural and synaptic plasticity is protein synthesis-

dependent and consolidated with the target training

experience.

Retrieval of lost memory from amnesia: dissociation of
engram cell plasticity and memory
Surprisingly, direct optogenetic activation of amnesic

engram cells in mice resulted in successful retrieval of

the ostensibly lost contextual fear memory. The general-

ity of the memory retrieval finding was tested in a range of

experimental conditions [40**]. First, lost memory was

retrieved by optogenetic stimulation of ChR2-labeled

engram cells in hippocampal CAI. Second, amnesia for

tone fear memory was generated with anisomycin, and

the memory was retrieved by optogenetic stimulation of

lateral amygdala (LA) engram cells. Third, lost memory

was retrieved from amnesia due to impaired reconsolida-

tion by activation of DG engram cells. Fourth, an alter-

native protein synthesis inhibitor, cycloheximide, was

used to generate amnesia and subsequent activation of

DG engram cells again retrieved the target memory.

Finally, a contextual updating protocol [39**] was used

to show that amnesic engram cells retained information

about context specificity, and could be restored to a

condition where they could be retrieved by natural con-

textual cues [40"].
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Engram Labeling Technology and Memory Retrieval in Retrograde Amnesia. (A) Basic composition of the engram labeling system. Virus
expressing TRE-ChR2 and optic fibers are targeted to the dentate gyrus of c-Fos-tTA transgenic mice. (B) In the absence of DOX, DG neurons
that are active during the formation of a memory are labeled with ChR2. (C) Basic behavioral schedule for labeling and activation of engram cells.
Animals are habituated to Context A with light stimulation while on DOX, trained by contextual fear conditioning in Context B while off DOX, and
tested again in Context A with light stimulation while on DOX. (D) Behavioral schedule for generating amnesia by disrupting memory consolidation.
Saline or anisomycin was injected into the mice after training. (E) Habituation to Context A with Light-Off and Light-On epochs. Blue light
stimulation of the DG did not cause freezing behavior in naive, unlabeled mice. (F) Memory recall in Context B 1 day post-training (Test 1). The
anisomycin group showed impaired memory recall relative to the saline group as measured by conditioned freezing behavior to Context B. No-
shock groups did not display freezing upon re-exposure to Context B. (G) Memory recall in Context A 2 days post-training (Engram Activation)
with Light-Off and Light-On epochs. Freezing for the two Light-Off and Light-On epochs are further averaged in the inset. Freezing levels did not
differ between groups. (H) Memory recall in Context B 3 days post-training (Test 2). The anisomycin group displayed significantly less freezing
than the saline group.
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104 Circuit plasticity and memory

Taken together, the behavioral and physiological results
clearly show that engram cell-specific structural and syn-
aptic plasticity is strongly correlated with normal memory
function, since both engram cell plasticity and memory
expression are sensitive to protein synthesis inhibition
during the consolidation window. Nevertheless, these
findings showed a stark dissociation between synaptic
plasticity and memory content, since engram cells
retained memory information even in the absence of
engram cell-specific increases in spine density and syn-
aptic strength.

Connectivity between engram cells as the mechanism
for retained memory
The dissociation of engram cell plasticity and memory
prompted the question; how can the consolidated mem-
ory be stored? One hypothesis would be that memory may
be stored in a specific pattern of connectivity between
engram cell ensembles distributed in multiple brain
regions and this connectivity pattern is established during
encoding and retained during consolidation in a protein
synthesis-independent manner (Figure 2).

This hypothesis was tested by two different types of
experiments using ex vivo electrophysiological and in
vivo IEG technologies [40"]. First, when both DG
and hippocampal CA3 engram cell ensembles were si-
multaneously labeled and the presynaptic DG engram
cells were activated optogenetically, the occurrence of
the postsynaptic response of CA3 engram cells was
significantly higher (~80%) than that of CA3 non-engram
cells (~25%) and these proportions were not affected by
anisomycin treatment. Second, engram cells were simul-
taneously labeled in the DG, CA3, and basolateral amyg-
dala (BLA) during contextual fear conditioning. One day
after training, re-exposure to the conditioning context
preferentially activated engram cells in all three brain
regions as measured by endogenous c-Fos' cell counts,
and this phenomenon was significantly impaired by ani-
somycin treatment in the consolidation window when
natural recall cues were used. Nevertheless, direct opto-
genetic activation of DG engram cells resulted in a
greater than chance level of c-Fos' overlap with CA3
or BLA engram cells in both control and anisomycin-
treated mice.

Figure 2
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Engram Cell Connectivity. Schematic illustrating the dynamics of synaptic connectivity in a neural ensemble recruited during the formation of a
new memory. Before learning the neural network presents a connectivity arrangement characterized by a mix of potentiated (thick black line) and
unpotentiated (thin black line) synapses. During memory encoding, a sparse number of cells (engram cells, red) are recruited, giving rise to new
connections or activating preexisting ones (dashed red line). Immediately after encoding the process of memory consolidation enables the
stabilization of the new connections (thick red line). The stabilization is characterized by an enhancement of synaptic strength and is fundamental
for memory retrieval. Disruption of the consolidation process by interventions such as protein synthesis inhibitors impairs the stabilization/
potentiation of new synaptic connections (dashed red line) resulting in retrograde amnesia. Synaptic connectivity provides a substrate for memory
storage whereas the potentiation of synapses is required for memory retrieval.

www.sciencedirect.comCurrent Opinion in Neuroblology 2015, 35:101-109



Memory engram storage and retrieval Tonegawa et aL. 105

These results demonstrate intact functional connectivity
among engram cell ensembles distributed in neural cir-
cuits encompassing multiple brain regions and reinforces
the hypothesis that consolidated memory is stored by
engram cell-specific connectivity formed in a protein
synthesis-independent manner (Figure 2).

Synaptic strengthening as a mechanism of memory
retrievability
Based on these integrative findings, we propose that
enhanced engram cell-specific synaptic strength is crucial
for the retrievability of particular memory engrams [33*],
while the memory information content itself is encoded
in a pattern of engram cell ensemble connectivity. Under
amnesia, the impaired synaptic strengthening prevents
effective activation of engram cells by natural recall cues
and subsequent engram cell spiking (Figure 3). However,
the information stored in engram cell ensemble connec-
tivity can be retrieved by the optogenetic stimulation of
various nodes in the engram cell circuit. The notion that
synaptic strengthening is crucial for memory retrieval, but
not for stable storage of memoryperse, is consistent with a
number of complementary studies. It was recently shown
that optogenetically-induced long-term depression
(LTD) of rat amygdala cells impaired existing condi-
tioned fear responses [41*]. However, subsequent opto-
genetically-induced LTP of the same cells restored
natural cue-evoked recall of the fear memory. Therefore,
the memory information must have persisted in the brain

of the rats even after the amygdala synapses were de-
pressed, but the lack of synaptic potentiation prevented
successful memory retrieval. Supporting this perspective
is the demonstration that amnesia for a purely contextual
memory can be overcome by direct engram activation
paired simultaneous presentation of aversive shock [40**].
Other correlative studies have shown that contextual fear
memories formed during a certain period of adolescent
development were not expressed in recall tests until the
transition into adulthood, and this developmental change
correlated with a delayed learning-specific synaptic po-
tentiation of the BLA fear circuit [42]. Thus, the fear
memory was present during adolescence, but its retriev-
ability was temporarily impaired due to lack of BLA
synaptic strength. In addition, reminder experiments in
Aplysia showed that amnesia for gill withdrawal sensitiza-
tion can be restored by extra puffs of serotonin, and that
this response persisted despite significantly altered pre-
synaptic varicosities [43]. Collectively these studies
strongly support a dissociation of synaptic strength and
memory persistence, and point to its crucial role in the
reactivation of a memory engram and retrievability of a
memory.

Engram cell ensemble circuit
If engram cells are truly carrying memory information at
the holistic level of an engram circuit, then inhibition of
engram cells at various nodes of an engram circuit should
inhibit retrieval of the target memory. This prediction has

Figure 3
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Augmented Synaptic Strength for Recall. Under normal conditions, a consolidated engram cell is efficiently activated by recall cues from the
animal's environment through potentiated synaptic inputs. Under amnesic conditions, engram cells are present but lack synaptic potentiation and
are thus only weakly evoked by recall cues. Nevertheless, direct activation of engram cells is sufficient to overcome impaired synaptic potentiation
and results in memory retrieval.
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been satisfied by studies showing that individual fear
memories require engram cells from multiple brain
regions. Optogenetic inhibition of engram cells labeled
with the IEGs cfbs and arc in hippocampal CA1 [44*] and
DG [45*] caused impairments both in downstream en-
gram cell reactivation and contextual fear memory recall.
Moreover, when CREB is artificially expressed in the LA,
it biases certain LA cells to acquire the fear engram during
tone fear conditioning [15]. Subsequent interference with
these LA engram cells by either ablation or acute che-
mogenetic inhibition [46**,47*] impaired fear memory
recall. In addition, optogenetic inhibition of BLA cells
representing valence-specific unconditioned stimuli im-
paired memory recall elicited by associated tone and odor
conditioned stimuli [48]. Taken together, these studies
clearly show that a functional memory requires multiple
nodes on an engram cell ensemble circuit.

Recently it has been demonstrated that retrieval of a
positive memory by optogenetic activation of DG engram
cells was impaired by simultaneous inhibition of down-
stream BLA engram cell projections to the nucleus
accumbens [49*]. Thus, the downstream connectivity
of engram cells is crucial for the retrieval of memory.
The converse scenario has also been investigated,
where inhibition of upstream areas was optogenetically
bypassed by direct activation of downstream engram
cells. In an experiment where contextual memory retriev-
al was acutely impaired by pharmacological inhibition of
AMPA receptors in the hippocampus, simultaneous opto-
genetic activation of downstream engram cells in the
retrosplenial cortex successfully evoked memory retrieval
[50*]. These findings provide evidence for the encoding
of memory across an engram cell ensemble circuit.

An important prerequisite of any putative memory storage
mechanism is activity-dependency during encoding. This
criterion has been tested by chemogenetic inhibition of
CA1 neurons during encoding [40**]. This procedure gen-
erated anterograde amnesia that was irretrievable even by

direct stimulation of upstream DG engram cells. Finally,
any putative substrate of memory storage should hold the
potential for plasticity following further relevant new
learning. To this end, it has been shown that when the
positive or negative emotional valence associated with a
specific contextual memory was reversed in an optogenetic
counter-conditioning schedule, the functional connectivi-
ty of DG and BLA engram cells was abolished [51].

Conclusions and future directions
Implications for memory research
The differentiation of synaptic plasticity and engram
connectivity described here (Table 1) has significant
implications for interpreting the neurobiology of memory
consolidation and synaptic plasticity, because the concep-
tual and empirical framework introduced here can be
used to attribute cellular signaling pathways to memory
storage or retrieval. Molecular mechanisms that serve to
potentiate or strengthen AMPA receptor transmission
are parsimoniously attributable to memory retrievability
[52-54].

What then would be molecular mechanisms for infor-
mation retention in the substrate of engram cell con-
nectivity?

It is known that NMDA receptor-dependent synaptic
plasticity results not just in potentiated synapses, but
also in the formation of new functional synaptic connec-
tions through synapse unsilencing [55*]. The trafficking
of a basal level of AMPA receptors into pre-existing silent
synapses may facilitate the encoding of new functional
connectivity. Nevertheless, LTP is known to be charac-
terized by an early phase and a late phase, E-LTP and
L-LTP, the latter sensitive to protein synthesis inhibitors
[56]. The survival of engram connectivity upon protein
synthesis inhibitors treatment suggests that the induction
of engram connectivity may share mechanisms common
to E-LTP. However, by impairing the late phase, it
has been shown that the unsilencing can be prevented,
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suggesting that'silent synapses'can only partially support
the engram connectivity [57]. Alternatively, a subset of
learning-induced dendritic spine formation may be re-
sponsible for novel connectivity patterns between en-
gram cells. Under any of these scenarios, the retention of
engram connectivity could conceivably be mediated by
the homeostatic regulation of steady state AMPA receptor
trafficking. Consistent with this perspective is a recent
study showing that protein synthesis inhibitors, when
administered before recall tests, transiently impaired
AMPA receptor expression and memory retrieval [58'].
Alternatively, the maintenance of memory engram con-
nectivity might be mediated by specific molecular players
that are yet to be fully characterized in the context of
memory function, such as perineuronal net components
or microRNAs [59*,60].

It is currently unknown for how long engram cell con-
nectivity persists, and whether it is permanent or
reversible. Though it has been shown through engram
overlap analysis that when the positive or negative emo-
tional valence associated with a contextual memory is
reversed, the functional connectivity of DG/BLA engram
cells changes [51], a direct analysis of synaptic connec-
tions will be necessary to understand the true physiologi-
cal nature of the plasticity of connectivity.

Regardless of the specific underlying molecular mecha-
nisms, if engram cell connectivity is the substrate of
memory information storage, then it will be necessary
to fully explore the structure and function of the engram
circuit. Such a task would require the comprehensive
mapping of the entire engram circuit connectome for a
given memory; the memory engrome. This could be
achieved by combining engram labeling technology,
whole brain IEG activity measurements [61], and three
dimensional imaging of intact transparent brains [62].
The functional properties of engram circuits could be
studied in vivo by calcium imaging of engram cell activity
in multiple brain regions [631.

Applications
Manipulation of engram circuits presents many opportu-
nities for significant practical applications. The efficacy of
this technology for artificially updating existing memories
[39",64], as well as for reversing the emotional valence
associated with contextual memories [51], has been estab-
lished. Such interventions based on engram technology
may have utility for the treatments of post-traumatic
stress disorder. In addition, positive memory engram
activation has recently been shown to alleviate stress-
induced models of depression in mice [49*]. Furthermore,
tagging and interfering with engram cells for cocaine-
related memories has been reported as possible treatment
avenues of drug addiction [65]. Cases of pathological
amnesia that are due to retrieval failures should be much
more amenable to restorative interventions than instances

of bona fide memory loss. The particular approach to
amnesia discussed in this review could be employed
for investigating and potentially treating various types
of clinical amnesia, such as Alzheimer's disease.

Evolutionary significance
From an evolutionary perspective, synaptic plasticity is a
ubiquitous feature of neurons that seems to have arisen
with the first nervous system in a common ancestor of
cnidarians and bilaterians over a billion years ago [66]. On
this basis, synaptic plasticity can be a considered a fun-
damental neuronal property, the disruption of which in
brain regions such as the hippocampus or amygdala will
impair the encoding and retrieval of memory. On the
other hand, engram cell connectivity is a substrate that
naturally increases in complexity as brain anatomy
evolves (Table 1). Therefore the more complex the brain,
the greater the opportunity for the storage of detailed
memories through hierarchical engram circuits distribut-
ed throughout brain regions. Connectivity patterns
among engram cell assemblies are a potential mechanism
of information storage that is in keeping with what Hebb
originally envisioned [16]. Further research in this direc-
tion may provide significant new insights into the storage
of memory.
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Memory retrieval by activating engram cells in
mouse models of early Alzheimer's disease
Dheeraj S. Royl, Autumn Arons t 2 , Teryn I. Mitchell', Michele Pignatellil, Tomds J. Ryanl,2 & Susumu Tonegawa' 2

Alzheimer's disease (AD) is a neurodegenerative disorder
characterized by progressive memory decline and subsequent
loss of broader cognitive functions'. Memory decline in the early
stages of AD is mostly limited to episodic memory, for which the
hippocampus has a crucial role2 . However, it has been uncertain
whether the observed amnesia in the early stages of AD is due to
disrupted encoding and consolidation of episodic information, or an
impairment in the retrieval of stored memory information. Here we
show that in transgenic mouse models of early AD, direct optogenetic
activation of hippocampal memory engram cells results in memory
retrieval despite the fact that these mice are amnesic in long-term
memory tests when natural recall cues are used, revealing a retrieval,
rather than a storage impairment. Before amyloid plaque deposition,
the amnesia in these mice is age-dependent3-5, which correlates with
a progressive reduction in spine density of hippocampal dentate
gyrus engram cells. We show that optogenetic induction of long-
term potentiation at perforant path synapses of dentate gyrus engram
cells restores both spine density and long-term memory. We also
demonstrate that an ablation of dentate gyrus engram cells containing
restored spine density prevents the rescue of long-term memory.
Thus, selective rescue of spine density in engram cells may lead to an
effective strategy for treating memory loss in the early stages of AD.

AD is the most common cause of brain degeneration, and typically
begins with impairments in cognitive functions'. Most research has
focused on understanding the relationship between memory impair-
ments and the formation of two pathological hallmarks seen in the late
stages of AD: extracellular amyloid plaques and intracellular aggregates
of tau protein'. The early phases of AD have received relatively less
attention, although synaptic phenotypes have been identified as major
correlates of cognitive impairments in both human patients and mouse
models3' 6. Several studies have suggested that the episodic memory defi-
cit of AD patients is due to ineffective encoding of new information'-9.
However, since the cognitive measures used in these studies rely on
memory retrieval, it is not possible to discriminate rigorously between
impairments in information storage and disrupted retrieval of stored
information. This issue has an important clinical implication: if the
amnesia is due to retrieval impairments, memory could be restored by
technologies involving targeted brain stimulation.

A mouse model of AD (hereafter referred to as 'AD mice')10 over-
expresses the delta exon 9 variant of presenilin 1 (PSI; also known
as PSEN1), in combination with the Swedish mutation of 3-amyloid
precursor (APP). Consistent with previous reports3-, 9-month-old
AD mice showed severe plaque deposition across multiple brain
regions (Fig. la), specifically in the dentate gyrus (DG) (Fig. 1b) and
medial entorhinal cortex (EC) (Fig. 1c); in contrast, 7-month-old AD
mice lacked amyloid plaques (Fig. Id and Extended Data Fig. la-d).
Focusing on these two age groups of AD mice, we quantified short-
term (1 h; STM) and long-term (24h; LTM) memory formation using
contextual fear conditioning (CFC) (Fig. le). Nine-month-old AD
mice were impaired in both STM and LTM, which suggested a deficit

in memory encoding (Fig. lk-o). By contrast, 7-month-old AD mice
showed normal levels of training-induced freezing (Fig. If) and normal
STM (Fig. Ig), but were impaired in LTM (Fig. 1h). Neither control nor
7-month-old AD mice displayed freezing behaviour in a neutral context
(Fig. ii). In the DG of 7-month-old AD mice, the levels of cells that were
immediate early gene c-Fos-positive after CFC training were normal,
but were lower compared with control mice after LTM tests (Fig. Ij).
Motor behaviours and the density of DG granule cells were normal in
these mice (Extended Data Fig. le-k). Thus, these behavioural- and
cellular-level observations confirmed that 7-month-old AD mice serve
as a mouse model of early AD regarding memory impairments.

Recently, molecular, genetic and optogenetic methods to identify
neurons that hold traces, or engrams, of specific memories have been
established"". Using this technology, several groups have demon-
strated that DG neurons activated during CFC learning are both
sufficient"'- 4 and necessary'5 for subsequent memory retrieval. In addi-
tion, our recent study found that engram cells under protein-synthesis-
inhibitor-induced amnesia were capable of driving acute memory recall
if they were directly activated optogenetically14 . Here, we applied this
memory engram cell identification and manipulation technology
to 7-month-old AD mice to determine whether memories could be
retrieved in the early stages of the disease. Because it is known that the
EC-hippocampus (HPC) network is among the earliest to show altered
synaptic/dendritic properties and these alterations have been suggested
to underlie the memory deficits in early AD1'6 17, we focused on labelling
the DG component of CFC memory engram cells of 7-month-old AD
mice using a double adeno-associated virus (AAV) system (Fig. Ip, q
and Methods). Although on a doxycycline (DOX) diet DG neurons
completely lacked channelrhodopsin 2 (ChR2)-enhanced yellow fluo-
rescent protein (eYFP) labelling, 1 day off DOX was sufficient to permit
robust ChR2-eYFP expression in control mice (Fig. Ir, s and Extended
Data Fig. 2a-c), as well as in 7-month-old AD mice (Fig. It, u).

As expected, these engram-labelled early AD mice were amnesic a day
after CFC training (Fig. iv). But, remarkably, these mice froze on the next
day in a distinct context (context B) as robustly as equivalently treated con-
trol mice in response to blue light stimulation ofthe engram cells (Fig. 1w).
This light-specific freezing was not observed using on-DOX mice
(Extended Data Fig. 2d-f). A natural recall test conducted on the third
day in the conditioning context (context A) revealed that the observed
optogenetic engram reactivation did not restore memory recall by natural
cues in early AD mice (Fig. 1x). This was the case even after multiple
rounds of light activation of the engram cells (Extended Data Fig. 3).
We replicated the successful optogenetic rescue of memory recall in two
other models of early AD: a triple transgenic line obtained by mating
c-Fos-tTA mice with double-transgenic APP/PS1 mice (Extended Data
Fig. 4a-g) and a widely used triple-transgenic AD model 8 (PS1/APP/tau
(also known as MAPT); Extended Data Fig. 4h-m). These data show that
DG engram cells in 7-month-old mouse models of early AD are sufficient
to induce memory recall upon optogenetic reactivation, which indicates
a deficit of memory retrievability during early AD-related memory loss.

IRIKEN-MIT Center for Neural Circuit Genetics at the Picower Institute for Learning and Memory, Department of Biology and Department of Brain and Cognitive Sciences, Massachusetts Institute
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Figure 1 Optogenetic activation of memory engrams restores fear
memory in early AD mice. a-c, Amyloid-3 (As) plaques in 9-month-old
AD mice (a), in the DG (b), and in the EC (c). d, Plaque counts in HPC
sections (n = 4 mice per group). ND, not detected. e, CFC behavioural
schedule (n = 10 mice per group). f-i, Freezing levels of 7-month-old
AD groups during training (f), STM test (g), LTM test (h) or exposure to
neutral context (i). j, c-Fos+ cell counts in the DG of 7-month-old mice
after CFC training or LTM test, represented in f, h (n = 4 mice per group).
DAPI, 4',6-diamidino-2-phenylindole. k-n, Freezing levels of 9-month-old
AD mice during training (k), STM test (1), LTM test (m) or exposure to
neutral context (n). o, c-Fos+ cell counts in the DG of 9-month-old
mice (n = 3 mice per group) after CFC training represented in k. p, Virus-
mediated engram labelling strategy using a cocktail of AAV 9-c-Fos-tTA

Reduced dendritic spines have been implicated in memory impair-
ments of AD3. In addition, our recent study of protein-synthesis-
inhibitor-induced amnesia found reduced engram-cell-specific dendritic
spine density' 4 . We detected an age-dependent (Extended Data Fig. 5a)
decrease in dendritic spine density of DG engram cells in early AD mice
(Fig. 2a-c), showing that the long-term memory impairments of early
AD correlate with dendritic spine deficits of DG engram cells (Extended

and AAV9-TRE-ChR2-eYFP. q, AD mice were injected with the two
viruses bilaterally and implanted with an optic fibre bilaterally into the
DG. r, Behavioural schedule and DG engram cell labelling (see Methods).
s, ChR2-eYFP+ cell counts from DG sections shown in r (n = 3 mice per
group). t, Behavioural schedule for optogenetic activation of DG engram
cells. u, ChR2-eYFP+ cell counts from 7-month-old mice (n = 5 mice per
group). v, Memory recall in context A 1 day after training (test 1, n = 9
mice per group). w, Freezing by blue light stimulation (left). Average
freezing for two light-off and light-on epochs (right). x, Memory recall
in context A 3 days after training (test 2). Statistical comparisons are
performed using unpaired t-tests; *P < 0.05, **P <0.01, ***P <0.001.
Data are presented as mean standard error of the mean (s.e.m.).

Data Fig. 5b). The inability to generate newborn neurons in the DG
could play a part in the development of AD-specific cognitive deficits' 9.
However, early AD mice showed similar levels of neurogenesis in the
DG compared with control mice, which were quantified using dou-
blecortin (DCX) staining (Extended Data Fig. 1l-q). We recently pro-
posed that the persistent cellular connectivity between multiple engram
cell ensembles is a fundamental mechanism of memory information
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Figure 2 1 Neural correlates of amnesia in early
AD mice. a, b, Images showing dendritic spines
from DG engram cells of control (a) and AD
(b) groups. c, Average spine density showing a
decrease in AD mice (n = 7,032 spines) compared
with controls (n = 9,437 spines, n = 4 mice per
group). d, For engram connectivity, MEC/LEC
and DG cells were injected with virus cocktails.
e, Engram connectivity behavioural schedule.
Mice (n= 4 per group) were either given a
natural exploration session (-) or a PP engram
terminal stimulation session (+) in an open
field. f, Image showing simultaneous labelling of
engram terminals (red) and engram cells (green).
Green terminals reflect mossy cell axons. g, h,
Images showing c-Fos+/eYFP+ overlap in the
DG. i, c-Fos+/eYFP+ counts from control and
AD mice. Chance overlap (0.24) was calculated
(see Methods) and indicated by the dashed line.
Statistical comparisons are performed using
unpaired t-tests; **P< 0.01, ***P < 0.001. Data
are presented as mean s.e.m.

retention' 4 . We labelled putative CFC memory engram cells in both
medial EC (MEG) and lateral EC (LEG) with oChIEF 20 (a variant of
ChR2) and simultaneously labelled CFC memory engram cells in the
DG with eYFP (Fig. 2d). With this procedure, perforant path (PP) ter-
minals are also labelled with oChIEF (Fig. 2e, f). One day after foot-
shocks, we optogenetically activated these terminals and quantified the
overlap between putative DG engram cells (that is, eYFP+, green) and
DG cells in which the endogenous c-Fos (red) had been activated by the
optogenetic activation of oChIEF+ PP terminals. Both control and early
AD mice showed above-chance and indistinguishable levels of c-Fos+/
eYFP+ overlap, indicating that the preferential functional connectivity
between engram cells is maintained in the early AD mice (Fig. 2g-i).

We then hypothesized that the reversal of dendritic spine deficits
in DG engram cells of early AD mice may rescue long-term memory.
To investigate this possibility, we took advantage of previous findings
that spine formation can be induced rapidly by long-term potentiation
(LTP)' 22 and that LTP can be induced in vivo using light activation of
oChIEF 23. We validated learning-dependent labelling, with oChIEF,
of neurons in the MEC (Fig. 3a-c and Extended Data Fig. 6a-c) and
LEC (Fig. 3d) as well as PP terminals in the DG (Fig. 3e, f). In vivo
extracellular recording upon light stimulation of oChIEF+ EC axonal
terminals in the DG showed a reliable spiking response of DG cells in
anaesthetized control mice (Fig. 3g). Furthermore, in HPC slices from
control mice we successfully induced LTP in DG cells using a previously
established optical LTP protocol 23 (Fig. 3h-j). These biocytin-filled DG
cells revealed an increase in spine density after in vitro optical LTP
(Extended Data Fig. 6d).

In early AD mice, in vivo application of the engram-specific optical
LTP protocol restored spine density of DG engram cells to control lev-
els (AD + 100 Hz group; Fig. 3k, 1). Furthermore, this spine restoration
in early AD mice correlated with amelioration of long-term memory
impairments observed during recall by natural cues (Fig. 3m), an effect
that persisted for at least 6 days after training (AD rescue + diphtheria
toxin receptor (DTR) + saline group; Fig. 3p). The LTP-induced spine
restoration and behavioural deficit rescue were protein-synthesis depend-
ent (Extended Data Fig. 7). The rescued memory was context-specific
(Extended Data Fig. 8a). In addition, long-term memory recall of age-
matched control mice was unaffected by this optical LTP protocol
(Extended Data Fig. 8b). By contrast, applying the optical LTP protocol
to a large portion of excitatory PP terminals in the DG (that is, with no

restriction to the PP terminals derived from EC engram cells) did not
result in long-term memory rescue in early AD mice (Extended Data Fig.
9). To confirm the correlation between restoration of spine density of DG
engram cells and amelioration oflong-term memory impairments, which
were both induced by the optical LTP protocol, we compared the overlap
of natural-recall-cue-induced c-Fos+ cells and CFC-training-labelled DG
engram cells after an application of the engram-specific LTP protocol to
early AD mice (Fig. 3n). Early AD mice that did not receive the optical
LTP protocol showed low levels of c-Fos+/eYFP+ overlap compared with
control mice upon natural recall cue delivery. By contrast, early AD mice
that went through the optical LTP protocol showed c-Fos+/eYFP+ over-
lap similar to that of control mice (Fig. 3n). Thus, these data suggest that
spine density restoration in DG engram cells contributes to the rescue of
long-term memory in early AD mice.

Because of the highly redundant connectivity between the EC and
DG24 it is possible that the extensive optical LTP protocol also augmented
spine density in some non-engram DG cells. To establish a link between
the spine rescue in DG engram cells and the behavioural rescue of early
AD mice, we developed an engram-specific ablation 25 virus. We con-
firmed that this DTR-mediated method efficiently ablated DG engram
cells after diphtheria toxin (DT) administration (Fig. 3o), while leaving
the nearby DG mossy cells intact (Extended Data Fig. 10). By simulta-
neously labelling axonal terminals of PP with oChIEF and DG engram
cells with DTR, we examined the effect of DG engram cell ablation after
optical LTP-induced behavioural rescue (Fig. 3p). Within-animal com-
parisons (test 1 versus test 2) showed a decrease in freezing behaviour
of LTP-rescued AD mice in which DG engram cells were ablated. These
data strengthen the link between DG engram cells with restored spine
density and long-term behavioural rescue in early AD mice.

To examine whether the optical LTP-induced behavioural rescue
could be applied to DG engram cells from other learning experiences,
we labelled memory engrams for inhibitory avoidance or novel object
location in early AD mice (Fig. 4a). Early AD mice showed memory
impairments in inhibitory avoidance memory and novel object location
spatial memory (Fig. 4b, c). Optical LTP-induced spine rescue at the
PP-DG engram synapses was sufficient to reverse long-term memory
impairments of early AD mice in both behavioural paradigms, thus
demonstrating the versatility of our engram-based intervention.

Previous studies that examined the early stages of AD found corre-
lations between memory impairments and synaptic pathology at the
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EC PP input into the DG3
,4,

6. It has been proposed that these early cog-
nitive deficits are a failure of memory encoding on the basis of behav-
ioural observations in human patients89. However, we have shown that
optogenetic activation of HPC cells active during learning elicits mem-
ory recall in mouse models of early AD. To our knowledge, this is the
first rigorous demonstration that memory failure in early AD models
reflects an impairment in the retrieval of information. Further support
for a memory retrieval impairment in early AD comes from the fact that
impairments are in LTM (at least 1 day long), but not in STM (~1 h after
training), which is consistent with a retrieval deficit. The retrieval deficit
in early AD models is similar to memory deficits observed in amne-
sia induced by impairing memory consolidation via protein synthesis
inhibitors. The underlying mechanism of memory failure in early AD
patients may not necessarily parallel the molecular and circuit impair-
ments observed in mouse models of early AD. For instance, some early
AD patients can exhibit amyloid plaque deposition years before the onset
of cognitive decline 9. However, converging data on the underlying mech-
anism for genetically and pharmacologically induced amnesia in ani-
mal models increase the possibility that similar memory-retrieval-based

failures may also operate in an early stage of AD patients. While we have
shown that amnesia in early AD mice is a deficit of memory retrieval,
it remains possible that the long-term maintenance of memory storage
may also gradually become compromised as the disease proceeds from
the early stage to more advanced stages, and eventually lost with neu-
ronal degeneration. Further research will investigate these possibilities.

Our conclusions apply to episodic memory, which involves process-
ing by HPC and other medial temporal lobe structures. In the litera-
ture9, it is widely recognized that early AD patients exhibit non-episodic
memory deficits as well, which would involve brain structures other
than the medial temporal lobe. Additional work is required to examine
the mechanisms underlying cognitive impairments in these other types
of memories. Nevertheless, our findings already contribute to a better
understanding of memory retrieval deficits in several cases of early AD,
and may apply to other pathological conditions, such as Huntington's
disease', in which patients show difficulty in memory recall.

Consistent with several studies highlighting the importance of den-
dritic spines3,6,14,2

6 in relation to memory processing, we observed an
engram-cell-specific decrease in spine density that correlated with
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Figure 4| Recovery of multiple types of HPC-dependent memories
from amnesia in early AD. a, MEC/LEC and DG cells were injected with
virus cocktails (left). Behavioural schedule for engram labelling (right).
b, Inhibitory avoidance (IA) long-term rescue (n = 10 mice per group).
Recall test 1 showed decreased latency and time on platform for AD mice.
A two-way ANOVA with repeated measures followed by Bonferroni
post-hoc tests revealed a recovery of IA memory in early AD mice
(latency: F1, 27 = 25.22, P< 0.001; time on platform: F1,27 = 6.46, P< 0.05;
recall test 2). c, Novel object location (NOL) long-term rescue (n = 15 mice
per group). Average heat maps showing exploration time for familiar (F)
or novel (N) locations (left or right, respectively). White circles represent
object location. Recall test 1 showed comparable exploration of familiar
locations by control and AD mice; however, AD mice showed decreased
exploration of novel locations. A two-way ANOVA with repeated measures
followed by Bonferroni post-hoc tests revealed a recovery of NOL memory
in early AD mice (F1,56 = 5.87, P <0.05; recall test 2). Unless specified,
statistical comparisons are performed using unpaired t-tests; *P <0.05,
**P< 0.01. Data are presented as mean s.e.m. NS, not significant.

memory deficits in early AD. Natural rescue of memory recall in early
AD mice required the DG engram cells in which synaptic density defi-
cits have been restored by in vivo optical LTP protocols applied to the
EC cells activated during learning. By contrast, the application of optical
LTP protocols to a much wider array of excitatory EC cells projecting
to the DG, which may be analogous to deep brain stimulation, did not
rescue memory in AD mice. A potential explanation for this observa-
tion is that DG granule cells may contribute to a variety of memories
through their partially overlapping engram cell ensembles in a compet-
itive manner, and that activation of a large number of these ensembles
simultaneously may interfere with a selective activation of an individual
ensemble. Thus, activation of a more targeted engram cell ensemble may
be a key requirement for effective retrieval of the specific memory, which
is difficult to achieve with the current deep brain stimulation strategy.

Genetic manipulations of specific neuronal populations can have pro-
found effects on cognitive impairments of AD27 . We propose that strate-
gies applied to engram circuits can support long-lasting improvements
in cognitive functions, which may provide insights and therapeutic value
for future approaches that rescue memory in AD patients.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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SOCIAL MEMORY

Ventral CA neurons store
social memory
Teruhfro Okuyama," Takashi Kitamura,' Dheeraj S. Roy,'
Shigeyoshi Itohara,2 Susumu Tonegawa" 2s,3*

The medial temporal lobe, including the hippocampus, has been implicated in social
memory. However, it remains unknown which parts of these brain regions and their circuits
hold social memory. Here, we show that ventral hippocampal CA1 (vCA1) neurons of a
mouse and their projections to nucleus accumbens (NAc) shell play a necessary and
sufficient role in social memory. Both the proportion of activated vCA1 cells and the
strength and stability of the responding cells are greater in response to a familiar mouse
than to a previously unencountered mouse. Optogenetic reactivation of vCA1 neurons that
respond to the familiar mouse enabled memory retrieval and the association of these
neurons with unconditioned stimuli. Thus, vCA1 neurons and their NAc shell projections are a
component of the storage site of social memory.

The ability to recognize and memorize fami-
liar conspecifics (social memory) is crucial
for animals that exhibit social interactions
(1, 2). Lesion and recording studies in hu-
mans and monkeys have suggested that

the medial temporal lobe or the hippocampus
plays an essential role in social memory (3-6).
In mice, most early lesion or recording studies
concluded that the hippocampus is dispensable
for recognizing a familiar conspecific (7-9), where-
as a few recent studies suggested the contrary
(10-12). Although these human and animal studies
identified brain areas important for social memory,
the precise cellular populations storing this type of
memory and their essential circuits are unknown.

The intrinsic pattern of connectivity in the
hippocampus is fairly invariable along the lon-
gitudinal axis (13) across many species (14). How-
ever, the afferent and efferent connectivity along
this axis changes from one end to the other, sug-
gesting that dorsal and ventral hippocampus of
rodents (corresponding to posterior and anterior
hippocampus, respectively, of primates) may have
distinct functions (14, 15). It is well established
that the rodent dorsal hippocampus (dHPC) plays
an essential role in episodic memory (15). In
contrast, the memory function of the ventral hip-
pocampus (vHPC) is poorly known. In this study,
we generated a transgenic mouse line, transient
receptor potential channel 4-Cre (Trpc4-Cre), to
investigate the potential role and physiological
characteristics of the pyramidal neurons in the
CAI subfield of the ventral hippocampus (vCA1)
in social memory.

Mice naturally spend more time interacting
with a previously unencountered ("novel") mouse

'RIKEN-MIT Center for Neural Circuit Genetics at the
Picower Institute for Learning and Memory, Department of
Biology and Department of Brain and Cognitive Sciences,
Massachusetts Institute of Technology (MIT), Cambridge, MA
02139, USA. 2Brain Science Institute, RIKEN, Saitama, 351-
0198, Japan. 3Howard Hughes Medical Institute at MIT,
Cambridge, MA 02139, USA.
*Corresponding author. Email: tonegawa@mit.edu

1536 30 SEPTEMBER 2016 - VOL 353 ISSUE 6307

than a familiar one (16); social memory can be
quantified by measuring the relative interac-
tion durations with a novel and a familiar mouse
under free-choice conditions (social discrimina-
tion test or SDT) (Fig. 1, A and B). This ability
to socially discriminate between the novel and
familiar mice persisted for 30 min after a famil-
iarization session, but disappeared by 24 hours
(Fig. 1C). To investigate the potential role of
vHPC and dHPC in social memory, we targeted
bilateral injections of adeno-associated virus 8
(AAV8)-calcium/calmodulin-dependent protein
kinase II (CaMKII):eArchT-enhanced yellow fluo-
rescent protein (EYFP) and optic fiber implants
to vCA1 or dorsal CAI (dCAI) of wild-type mice
(Fig. ID). Expression of eArchT-EYFP was abun-
dant in vCA1 or dCA1, although it was also ob-
served to a lesser extent in CA3 and the dentate
gyrus (DG) (Fig. 1, E and F). Optogenetic cell
body inhibition of vHPC but not dHPC resulted
in a deficit in the SDT (Fig. 1, G, H, 0, and P). In
the resident-intruder test (Fig. 11 and fig. S),
optogenetic inhibition of vHPC but not dHPC
increased the sniffng duration toward a familiar
intruder with no effect when a novel intruder was
used (Fig. 1, J and K).

To identify downstream brain region(s) involved
in social memory, we injected AAV9-tetracydine
response element (TRE):channelrhodopsin-2
(ChR2)-EYFP into vCA1 of c-fostetracycline trans-
activator (tTA) mice to label neurons activated
by social interaction (17, 18). NAc shell, olfactory
bulb (OB), and basolateral amygdala (BLA) were
the major targets of the social interaction-specific
vCA1 neuronal projections (fig. S2). Moreover,
retrograde tracer cholera toxin subunit B (CTB)-
Alexa555 injection into NAc, OB, or BLA labeled
vCA1 but not dCA1 neurons (fig. S3). We then
examined whether any of these projections are
necessary for social memory by bilaterally inject-
ing AAV8-CaMKII:eArchT-EYFP into vHPC and
then optogenetically inhibiting axonal terminals
of the vCA1 neurons in the respective target areas
while the mice went through the SDT (Fig. 1, L

to N, Qto S, and fig. S4). vHPC-NAc projections,
but not vHPC-OB or vHPC-BIA, were essential for
social discrimination behavior.

To more rigorously establish the functional
role of the vCAI-NAc connection, we generated
a CAI pyramidal cell-specific Cre mouse line,
Trpc4-Cre, that covers both vCA1 and dCA1 (fig. S5
and Methods). Using Trpc4-Cre mice, we selec-
tively targeted vCA1 excitatory pyramidal neu-
rons by injecting AAV9-human synapsin (hsyn):
double-floxed inverse open reading frame (DIO)-
eArchT-EYFP into vCA1 (Fig. 2, A and B, and fig.
S6). We confirmed that the vCA1 neurons speci-
fically project to the NAc shell but not to the NAc
core, as identified by tyrosine hydroxylase (TH)
staining (Fig. 2C). Further, CTB injection into
NAc labeled the Trpc4-expressing deep layer
(vCAld), but not the superficial layer (vCAls),
pyramidal cells in vCA1 (Fig. 2B). Bilateral in-
jections of AAV9-hsyn:DIO-eArchT-EYFP into the
vCAI of Trpc4-Cre mice and optogenetic inhibi-
tion of vCA1 cell body (Fig. 2, D and H) or its
axonal terminals in NAc (Fig. 2, F, G, and J)
resulted in a SDT deficit similar to that ob-
served by vHPC-NAc inhibition (compare Fig.
2G with Fig. 1L). Optogenetic inhibition of vCA1
cell body during the familiarization period also
led to a similar SDT defect (fig. S8). The possi-
bility that these deficits are due to inhibition of
dorsal CA2 (dCA2) activity is excluded because
dCA2 is unlabeled with eArchT-EYFP in these
mice (fig. S6C). dCA1 cell body inhibition was
carried out using Wfsl-Cre mouse line expressing
Cre in dCA1 but not in vCA1 or dCA2 (fig. S9)
(19), which showed no deficit in a SDT (Fig. 2,
E and I).

Inhibition of vCA-NAc shell projections in
Trpc4-Cre mice only during the interaction with
a novel mouse did not affect the SDT (Fig. 2K,
middle, and fig. S7A), whereas inhibition only
during interaction with a familiar mouse dis-
rupted social discrimination between the two
mice (Fig. 2K, right, and fig. 7A). In contrast,
when a pair of novel mice (Fig. 2L and fig. S7B),
novel and familiar objects (fig. S10A), or novel
and familiar contexts (fig. S10B) were used, there
was no effect of vCAI-NAc shell inhibition.

We performed a SDT using Trpc4-Cre mice
expressing AAV9-elongation factor la (EF1a):DIO-
ChR2-EYFP in vCA1 while stimulating vCA1-NAc
shell projections (Fig. 2, M and N, and fig. 57).
Optogenetic activation of vCA1-NAc shell termi-
nals during social interaction with a novel mouse
disrupted the SDT (Fig. 2M, middle, and fig.
S7C). With a pair of novel mice as the targets,
stimulating vCA1-NAc shell projections during
interactions with one of the novel mice greatly
reduced the sniffing duration of that mouse com-
pared to the other novel mouse (Fig. 2N and fig.
S7D). Optogenetic activation of vCAI-NAc shell
terminal during interaction with a familiar mouse
had no effect in the SDT (Fig. 2M, right, and fig.
S7C). Light activation did not affect the SDT in
the EYFP control groups (fig. S11, A and B).
With novel objects in place of mice, interactions
of the test mouse were not affected by activation
of the vCAI-NAc shell projections (fig. S11C).
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These results suggest that increased activation
of the vCA1-NAc shell projections while the test
mouse was in the novel-mouse domain disrupted
the discriminatory social behavior by making the
test mouse perceive the novel mouse as familiar.

To monitor the activity of vCA1 cells before
and after the familiarization of a conspecific
mouse, we injected AAV5-hsyn:DIO-GCaMP6f
into the vCA1 of Trpc4-Cre mice and implanted
a microprism grin lens targeting the pyramidal
cell layer in vCA1 (Fig. 3, A and B; see Methods)
(20,21). Ca2 + events in vCA1 neurons (Fig. 3, D
and E) were recorded during exposure to two
novel mice (A and B) in two consecutive 5-min
sessions with mouse A and mouse B in counter-
balanced positions, followed by a 5-min control
session with no mice (Before group). The test

mice were subjected to 3-day-long or 2-hour-
long familiarization with mouse A, and the
recording sequence was repeated after 30 min
or 24 hours' separation (After-1 group) (Fig. 3F).
For each neuron, we calculated a "preference
score" based on the head position of the test
mouse during each recorded Ca2' event and
identified vCA1 cells that exhibited selective
activation by mouse A or mouse B (Fig. 3G
and fig. S12). There was a significant increase
in the proportion of mouse-A neurons after 3
days' or 2 hours' familiarization to mouse A (Fig.
3H). In contrast, there was no effect of familiar-
ization on the proportion of cells active around
mouse sampling locations in control sessions
(No mouse). Similarly, familiarization had no
effect on the proportion of mouse-A neurons

in dCA1 of Wfsl-Cre transgenic mice (Fig. 3, C
and H).

We determined the preference score of mouse-
A neurons in Before group and After-1 group, as
well as After-2 group that had a second 3-day
familiarization. The preference scores of indi-
vidual mouse-A neurons were not correlated be-
tween Before group and After-1 group, whereas
these scores were correlated between After-
1 group and After-2 group (Fig. 3, I to L). In ad-
dition, mouse-A neurons of After-I group showed
an increase in Ca2

+ event probability around the
mouse-A sniffing area, whereas mouse-A neurons
did not show such an increase in Ca2 + proba-
bility in the mouse B sniffing area (Fig. 3M).
Although the individual mouse-A neurons were
still significantly activated by mouse A (Fig. 3, N
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Fig. L vHPC in social memory. (A) Social discrimination test (SDT). (B) Rep-
resentative heat map of test-mouse position during the SDT. (C) Kinetics of the
SDT (see Methods). (D to F) Expression of AAV8-CaMKII:eArchT-EYFP (green)
in vHPC or dHPC of wild-type mice. Asterisk indicates optic fiber tip. (G and H)
Total duration in the sniffing area of familiar mouse A or novel mouse B during a
SDTwith inhibition of vHPC [(G) and (0), n = 17 mice] or dHPC [(H) and (P), n =
14 mice]. (I) Resident-intruder test. (J and K) Total sniffing duration by the
resident to intruder [(J), vHPC inhibition; (K), dHPC inhibition] in familiar-

intruder group (left) and novel-intruder group (right) (n = 7 mice, each group).
(L to N) Total duration in sniffing area during a SDTobserved in wild-type mice
bilaterally injected with AAV8-CaMKiI:eArchT-EYFP into vHPC and implanted
with optical fibers targeting NAc [(L) and (Q), n = 23 mice], OB [(M) and (R), n =
16 mice], or BLA [(N) and (S), n = 13 mice]. (0 to S) Comparison of dis-
crimination scores. Green bars, laser on; gray bars, laser off. Significance for
multiple comparisons: paired t test, *P < 0.05; **P < 0.01; ***P < 0.001, n.s.,
not significant. Data presented as mean SEM.
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and 0), CW2 event probability of these neurons
in mouse-A area was reduced when the record-
ings were conducted after 24 hours' separation
following familiarization (Fig. 3P).

The c-fbsftTA/TRE system permits labeling and
manipulations of memory engram cells (17,22).
We used this technology to characterize mouse-
A neurons. First, we injected AAV9-TRE-fluorescent
timer (FT)-Slow into the vCA1 of c-fostTA mice
and induced expression of FT-Slow in neurons
activated by social interaction (Fig. 4A). The fluo-
rescence of FT-Slow changes naturally over time
(23), from blue (pseudo-green), 12 hours after
induction, to red, 72 hours after induction (Fig
4, A and B, and fig. S13). Test mice interacted
with mouse A twice, or with mouse A and then
mouse B, with a 72-hour separation (Fig. 4, C
and D). The proportions of reactivated cells with
an overlap of red and blue signal was signifi-
cantly higher in test mice exposed to the same
mouse A twice, versus those exposed to mouse
A followed by mouse B (Fig. 4E and fig. S13). A
similar quantitative analysis of vCA1 reactiva-
tion using H2B-EGFP [nuclear localized EGFP
(enhanced green fluorescent protein)] and c-Fos
expression showed comparable results (fig. S14).

Second, we targeted injection of AAV9-TRE:
ChR2-EYFP and optic fibers to vCA1 of c-fos:tTA
mice and labeled vCA1 cells that were activated
by 2 hours of exposure to a mouse A with ChR2
while the c-fos:tTA mouse was off doxycycline
(OFF-Dox) (Fig. 4, F and G, and fig. S2). As ex-
pected, social memory was absent in the SDT
conducted after 24 hours' separation (Fig. 4H,
left), but was present when blue light was shone
to the whole test box (Fig. 4H, right). Control
experiments conducted with no ChR2 mice (Fig.
41) or a pair of novel mice during the SDT (fig.
S15A) did not show social memory. Restricting
blue light to mouse-A area but not mouse-B area
also caused the restoration of social memory (Fig.
4J). These results suggest that even after social
memory cannot be retrieved by natural cues, the
memory engram cells for the familiar mouse
are sufficiently retained and can be reactivated
optogenetically for memory retrieval (17, 24).
Indeed, the proportion of mouse-A neurons re-
activated by blue light is much greater than that
reactivated by natural cues (i.e., mouse A) after a
3-day separation (compare fig. S16G and Fig.
4E). We further investigated the parameters that
affect social memory, including the postfarmilia-
rization separation periods, the proportion of re-
activated familiar mouse-A neurons, the nature
of recall cues (natural versus optogenetic), and
the strength of the reactivation methods (figs.
S14 and S16). The data indicate that optogenetic
stimulation is more effective than natural stimu-
lation in reactivating memory engram cells and that
a certain minimum threshold level of reactivation of
mouse-A neurons will have to be reached for social
memory to be expressed in the SDT paradigm.

Third, we used the memory inception protocol
(Fig. 4K) (22). After 24 hours' separation, ChR2-
labeled mouse-A neurons were light-activated
simultaneously with foot-shock delivery [i.e.,
negative unconditioned stimulus (US)] or cocaine
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administration (i.e., positive US). The test mouse
exhibited avoidance or approach behavior toward
mouse A, respectively, in a SDT conducted the
next day (Fig. 4, K to N). Negative control groups
with no ChR2 (i.e., AAV9-TRE:EYFP alone) (Fig.
4, 0 and P) or no US (fig. S15B) did not show

Troc4-Cre mice

any behavioral alterations. No avoidance or ap-
proaching behavior was observed when two novel
mice (B and B') were used as the target mice
during the test (fig. S15, C and D). AAV9-TRE:
ChR2-EYFP injection into dCA1 of c-fos:tTA
mice did not lead to memory inception (fig. S17).

R CTB injection into NAc

vCA1-NAc shell inhibition (AAV9-hsyn:DIO-eArc
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vCA1-NAc circuit in a SDT. (A) Coronal vHPC sections of a Trpc4-Cre mouse injected with
AAV9-hsyn:DIO-eArchT-EYFP into vCA1, stained with anti-GFP (green) and DAPI (4',6-diamidino-2-
phenylindole, blue). (B) CTB-Alexa555 (red) injection into NAc and stained with anti-GFP (green) and
DAPI (blue). (C) Coronal NAc sections of a Trpc4-Cre mouse injected with AAV9-hsyn:DIO-eArchT-EYFP
into vCAl, stained with anti-GFP (green), anti-TH (orange), and DAPI (blue). NAc shell (sh); NAc core
(co); septum (sep); striatum (str). Boxed areas in (A) and (C) are magnified. (D and E) Cell body
inhibition of vCA1 and dCA1 during a SDT in Trpc4-Cre and Wfsl-Cre mice, respectively. (F) Manipulation
of vCA1-NAc shell projections. (G and K to N) SDT in Trpc4-Cre mice during vCA1-NAc manipulation.
vCA1 injections of AAV9-hsyn:DIO-eArchT-EYFP [(G), n =14 mice: (K) and (L), each n = 12 mice] and
AAV9-EFla:DIO-ChR2-EYFP [(M) and (N), each n = 14 mice]. (H to J) Comparison of discrimination
scores. Bottom, targeting area for the laser stimulation. Mouse A, familiar mouse: mouse B and -B: novel
mouse. Green bars, green laser on: blue bars, blue laser on; gray bars, laser off. Significance for multiple
comparisons: paired t test, *P < 0.05; < 0.01; n.s., not significant. Data presented as mean SEM.
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The possibility that the observed optogenetic
recall or memory inception is due to memory
held in adjacent dCA2 is excluded because no
labeling of dCA2 cells with ChR2 could be ob-
served under our experimental conditions (fig.
S17, D to F).

A
Microendoscope
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We have established that vCA1 and its projec-
tions to NAc shell play a necessary and sufficient
role in social memory in the mouse. Further-
more, we have provided evidence that vCA1
pyramidal cells hold the memory of a familiar
mouse; a population of vCA1 pyramidal cells
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Fig. 3. Ca 2
+ events in vCAI. (A) Microendoscope.

AAV5-hsyn:DIO-GCaMP6f injection into vCA1 of
Trpc4-Cre mice or dCA1 of Wfsl-Cre mice. (B and
C) Coronal sections of vCA1 and dCA1 stained
with anti-GFP (green, for GCaMP6f) and DAPI (blue).
(D) Stacked image acquired during a 15-min micro-
endocope recording. (E) Top, Relative fluorescence
changes (AFIF) for five vCA1 pyramidal neurons.
Bottom, time-lapse image sequence of GCaMP6f flu-
orescence in an individual neuron. (F) Top, Experimen-

tal protocol for microendoscope recording. Bottom, relative fluorescence changes during 15-min recording. (G) Representative mouse-A neuron, mouse-B neuron,
and neither neuron. Head position at each Ca2+ event (red dots). (H) Proportion of mouse-A, mouse-B, or neither neurons in vCA1 and dCA1, before and after
familiarization (3 days or 2 hours) (chi-square test, *P < 0.05). (I to L and N to 0) Comparison of the preference scores of mouse-A neurons [(I), (J), and (N),
red dots) and all recorded neurons [(K), (L), and (0), blue dots] between After-1 (30 min) and Before sessions [(I) and (K): linear regression, P = 0.208],
between After-i (30 min) and After-2 (30 min) [(J) and (L), linear regression, P = 0.0002; Spearman rank correlation test, r = 0.65), and between After-1 (30 min)
and After-1 (24 hours) [(N) and (0), linear regression, P = 0.0019; Spearman rank correlation test, r = 0.23). (M and P) Comparison of Ca2* event probabilities
of mouse-A neurons [analysis of variance (ANOVA); post-hoc, Scheffe, ***P < 0.001, **P < 0.01). Data presented as mean SEM.
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alizing two activated neuronal populations. (D) FT-Slow blue form-, red form-,
and double (yellow)-positive cells in vCA1 (left) with magnified image (right).
(E) Percentage of reactivated cells when the test mouse was exposed to the
same mouse A twice (A/A) or mouse A and then mouse B (A/B) (n = 3 mice, each
group). (F) Protocol for optogenetic recall of social-memory engram. (G) vCA1
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monitored by a social discrimination test. Thus,
the vCA1 cells activated by the exposure to a
familiar mouse satisfy the criteria to be met by
engram cells for a specific memory (25). It is
interesting that this recall of the social memory
by light can occur even after the mice have
fallen into an amnesic state. This indicates that
the specific social memory information is retained
in the specific vCA1 cell population during at least
1 day after encoding but that natural recall cues
are not strong enough to reactivate these cells
for memory recall; in contrast, the 20-Hz blue
light is stronger and reactivates the engram
cells above the threshold necessary for recall.
This interpretation of light-mediated recall of
the social memory is supported by the inception
experiment; the social memory is retained in
the amnesic mice, and the light-reactivated
engram serves as a CS and becomes associated
with a high-valence US (footshocks or cocaine)
to evoke avoidance or preference behavior.

The present study helps to resolve the con-
troversy (7-9) regarding the necessity of mouse
hippocampus for social memory and corrobo-
rates previous observations made in primates
(4-6). In macaques, a large population of neu-
rons in the anterior hippocampus responded
to socially relevant cues such as faces and voices
of individuals (6). In human medial temporal
lobe, including the anterior hippocampus, there
are cells that respond more to famous or per-
sonally relevant people than to unfamiliar people
(4, 5). The overall results suggest evolutionary
conservation of the role of the hippocampal areas
as the sites of social memory.

Recent studies have shown that dCA2 is crit-
ical for sociocognitive memory processing (10,11, 26).
dCA2 neurons have longitudinal rostro-caudal
projections to vCA1 (fig. S18) (27, 28) and con-
nect with the deep layer of CA1 more strongly
than with the superficial layer (28). It is thus
possible that the dCA2-vCAid-NAc circuit com-
poses the engram cell ensemble pathway for
social memory (25). However, it is also possible
that the role of dCA2 in social memory is to
convey to vCAld appropriately processed and
socially relevant cues, rather than holding mem-
ory information per se.

Compared to other forms of episodic memory,
social memory lasts no more than a few hours
(Fig. IC) under laboratory conditions (29, 30),
although it can be prolonged to a week by vaso-
pressin release, or to 24 hours by group housing
(12, 29, 31). We have demonstrated by optoge-
netics that the engram cells for social memory
formed in a laboratory environment can be
retained in vCAI for at least 2 days. Thus, the
relatively short duration of social memory is
apparently due to inefficient retrieval rather
than failed retention of the memory. It would
be interesting to test the hypothesis that in-
creased vasopressin and/or group housing pro-
longs social memory duration by promoting the
retrieval process.

Overall, our study establishes vCA1 and its NAC
projections as a site of social memory and pro-
vides insights and clues to the neuronal mech-

anisms underlying this important form of memory

(fig. S19).

REFERENCES AND NOTES
1. L. A. McGraw, L. J. Young, Trends Neurosci. 33,103-109 (2010).
2. T. Okuyama et al., Science 343, 91-94 (2014).
3. C. N. Smith et al., Proc. Nat. Acad. Sci. U.S.A. 11L 9935-9940 (2014).
4. R. Q. Quiroga, L. Reddy, G. Kreiman, C. Koch, I. Fried, Nature

435, 1102-1107 (2005).
5. 1. V. Viskontas, R. Q. Quiroga, I. Fried, Proc. Nati. Acad. Sci. U.S.

A. 106, 21329-21334 (2009).
6. J. Sliwa, A. Plantd, J. R. Duhamel, S. Wirth, Cereb. Cortex 26,

950-966 (2016).
7. M. von Heimendahl, R. P. Rao, M. Brecht, J. Neurosci. 32,

2129-2141 (2012).
8. A. S. Squires, R. Peddle, S. J. Milway, C. W. Harley, Neurobiol.

Learn. Mem. 85, 95-101 (2006).
9. D. M. Bannerman, M. Lemaire, S. Beggs, J. N. Rawlins,

S. D. Iversen, Exp. Brain Res. 138, 100-109 (2001).
10. F. L. Hitti, S. A. Siegelbaum, Nature 508, 88-92 (2014).
11. E. L. Stevenson, H. K. Caldwell, Eur. J. Neurosci. 40,

3294-3301 (2014).
12. J. H. Kogan, P. W. Frankland A. J. Silva, Npocampts I, 47-56 (2000).
13. P. Andersen, T. V. Bliss, K. K. Skrede, Exp. Brain Res. 13,

222-238 (1971).
14. B. A. Strange, M. P. Witter, E. S. Lein, E. 1. Moser, Nat. Rev.

Neurosci. 15, 655-669 (2014).
15. M. S. Fanselow, H. W. Dong, Neuron 65, 7-19 (2010).
16. J. Camats Perna, M. Engelmann, in Current Opinion in

Behavioral Neurosciences, M. Geyer, B. Ellenbrook, C. Marsden,
Eds. (Springer, 2015), pp. 1-21.

17. X. Liu et al., Nature 484. 381-385 (2012).
18. L. G. Reijmers, B. L. Perkins, N. Matsuo, M. Mayford, Science

317,1230-1233 (2007).
19. T. Kitamura et al., Science 343, 896-901 (2014).
20. Y. Ziv et al., Nat. Neurosci. 16, 264-266 (2013).
21. T. W. Chen et al., Nature 499, 295-300 (2013).
22. S. Ramirez et al., Science 3.41, 387-391 (2013).

23. F. V. Subach et al., Nat. Chem. Biol. 5,118-126 (2009).
24. T. J. Ryan, D. S. Roy, M. Pignatelli, A. Arons, S. Tonegawa,

Science 348, 1007-1013 (2015).
25 . Tonegawa, X. Liu, S. Ramirez, R. Redondo, Neuron 87,

918-931 (2015).
26. D. A. Caruana, G. M. Alexander, S. M. Dudek, Learn. Mem. 19,

391-400 (2012).
27. N. Tamamaki, K. Abe, Y. Noiyo, Brain Res. 452, 255-272 (1988).
28. K. Kohara et al., Nat. Neurosci. 17, 269-279 (2014).
29. R. M. Bluthe, G. Gheusi, R. Dantzer, Psychoneuroendocrinology

18, 323-335 (1993).
30. D. H. Thor. W. R. Holloway, J. Comp. Physiol. Psychol. 96,

1000-1006 (1982).
31. A. S. Smith, S. K. Williams Avram, A. Cymerblit-Sabba, J. Song,

W. S. Young, Mol. Psychiatry 21, 1137-1144 (2016).

ACKNOWLEDGMENTS
We thank C. Sun, X. Liu, S. LeBlanc, J. Derwin, W. Yu, F. Bushard,
S. Huang, G. Das, T. O'Connor, J. Young, and L. Brenner for their
help. Supported by the RIKEN Brain Science Institute, Howard
Hughes Medical Institute, the JPB Foundation (to S.T.), and Japan
Society for the Promotion of Science Grant-in-Aid (to T.O.). All data
and computer codes necessary to understand and assess the
conclusions of this research are available in the supplementary
materials. AAV9-hSyn:D0O-eArchT3.0-EYFP, AAV9-TRE:FT-Slow,
AAV9-TRE:ChR2-EYFP, and AAV9-TRE:EYFP were developed at MIT by
the group of S.T.; virus plasmids are available through a material
transfer agreement. The Trpc4-Cre transgenic mouse line was
developed at RIKEN BSI by the group of S.I. and is available through a
material transfer agreement.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/353/6307/1536/suppl/DC1
Materials and Methods
Figs. S1 to S19
References (32-35)

16 March 2016; accepted 29 July 2016
10.1126/science.aaf7003

VIROLOGY

MAVS-dependent host species range
and pathogenicity of human
hepatitis A virus

Ua Hf-ai-YuM,
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Hepatotropic viruses are important causes of human disease, but the intrahepatic immune
response to hepatitis viruses is poorly understood because of a lack of tractable small-
animal models. We describe a murine model of hepatitis A virus (HAV) infection that
recapitulates critical features of type A hepatitis in humans. We demonstrate that the
capacity of HAV to evade MAVS-mediated type I interferon responses defines its host
species range. HAV-induced liver injury was associated with interferon-independent
intrinsic hepatocellular apoptosis and hepatic inflammation that unexpectedly resulted
from MAVS and IRF3/7 signaling. This murine model thus reveals a previously undefined
link between innate immune responses to virus infection and acute liver injury, providing a
new paradigm for viral pathogenesis in the liver.

Although viral hepatitis is an important cause
of human morbidity worldwide, there are
no small-animal models that accurately
recapitulate liver disease caused by any of
the five responsible viruses (1, 2). Previous

studies have relied heavily on nonhuman pri-

SCIENCE sciencemag.org

mates, especially chimpanzees (3,4), to investigate
pathogenesis and immune responses to hepatitis
viruses. This has handicapped efforts to under-
stand host responses within the unique immuno-
logic environment of the liver (5, 6). Recent NIH
policies effectively eliminate the use of chimpanzees
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soo10 Intioduction

p0015 Understanding the material basis of memory ranains a central goal of modem neuroscience (Dudai and Morris, 2013; Tonegawa
et al., 2015a). Historically, philosophers Scied to understand the precise location in the human body where information of past
experiences is stored. For sometime, memory information was attributed to organs such as the heart and kidney. In the Renaissance,
Descartes (1649) proposed that mental capacities, specifically memory, must be represented in the brain. In the 20th century,
Richard Semon was the frst so theorize that learning induces physical changes in specific brain cells that retain information and
are subsequently reaedwated by appropriate stimuli to induce recall. He termed these changes the engram (Schacter, 2001; Semon,
1904, 1909). However, een after Semon's engram theory, some leading scholars wondered whether memory is physically repre-
sented in the brain or the mind (Bergson, 1911; McDougall, 1911). It was Shepherd Franz and later Karl Lashley who advocated for
the physical *heory of information storage in the central nervous system (Franz, 1912; Lashley, 1929, 1950). In particular, Lashley
(1950) adopted the concept of the engram and was among the first to attempt to localize memory engrams in the brain. Although
Lashley's idea of mass action was later empirically disproved, researchers after him have tried to identify the location of memory
representations in the brain using experimental technologies available at the time (Bruce, 2001; Dudai and Eisenberg, 2004; Hub-
ener and Bonhoeffer, 2010; Josselyn et al., 2015; Thompson, 1976; Tonegawa et al., 2015b). In this chapter, we will first discuss
early attempts to identify memory engrams, provide updated criteria for defining an engram and engram cells, and then examine
recent studies demonstrating that memory is indeed stored in populations of neurons and their associated circuits.

sOO15 Preoptogenetlic Studies

p0020 At any given moment, animals need to quickly organize their behavior by comparing previous experiences to the currently available
sensory cues. This online function is carried out by neural circuits in the brain, which indicates that memory evolved for two major
biological purposes: (1) to replay previous episodes and inform current behavioral outputs, and (2) to integrate past and present
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experiences (James, 1890). A key question in the study of memory is how new information can be acquired and stored in precisely

wired neural circuits (Kandel, 2001). At the cellular and systems level, Ramon y Cajal (1893, 1894) originally proposed that the

strengthening of sites of contact between neurons might be a mechanism of memory storage. These sites of contact were famously

termed synapses by Charles Sherrington (Foster and Sherrington, 1897). However, it was Donald Hebb's theoretical integration of

neurophysiology and psychology that created the modem paradigm for memory research. Hebb (1949) proposed that neuronal

assemblies linked by adaptable synaptic connections could encode informational content in the brain and further elaborated

that these cell assemblies could provide the basis of a distributed memory system. Since then, many attempts have been made

to localize memory engrams in many different species. Among early studies, notable and pioneering examples are summarized

in the following sections.

s0020 Invartebrate Studios

p0025 In the 1950s, there was little consensus among psychologists that our understanding of the biological basis of learning and memory

could be advanced using a reductionist approach, like the use of invertebrate animal models. However, biologists quickly realized

that the simplest forms of memory would be conserved across species and therefore should be studied in expesimenally tractable

animals as a starting point. Probably the best known example is the giant marine snail Aplysia califomica, in which a simple defensive

reflex involved less than 100 central nerve cells (Kandel, 1976). This reflex behavior, the withdrawal ofthe gill upon stimulation of

the siphon, exhibited different forms of learning such as habituation, sensitization, and classical conditioning (Pinsker et al., 1973).

By examining these simple forms of learning, scientists performed detailed analyses of the cellular and molecular mechanisms

underlying nonassociative as well as associative learning. Importantly, these studies provided clear evidence that learning correlates

with changes in the strength of synaptic connections, thereby supporting Cajal's and Hebb's ideas on the mechanism of memory

storage (Milner et al., 1998). Along with synaptic strength, it was observed that learning paralleled structural changes, such as the

elimination or addition of synapses that closely matched the age of the memory (Bailey and Chen, 1989; Glanzman et al., 1990).

p0030 With the goal of pinpointing engrams in intact nervous systems, researchers have extensively studied honeybee and Drosophila

melanogaster model systems. In adult honeybees, learning and memory storage occur in mushroom bodies where experience-

dependent dendritic branching patterns have been observed (Farris et al., 2001; Menzel, 2001). Similar to Aplysia, studies in flies

identified a biochemical mechanism for memory storage that is basedem cAMP-nediated pathways (Dudai, 1988; Tully and Quinn,

1985). Using cAMP-signaling mutants, structural alterations in the sensmy neurons of flies have been correlated with learning and

short-term memory (Corfas and Dudai, 1991; Gerber et al., 2004). More recently, when a specific odor was paired with shock in

flies, defined neuronal populations within the olfactory learningcircuit showed modified firing responses. Specifically, pathways

in the antennal lobes and the mushroom bodies increased theirresponses only to the odor used in training but not to control odors.

These experiments support the idea that odor-specific memory traces are formed within these cell populations as a result of

Pavlovian conditioning (Liu and Davis, 2009; Yu et al., 2006). However, the precise cellular and/or synaptic localization of engrams

in flies requires further investigation.

s0025 Bird Studies

p003
5 In the search for neural mechanismas of learning and memory, mammals have been preferred over birds as model systems due to

their closer relationship with humans. However, since it was highlighted by the Avian Consortium that birds exhibit cognitive

capacities which had previously been thought to be restricted to primates, memory storage in birds has been extensively studied

(Avian Brain Nomenclature Consortium, 2005; Doupe and Kuhl, 1999). Historically, avian studies on memory have used four

major paradigms: imprirain, birdsong learning, cache recovery (Clayton and Dickinson, 1998), and gustatory avoidance (Rose,

2000). Imprinting, where a mcatly hatched chick learns the characteristics of its parents (or an object), causes dramatic changes

in the brains of young bhds (Lorenz, 1981). These studies have revealed a localization of the substrate of memory, in particular

because the generation of new synapses has been observed during imprinting. To date, it has not been possible to prove causality

between the observed changes and the imprinting process itself due to both the distributed nature of the system and a lack of appro-

priate twehnologies (Hom, 2004). Regarding birdsongs, juveniles learn the characteristics of the songs of tutors from their own

speciee. in most cases their fathers, which is a process that requires several brain nuclei. This process involves a period of auditory

memorization followed by development of the juveniles' own vocalizations, which is analogous to speech acquisition in human

infants. It is thought that the neural representation of song memory during memorization is localized to the auditory association

cortex, while the neural substrate of vocalization memory is localized to a network of interconnected brain nuclei known as the song

system (Bolhuis and Gahr, 2006). More recently, a study examined in vivo dendritic spine dynamics in the crucial birdsong nucleus,

high vocal center (HVC), during the juvenile song-learning period of zebra finches. Strikingly, it was shown that even though juve-

niles exhibit high levels of spine turnover during the song-learning process, subsets of spines on sensorimotor neurons undergo

stabilization, accumulation, and enlargement. These experiments suggested that successful behavioral learning correlated with rapid

stabilization and strengthening of specific synapses (Eales, 1985; Roberts et al., 2010).
p0040 The sense of auditory space derives from associations formed between specific auditory cues and locations in the environment

where they are produced. Experience has a significant impact on sound localization and therefore the auditory localization

pathway became a model system for studying mechanisms of learning (Shinn-Cunningham, 2000). A nocturnal predator, the

barn owl (Tyto alba), is the most extensively studied species for this behavior since its capacity for localization is comparable
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to that of humans. It was first shown in the barn owl that they have the incredible capacity to adapt to environmental changes in
a behaviorally relevant manner. In particular, their auditory and visual space maps in the superior colliculus align according to
individual visual and auditory cues. Moreover, learning in the barn owl correlates with structural rearrangements of neuronal
connections between the internal and external nucleus of the inferior colliculus (Knudsen, 2002). These observations demon-
strate that the birdsong learning process is a powerful paradigm, which holds promise as a future target to identify and visualize
the formation of an engram.

s0030 Rodent and Nonprimate Mammal Studies
p0045 The American psychologist Karl Lashley (1950) pioneered a systematic hunt for engram regions in the rodent brain by introducing

lesions of varying sizes into different sites of the cerebral cortex and attempting to associate each of these lesions with the animal's
ability to solve a maze task. The results showed that behavioral impairments were caused by lesions introduced throughout the
brain, and that severity of the impairments was proportional to the size of the lesions. Lashley concluded that the putative memory
engram cells are not localized in the cerebral cortex, leading him to formulate the mass action principle. The notion that engram
cells for a specific memory are broadly distributed throughout the brain has not been supported by subsequent studies for at least
several types of memory, including episodic memory. It is conjectured that Lashley's failure in identifying localized engram cells is
because the maze tasks he used were too complex and required multiple regions of the cerebral cortex, and/or the primary sites of
storage for this type of memory may reside in subcortical regions.

p0050 Richard Thompson et al. performed pioneering work in attempting to localize the memory engram for classical eyelid condi-
tioning in rabbits. In this simple paradigm wherein repeated pairings of a neutral conditioned stimulus (e.g., tone, CS) with an
unconditioned stimulus (e.g., corneal airpuff, US) produces an adaptive conditioned response (eyeblink, CR) to the CS alone,
animals from which the cerebral neocortex or hippocampus had been removed were still able to learn and express the standard
delay CR (Thompson and Kim, 1996). Initial work identified the cerebellum as acrucial node fbr learning, retention, and expression
of this simple associative memory (McCormick et al., 1982). It has since been revealed that information about the CS and US arrives
in the cerebellum through the pontine nuclei and inferior olive (10), respectively. Lesions of the pontine nuclei or 10 prevents CR
acquisition (McCormick et al., 1985; Steinmetz et al., 1987) and precisely timed stimulation of the pontine nuclei and 10 as the CS
and US can produce reliable expression of the CR (Mauk et al., 1986; Steinmetz et al., 1986, 1989). This CS and US information
arrive within the cerebellum at two sites, the cerebellar cortex and the interpositus nucleus. Through many clever experiments
utilizing lesions, pharmacological inactivation, neural stimulation, amd single cell recordings, it is understood that through an intri-
cate process of long-term depression (LTD) and long-term potetiation (LTP) at specific synapses, the activity of the interpositus
nucleus is responsible for triggering the expression of CR, while the cerebellar cortex shapes the adaptive timing of the CR (Ito
and Kano, 1982; McCormick and Thompson, 1984; Lavond and Steinmetz, 1989; Garcia and Mauk, 1998; Bao et al., 2002).
Together, these studies suggest that a memory engram for this behavior is found in key sites of the cerebellum, involving interactions
between the anterior interpositus and overlying corte.

p0055 A key structure for declarative memory formaion in mammals is the hippocampus, where use of rodent models has led to great
progress in elucidating the cellular basis of memory. By recording neuronal activity in the hippocampus of awake, behaving rats,
a series of elegant experiments observed karning-elated changes in receptive field properties of single neurons known as hippo-
campal place cells. These sparse populations of neurons develop specific place fields as the rat explores and learns about a novel
environment (O'Keefe and Dostrovsky, 1971; Wilson and McNaughton, 1993). These place-coding cell populations may represent
the spatial engram, which is needed to form a long-term memory of the animal's experience along with valence information.
Another well-documented example ofexperience-dependent neural activity is referred to as replay, which describes the spontaneous
reactivation of recent newal activity during periods of high-frequency bursts in the hippocampus. Interestingly, the strength of
replay-related reactiraton hu. been correlated with long-term memory expression (Dupret et al., 2010; Louie and Wilson, 2001;
Nakashiba et al., 2009).

p0060 From hippocampal rewrding studies, it is clear that the sparse population of place cells persists several days to weeks after
learning and semains specific to the environmental cues during leaming. Using auditory CS, a variety of response latencies were
found in multiple cortical and subcortical areas (Olds et al., 1972). These authors reasoned that learning centers of the brain would
contain cel responses to CS, which were of similar latencies as sensory responses. A subset of the cortical areas analyzed in this study
fulfilled 11%is criterion and furthermore these responses were specific to the auditory stimulus used during conditioning. Based on
these experiments, it was proposed that these cortical areas comprised learning centers and were thus putative sites involved in
memory formation. Several groups have provided correlational evidence between learning-induced plasticity in primary auditory
cortex and long-term memory (Gonzalez-Lima and Scheich, 1986; McKeman and Shinnick-Gallagher, 1997; Bao et al., 2001; Kisley
and Gerstein, 2001; Weinberger, 2004). Similar results have been reported for neuronal activity changes induced by olfactory asso-
ciative learning paradigms (Kass et al., 2013).

p0065 Many studies have implicated select populations of neurons in specific memories by examining the expression of immediate
early genes (IEGs) such as cFos, Zif268, and activity-regulated cytoskeleton-associated protein Arc (Flavell and Greenberg, 2008;
Guzowski, 2002; Okuno et al., 2012). Several groups found that cell populations active during the acquisition of a fear memory
were preferentially reactivated during the recall of that memory in different areas of the mouse brain, such as the amygdala
(Reijmers et al., 2007), the hippocampus (Deng et al., 2013; Tayler et al., 2013), layer II cortical areas including sensory cortex
(Cowansage et al., 2014; Xie et al., 2014), and the prefrontal cortex (Zelikowsky et al., 2014).



TNQ Books a=dJals PvtLtd. It s notawed lopl imks p fme orm riet. This acepyis the of the is c t iumal

LEM2 04036

4 In Seareh of Engram Cells

p0070 Another approach that has been used to identify probable engram cell populations in the rodent brain employs the random

overexpression of the transcription activator cAMP response element binding protein (CREB) in a small population of neurons

in the lateral amygdala (LA), making these cells more likely to be recruited to become a part of putative engram ensembles during

subsequent fear conditioning training (Han et al., 2007). By selectively manipulating these high-CREB cells, but not a random pop-

ulation of neurons in the same brain region, via diphtheria toxin-based ablation (Han et al., 2009) or genetic-based inhibition

(Hsiang et al., 2014; Zhou et al., 2009) memory recall was disrupted in mice. Similar technology has been used to demonstrate

the necessary role of retrosplenial cortex neurons in spatial navigation memory (Czajkowski et al., 2014). Other studies using

the DaunO2 inactivation method have shown that contextual memory associated with a positive reinforcer such as cocaine could

be blocked by inactivating a minor portion of nucleus accumbens (NAcc) neurons that were previously active in the drug-associated

environment in rats (Koya et al., 2009).
p007 5  Two-photon microscopy allows in vivo visualization of fine structural morphology down to several hundred micrometers in the

cortex of the intact rodent brain (Denk et al., 1990). Such technology has allowed researchers to demonstrate dendritic spine

changes that correlate with the acquisition and/or storage of information (Attardo et al., 2015; Moser et al., 1994). An hnteresting

report found that the formation of a contextual fear memory correlated with a transient increase in dendritic spine density in the

hippocampus, while similar changes in the anterior cingulate cortex (ACC) developed over a period of weeks following memory

formation; the latter time-dependent process is called systems consolidation of memory (Restivo et al., 2009).

pO080 Another well-established model for experience-dependent cortical plasticity is monocular deprivation, whetn temporary closure

of one eye shifts the balance between the strength of the representation of the two eyes in the visual conex toward the open eye.

Inspired by work in the barn owl model system, several researchers combined two-photon micouscopy amd monocular deprivation

to visualize an engram in the neocortex. A series of experiments found that cortical dendritic spinesshat appeared during monocular

deprivation remained in place even after reestablishing normal vision. These spines served as the basis for faster and longer-lasting

adaptation responses during a second monocular deprivation, even though this second deprivation did not further increase spine

density (Hofer et al., 2009). These results are reminiscent of the concept of savings proposed by Hermann Ebbinghaus more than

100 years ago. Ebbinghaus (1880) demonstrated that in every day experiences relearning is easier than first-time learning. Most

studies examining structural correlates of learning and memory focused on dendritic spines, though it is worth noting a few exam-

ples that examined presynaptic plasticity. In adult mice, cortical axonal bousms show some degree of structural plasticity under

baseline conditions with overall axon branching patterns remaining stable (De Paola et al., 2006). In higher mammals including

the cat, a study found that shrinkage and expansion of ocular dooninasxu columns due to monocular deprivation was reflected in

the retraction and growth of thalamic fibers in the visual cortex(Antonini and Stryker, 1993). Similar to presynaptic structural plas-

ticity, relatively less attention has been paid to structural madificationsof inhibitory neurons. Branch tips of dendrites of inhibitory

neurons in mouse visual cortex undergo constant remodeling supporting the idea that inhibitory neurons, too, are capable of

participating in structural plasticity of memory (Lee et al., 2006). Analogous to excitatory neurons, calcium imaging has revealed

that inhibitory neurons exhibit neural activity modications following sensory deprivation (Kameyama et al., 2010).

s0035 Primate Studies

p0085 In human studies, it was Canadian neurosugeons Wilder Penfield and Theodore Rasmussen (1950) who serendipitously obtained
the first tantalizing hint that episodic mermceies may be localized in brain regions. As a presurgery procedure for human patients,

Penfield applied small jolts of electkcity to the brain to reveal which regions were responsible for inducing seizures. Remarkably,

when stimulating parts of the earal temporal cortex, approximately 8% of his patients reported vivid recall of random episodic

memories: one patient emdaiined, 'Tes, Doctor, yes, Doctor! Now I hear people laughing-my friends in South Africa ... Yes,

they are my two cousins, Bessie and Ann Wheliaw.' Another patient reported, 'I had a dream. I had a book under my arm. I

was talking to a man. The man was trying to reassure me not to worry about the book." This study had the first glance at what genet-

icists call gain-of-frnction or sufficiency evidence for the notion that the lateral temporal lobe region harbors the biological locus for

episodic memory. Complanenting this work, a study conducted several years later by the American neurosurgeon William Scoville

and Canadian neuropsychologist Brenda Milner provided loss-of-function or necessity evidence (Scoville and Milner, 1957). To

treat the epilepfAc seizures of a young man, Henry Molaison (H.M.), who suffered seizures caused by a bicycle accident, Scoville

resected a large portion of the medial temporal lobes (MTLs) from both hemispheres, including the hippocampus and adjacent

brain arem. As a consequence of this surgery, H.M. lost his ability to form new episodic memories (anterograde amnesia), as

well as the ability to recall memories of episodes and events that occurred in his life within a year prior to this surgery (graded retro-

grade amnesia). H.M.'s other types of memory, such as motor memory, were largely unaffected, indicating that episodic memories

may be specifically processed in the MTL and in particular in the hippocampus. These pioneering studies led to a notion that at least

some types of memory, in this case episodic memory, may be stored in a localized brain region. More recent work using single-unit

recordings in humans reported that cells in the hippocampus and surrounding areas were reactivated only during free memory recall

of a particular individual, landmark (Quiroga et al., 2005), or episode (Gelbard-Sagiv et al., 2008).

p0090 Among early attempts to identify memory engrams in monkeys, one study recorded single-cell activity from the inferotemporal

(IT) cortex during a visual delayed matching-to-sample task (Fuster and Jervey, 1981). Many cells responded to the colors of the

stimuli, and notably, several cells responded differentially to color depending on whether or not attention circuitry was engaged,

thus demonstrating their behaviorally relevant role. Fittingly, the authors demonstrated correlations of these neuronal activities to

the encoding, retention, and retrieval of visual information. Later, Yasushi Miyashita (1988) revealed a neuronal correlate of visual
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long-term memory by studying how the anterior ventral temporal cortex represented stimulus-stimulus associations. By simulta-
neously recording from over 200 neurons as monkeys performed a visual memory task, single neurons that could respond
conjointly to temporally related, but geometrically dissimilar stimuli were observed. That is, certain neurons displayed stimulus
selectivity during the learning phase of the task, which then could become associated with unrelated stimuli in a different experi-
ence. These elegant studies demonstrated a neuronal correlate of associative visual memory. In a more recent series of experiments,
using two-photon imaging in macaques to follow the remodeling of intracortical axons after retinal lesions over extended periods of
time, it was found that lesions induced an almost immediate increase in the number of axonal boutons as well as axonal collaterals
within the affected cortical region (Yamahachi et al., 2009). Thus, presynaptic elements of cortical circuitry are also modified
following experience-dependent changes.

s0040 Semon's Engram Theory

p0095 During the early part of the 20th century, a German scientist, Richard Semon (1904, 1909), advocated for the physical theory of
human memory. Until the late 1970s, mainstream psychologists studying human memory processing mostly ignored this theory.
It was not until three prominent researchers, Daniel Schacter et al. (1978), published an influential article that subsequently led to
a revival of Semon's contributions within the academic community.

p0100  
The term engram was coined by Semon (1904), which he defined as "the enduring though primarily latent modification in the

irritable substance produced by a stimulus (from an experience)." Another term used by several contemporary neuroscientists is
memory trace, which is equivalent to engram. Semon's memory engram theory was built on two fundamental postulates termed
the Law of Engraphy and the Law of Ecphory, for memory storage and memory retrieval, espectively (Semon, 1909). The Law
of Engraphy posits "all simultaneous excitations (derived from experience).. .form a connected simultaneous complex of excitations
which, as such acts engraphically, that is to say leaves behind it a connected and to that extent, separate unified engram-complex."
The Law of Ecphory posits "the partial retum of an energetic situation which has Eied itself engraphically acts in an ecphoric sense
upon a simultaneous engram complex." A part of the entire experience (i.e., stimuli) at the time of storage needs to be present at the
time of recall for successful retrieval of the entire original event to occur (Schacter et al., 1978). This criterion essentially describes the
process of pattern completion (Marr, 1970), which was experimentally demonstrated many years later (Leutgeb et al., 2004;
Nakazawa et al., 2003).

s0045 Engram Cel Criteria

p0105 Although Semon's engram theory was remarkably novel at the time, he did not elaborate on the biological basis of a unified engram
complex. During the decades following the proposal of this theory, several molecular, cellular, imaging, and electrophysiological
recording techniques have been developed. Lacosmrating our current knowledge regarding neurons, synapses, and neuronal circuits
into Semon's memory engram theory, we propose usage of engram, engram cells, and other associated terminologies in the contem-
porary context. Since recent studies have indicated that the engram of a given memory is not restricted to a single anatomical loca-
tion, but is distributed in multiple locations with specific patterns of connectivity, we introduced three additional terms: engram cell
pathway, engram component, and engran complex.

uOOIO 0 Engram refers to the enduringpisysical and/or chemical changes elicited by experience that underlie the newly formed memory
association.

u0015 0 Engram cells are a popsiation of neurons that are activated by learning, exhibit enduring cellular changes as a consequence of
learning, and whose reaciuation by a part of the original stimuli delivered during learning results in efficient memory recall.
Note that this gS beyond a correlational definition of the term.

u0020 0 Engram cell pathway is a set of engram cells for a given memory connected by synapses along specific neuronal circuits.
u0025 S Engram component is the content of an engram stored in an individual engram cell population within the engram cell pathway.

Nome that this 4does not necessarily denote the physiological content of the engram held by a given population but rather
indicases the type of represented mnemonic information.

u0030 * Engram complex refers to the whole engram for a given memory that is stored in a set of engram cell populations connected by
an engram cell pathway.

s0050 Engram Cells Found

p0135 The studies discussed so far have linked neuronal populations with particular memory events mostly with correlational evidence
and only a few with loss-of-function evidence, but a critical piece of evidence was largely missing. The most direct evidence of
engram cells should come from gain-of-function manipulations, where a population of neurons activated by learning are artificially
reactivated to mimic behavioral recall elicited by natural cues. Crucially, if artificial reactivation of a cell population induces the
recall of that specific memory in the absence of retrieval cues, then this would provide evidence that the population of neurons
is sufficient for memory, and thus serves as the neuronal basis for the memory engram (Martin and Morris, 2002). However,
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this type of gain-of-function experiment is technically challenging as one has to be able to accurately isolate the neurons involved in
a single memory from their seemingly indistinguishable neighbors and activate them with high spatial and temporal precision.

s0055 Gain-of-Function and Lass-of-Function Evidence by Optogeneica

p0140 Recent advances in technology such as optogenetics make such manipulations feasible (Boyden et al., 2005; Fenno et al., 2011). By
combining the activity-dependent, doxycycline-dependent c-fos-tTA (tetracycline transactivator) system (Reijmers et al., 2007) and
channelrhodopsin-2 (ChR2)-mediated optogenetics, researchers were able to tag a sparse population of dentate gyrus (DG) neurons
activated by contextual fear conditioning (CFC) with ChR2 in mice (Liu et al., 2012; Ramirez et al., 2013). Subsequently, when these
cells were reactivated by blue light in a context different from the original one used for conditioning, the mouse subjects displayed
freezing behavior as evidence of fear memory recall (Liu et al., 2012). Crucially, this optogenetic reactivation of a fear memory was
not due to the activation of prewired neural circuits. This was demonstrated by disrupting the activity of the downstrems CAI region
only during training, and finding that subsequent optogenetic DC engram activation did not elicit memory wtrieval (Ryan et al.,
2015). Similarly, memory recall induced by the artificial reactivation of fear memory cells in retrosplenial corex has been reported
(Cowansage et al., 2014). Using this methodology to manipulate engram cells, studies have reported Obe cmation of a context-
specific false memory (Ohkawa et al., 2015; Ramirez et al., 2013), the bidirectional switching of the valence associated with a neutral
hippocampal contextual memory (Redondo et al., 2014), countering depression-like behavior by the activation of a positive
memory (Ramirez et al., 2015), retrieving memory in retrograde amnesia due to disrupted comsoldation/mconsolidation (Ryan
et al., 2015), and restoring memory in mouse models of early Alzheimer's disease (AD) (Roy et al., 2016).

p0145  
Along with these engram reactivation experiments, loss-of-function studies have also been perfcomed using optogenetics. Genet-

ically labeling cFos-positive engram cells with the inhibitory optogenetic channel archaerhodopsin (ArchT) (Chow et al., 2010)
allowed researchers to reversibly inhibit CAI engram cells during natural memory recall which resulted in impaired memory
retrieval (Tanaka et al., 2014). Interestingly, this study found that when a specifc CAI engrim population that would otherwise
be active during the encoding of an overlapping contextual representation was inhibited, the new representation would simply
be stored in other CAl cells instead. Simply put, inhibiting CAl engram ets inhibit& recall of the labeled memory but does not
inhibit acquisition of new memories of similar contextual content (Matsuo, 2015). In a related study, using an activity-
dependent system based on an Arc promoter-driven tamoxifen-inuible Cre ucombinase, engram cells were labeled in either
the DG or CA3 of the hippocampus during acquisition of a conieatual fear memory and subsequently inactivated using optoge-
netics. This resulted in impaired fear memory recall (Denny et al., 2014).

p0150 Further, the c-fos-tTA system combined with a modified mcepter, hM3Dq DREADDs (designer receptors exclusively activated by
designer drugs), has been employed to activate a contextual eagram and subsequently to generate a hybrid memory representation
of two experiences (Garner et al., 2012). Another approach that has been successfully used for gain-of-function experiments
included taking advantage of CREB overexpressism-based neuronal allocation coupled with exogenous receptors. Two studies
used CREB to label small populations of LA neurona during fear conditioning with another modified receptor TRPV1 or hM3Dq
(Kim et al., 2014; Yiu et al., 2014). When these nern ns were reactivated in a novel environment using the TRPV1 ligand (capsaicin)
or the DREADDs ligand (dozapine N-ozide), mice showed fear memory recall.

s0060 Leaming-Dependent, Prsitant Modicafmnsf Engram Cells

p0155 Semon's engram theory of memosy described experience-dependent changes as, 'the enduring though primarily latent modification
in the irritable substance produced by a stimulus' (Semon, 1904). The guiding hypothesis regarding the biological nature of
engrams was proposed by Canadian psychologist, Donald Hebb. Hebb (1949) proposed that neurons encoding memory undergo
enduring strengthening of sume of their synapses through coactivation with presynaptic cells; neurons that 'fire together wire
together.' Since the dicovery of LTP by Bliss and Lomo (1973), which was consistent with Hebb's idea, many studies have
been dedicated to the caracterization of synaptic plasticity, and their potential role in learning and memory. Activity-
dependent increases in the size and density of dendritic spines (widely referred to as structural plasticity) have also been proposed
as conisibuting W memory encoding processes (Bailey and Kandel, 1993; Holtmaat et al., 2006; Matsuo et al., 2008; Teule and
Segal, 2016). Further, studies have also suggested that cell-wide alterations, such as augmented intrinsic excitability, play a crucial
role in inaemy formation (Daoudal and Debanne, 2003). However, until recently none of these studies could link activity-
dependent alterations of synapses and neurons directly to engram cells.

p0160  We will discuss studies in which observed synaptic and/or cellular changes were correlated with a mnemonic behavior. Then, we
will refer to a recent study in which an enduring change has been demonstrated in a population of DG granule cells that satisfy all
criteria for engram cells-namely, activation by learning and memory recall by reactivation.

s0065 Synaptic Stiwith
p 0 165 

Until recently, the relationship between synaptic/cellular changes and memory was studied by investigating entire brain subregions
rather than specific populations of cells activated by a given learning event that hold the specific memory (i.e., memory engram
cells). Synaptic plasticity such as LTP can be induced in the hippocampal CAl region using high-frequency stimulation protocols
in vitro, and because this plasticity is dependent on N-methyl-D-aspartate (NMDA) receptors, efforts have been made to test whether
this form of synaptic plasticity has an essential role in episodic memory (Malenka and Bear, 2004). Early pharmacological blockade
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experiments conducted with an NMDA receptor antagonist, AP5, supported the notion that LTP is essential for spatial learning
(Morris et al., 1986; Morris, 2006), and the validity of this notion was confirmed with a genetic ablation of the NMDA receptor
from the CAI region of the hippocampus (Bannerman et al., 2012; Tsien et al., 1996).

p0170 In a more recent example, researchers have used CFC paradigms with transgenic mice in which the promoter of an IEG, Arc,
drives the expression of dVenus, a destabilized version of the fluorescent protein Venus (Eguchi and Yamaguchi, 2009). They found
that fear conditioning induced presynaptic potentiation only in the cortical input to the dVenus-positive basolateral amygdala
(BLA) cells (Nonaka et al., 2014), which supports the notion that synaptic plasticity in a subset of BLA neurons contributes to
fear memory encoding. Crucially however, this study did not provide evidence that reactivation of dVenus-positive cells could evoke
behavioral recall. From a technical standpoint, it is important to note that the temporal window of Arc labeling in this study was
uncontrolled. As a result, BLA neurons were labeled indiscriminately for weeks before the targeted behavioral experience. In another
recent study, researchers conditioned a rat to associate a foot shock with optogenetic stimulation of auditory inputs to the LA
(Nabavi et al., 2014). Optogenetic delivery of LTD-inducing stimuli (i.e., low-frequency stimulation) to the auditory inputs inacti-
vated the memory of the shock, while subsequent optogenetic LTP (i.e., high-frequency stimulation) to the same auditory inputs
reactivated the memory of the shock. The strength of these experiments was that they provided the first causal link between LTP/LTD
mechanisms and memory expression. However, this study did not directly demonstrate that these synaptic processes occurred in the
same amygdala cell population that was activated by the initial conditioning (i.e., engram-containing cells).

p0175 To claim that an observed increase in synaptic strength reflects a component of the learning-dependent physical/chemical
changes occurring in engram cells, three criteria must be met. These criteria are (1) the increase should be observed in a subpopu-
lation of cells activated by the specific learning event, (2) the increase should depend on plasticity associated with the learning
episode, and (3) reactivation of the subpopulation of cells should result in behavioral recall. These criteria have recently been
met experimentally. In the study (Ryan et al., 2015), hippocampal DG granule cells that were activated by CFC were labeled
with a c-fos promoter-driven fluorophore mCherry. Simultaneously, presynaptic entorhinal cortex cells were labeled with ChR2
driven by a constitutive CaMKII promoter so that perforant path axons that synapse onto DG engram and nonengram cells could
be simultaneously stimulated with light while performing ex vivo patch-damp recordings. Similar to long-term memory tests, 24 h
after training, the at-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA)/NMDA excitatory postsynaptic current
ratio was reported to be significantly higher in engram cells compared to neighboring nonengram cells in the same hippocampal
slices. Behaviorally, mice that were treated with the protein synthesis inbibitor anisomycin immediately after training showed retro-
grade amnesia and importantly, engram cell-specific increases in synaptic strength were lacking. However, when anisomycin was
administered 24 h after training (outside the consolidation time wikdow), no effect on engram cell synaptic strength was observed
and no amnesia occurred. Similar physiological findings were made in the same study using measurements of spontaneous excit-
atory postsynaptic currents. The engram cell-specific increase in synaptic strength is a form of plasticity that is directly attributable to
the training experience. In the future, the generality of these findings should be demonstrated by analyzing engram cells in other
subregions of the hippocampus as well as other brain regions. Building on these findings, a recent study demonstrated that c-fos
promoter labeled engram cells in CAl exhibit specific place fields in an environment, commonly referred to as hippocampal place
cells (Trouche et al., 2016). Furthermore, opsogenetic silencing of CAl engram cells for the specific environment unmasked a subset
of quiet neurons, revealing the emergence of an alernative map.

s0070 Stuctaul Plasciy
p0180 Utilizing in vivo two-photon laser scanning microscopy, hallmarks of structural plasticity such as the formation and elimination of

individual dendritic spines has been examined during sensory stimulation and motor tasks. One study showed that training mice in
a forelimb-reaching task Pesulted in rapid (less than I h) formation of postsynaptic dendritic spines on the output pyramidal
neurons of the motor contes (Xu et al., 2009). These learning-induced spines were preferentially stabilized during subsequent
training sessions and maintained long after the completion of behavioral tests. Additionally, the authors found that different motor
skills were encoded by a different set of synapses. In another study, training on an accelerated rotarod, but not on a slow rotarod,
over 2 days led to an incase in spine formation in the primary motor cortex (Yang et al., 2009). A novel sensory experience
provided by switching animals from standard to enriched housing environments resulted in an increase in spine density 1-
2 days later in the barrel cortex. These newly formed spines survived experience-dependent elimination during subsequent imaging
sessions in the enriched housing environment, reflecting a long-lasting cellular change. These studies strongly suggested that motor
behavior is stored in stably connected synaptic networks, but fell short of demonstrating a causal relationship of the altered struc-
tural plasticity with motor performance.

p0185 Structural plasticity associated with fast-forming tone fear conditioning memory (Matsuo et al., 2008) and its extinction has also
been reported (Lai et al., 2012). Matsuo et al. (2008), used c-fos-tTA mice and quantified newly recruited GluRl-positive AMPA
receptors in the CAl subregion of the hippocampus. The authors observed a selective increase in mushroom-type spines of engram
cells 24 h after learning. A caveat of this study was that nonengram cells were not directly examined, making it difficult to discern
whether or not the changes observed were specific to a defined set of cells active only during learning. In the other study, correlations
between fear memory expression and spine elimination, or fear memory extinction and spine formation were reported by imaging
postsynaptic dendritic spines of layer V pyramidal neurons in the mouse frontal association cortex. Strikingly, dendritic spine elim-
ination and formation induced by fear conditioning and extinction, respectively, occurred on the same dendritic branches (within
a distance of 2 gm) in a cue- and location-specific manner (Lai et al., 2012). Interestingly, reconditioning following extinction elim-
inated spines formed during extinction, suggesting that within vastly complex neuronal networks, fear conditioning, extinction, and
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reconditioning lead to opposing changes at the level of individual synapses. Do these spine dynamics reflect what occurs at the level
of cell populations that store engrams for tone-shock association memory? Additional research will help answer such questions,
which hold great importance for understanding memory formation and retrieval.

p0190 Two studies investigated synaptic structural plasticity in the DG cell population holding an engram component for the contex-
tual information of a CFC experience (Roy et al., 2016; Ryan et al., 2015). These DG cells had been activated by CFC and labeled by
ChR2. Their optogenetic reactivation evoked the context-specific fear memory recall, satisfying a key criterion for engram-bearing
cells. Furthermore, ex vivo patch-clamp recordings and high-resolution confocal imaging revealed that these ChR2-positive DG cells
possessed an increased spine density in the distal dendrites compared to the neighboring ChR2-negative DC cells 24 h after CFC
training (Ryan et al., 2015). The engram cell-specific increase in dendritic spine density was abolished by anisomycin treatment
immediately after training but not 24 h later. These data serve as direct evidence for increased structural plasticity in memory engram
cells that parallel the engram cell-specific synaptic plasticity discussed earlier. In the future, researchers must improve the temporal
control of engram labeling to precisely observe changes occurring during and immediately after training episodes, which will also
make it possible to examine engram cells for working memory and decision-making tasks.

p0195 Thus far, the research has demonstrated that memory engram cells in the hippocampus exhibit increased dendritic spine density
that parallels the learning event. An even more elegant approach to examine the relationship between dendritic spins of engram
cells and memory would be to selectively remove a large number of spines that were specifically formed during learning (Hubener
and Bonhoeffer, 2010) and see whether their removal results in memory loss. In a very recent study, such an experimental manip-
ulation was achieved (Hayashi-Takagi et al., 2015). The authors developed a novel synaptic optoprobe, AS-PaRaci (activated
synapse targeting photoactivatable Raci), which specifically labels recently potentiated spines and can subsequently induce
shrinkage of AS-PaRact-containing spines in vivo. Using this technology during motor leamivg, it was found that optical shrinkage
of potentiated spines disrupted the acquired learned behavior. Importantly, the original motor learning was unaffected by an iden-
tical manipulation of spines evoked by a distinct motor task that requires the same cortical brain region. These experiments indi-
cated that synaptic optogenetic methods could be utilized to visualize and manipulate single memory engrams at the level of
synapses.

s0075 Celkiar ExcWfabIty
p0200 In addition to synaptic plasticity mechanisms as a candidate for endiring phyauicl/chemical changes evoked by learning in memory

engram cells, cell-wide excitability alterations have been extensively ssdied. Many groups have demonstrated that cells in the LA
can be genetically engineered to exhibit higher levels of cell-wideexcifability even prior to leaming, by overexpressing a transcription
factor CREB. After tone fear conditioning, ablation of these high-CREB, high-excitability cells impaired fear memory expression,
suggesting that the memory engram is preferentially aflocased to these cells (Yiu et al., 2014; Zhou et al., 2009). Similar high
CREB-induced neuronal allocation has been reported in the hippocampal DC (Park et al., 2016). A more recent study showed
that a shared neuronal ensemble is capable of likdng distinct contextual memories, only when these two experiences occur close
in time during periods of high excitability in hppocampal CAl (Cai et al., 2016). Similar memory linking during periods of high
excitability has been observed for LA engrai cellsin a tone fear conditioning paradigm (Rashid et al., 2016). Further, novel context
exploration during a narrow time window beore or after weak object recognition training results in the formation of a long-term
object recognition memory (Nomoto et al., 2016). This phenomenon depends on the degree of overlap between the neuronal
ensembles for each experience. Theme stuies suggest that excitability-induced memory allocation may serve as a putative mecha-
nism underlying enduring stoege of memory information.

s0080 Connectv&ty Befteen Bgaw Cab as ft echanIsm for Retakud Memory
p0205 In the study by Ryan et al. (2015), the authors observed dissociation between protein synthesis-dependent synaptic strengthening

and memory retention 24 h after training. This prompts a logical question: how is the memory retained? Undoubtedly, the cellular
and molecular processes mquired for establishing specific connectivity during memory encoding includes synaptic strengthening
such as LTP as well as de novo protein synthesis. One possibility is that memory is stored in a specific pattern of connectivity
between distributed engram cell ensembles, which is established during encoding and retained during the consolidation time
window in a protein synthesis-independent manner. In the same study, the authors tested this possibility by performing two
sets of experiments using ex vivo electrophysiological and in vivo IEG technologies. When both DC and hippocampal CA3 engram
cell ensembles were simultaneously labeled and the presynaptic DC engram cells were activated optogenetically, the occurrence of
postsynaptic responses in CA3 engram cells was significantly higher (~80%) than CA3 nonengram cells (-25%), and these propor-
tions were not affected by protein synthesis inhibition. In another experiment, engram cells were simultaneously labeled in the DG,
CA3, and BLA during CFC. One day after training, reexposure to the conditioning context preferentially activated engram cells in all
three brain regions as measured by cFos-positive cell counts, and importantly, this phenomenon was significantly impaired by ani-
somycin treatment only during the consolidation time window. However, direct optogenetic activation of DG engram cells resulted
in a greater than chance level of cFos overlap with CA3 or BLA engram cells in both control and anisomycin-treated mice. Together,
these results indicated intact functional connectivity among engram cell ensembles distributed in neural circuits encompassing
multiple brain regions and supported the hypothesis that consolidated memories are stored by engram cell-specific connectivity
formed in a protein synthesis-independent manner. Further work will elucidate the molecular mechanisms underlying this retained
connectivity following protein synthesis blockade.
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s0085 Synapfc Strengthenbng as a Mechanism for Mmory Rehieval
p0210 Using the integrative engram-based findings, the authors suggested that engram cell-specific synaptic strength is necessary for the

retrievability of specific memory engrams (Ryan et al., 2015), while the memory information is encoded in a pattern of engram
cell ensemble connectivity. This idea was supported by the finding that amnesic mice lacked synaptic strength increases after
learning, which prevented the effective activation of engram cells by natural recall cues and engram cell spiking that is crucial
for successful memory recall. Nevertheless, the information stored in engram cell ensemble connectivity patterns could be retrieved
by optogenetic stimulation of various nodes in the engram cell circuit. The notion that synaptic strengthening is crucial for memory
retrieval, but not for stable storage of memory per se, is consistent with a number of recent complementary studies. For example,
recently it was shown that optogenetically induced LTD of rat amygdala cells impaired preformed conditioned fear memory expres-
sion (Nabavi et al., 2014). Importantly, subsequent optogenetically induced LTP of the same cells restored natural cue-evoked recall
of the fear memory. The most parsimonious explanation of these results is that memory information must have persisted in the
brain of the rats even after the amygdala synapses were depressed, and moreover that the lack of synaptic potentiation prevented
successful memory retrieval. Supporting this perspective is the demonstration that amnesia for a purely contextual memory can be
overcome by direct engram activation paired with simultaneous presentation of aversive shock (Ryan et al., 2015). Other research
found that contextual fear memories formed during a specific period within adolescent development were not expressed in recall
tests until adulthood (Pattwell et al., 2011). Interestingly, this developmental change correlated with delayed learning-specific
synaptic potentiation of the BLA fear circuit. Therefore, the fear memory was present during adolescence but its retrievability
was temporarily impaired due to the lack of sufficient synaptic potentiation in BIA ensembles. In Aplysia (Chen et al., 2014),
reminder experiments have shown that amnesia for the canonical gill withdrawal sensitization behavior could be restored by addi-
tional puffs of serotonin, and that this response persisted despite significantly reduced presynaptic varicosities. Collectively, these
studies support a dissociation of synaptic strength and memory persistence, and point to a crucial role for experience-dependent
synaptic strengthening in the reactivation/retrievability of a memory engram.

s0090 Impllcatons tafr Memory Engram Research
p0215 A dissociation between augmented synaptic strengthening and engram cell connectivity as the mechanism for consolidated memory

storage has significant implications for the neurobiology of memory consolidation because the conceptual framework described
earlier may be used to attribute experience-dependent molecular/cellular processes to memory storage or retrieval. Since traditional
approaches that demonstrated the formation of a long-term memory relied on memory retrieval itself, it cannot be assumed that the
memory consolidation time window is specifically for the storage of information. Within this interpretation, molecular mecha-
nisms that serve to potentiate or strengthen synaptic transmission (Kandel, 2012; Lisman et al., 2012; Sacktor, 201 1) are parsimo-
niously attributable to memory retrievability. Central to this dissociaion is the molecular basis for information retention, which is
clearly crucial for establishing engram cell connectivity and stably maintaining these complex patterns over time. It is known that
NMDA receptor-dependent synaptic plasticity resa not just in potentiated synapses but also in the formation of new functional
synaptic connections through synapse unsilencing (Liao et al., 1995). Memory encoding-induced establishment of new functional
connectivity could be facilitated by AMPA receptor insertion into preexisting silent synapses. It is widely accepted that LTP has an
early and a late phase, namely E-LTP and L-LTP, with the latter being sensitive to protein synthesis inhibitors (Davis and Squire,
1984). Survival of preferential engram cell connectivity upon protein synthesis inhibitor treatment (Ryan et al., 2015) suggests
that the induction of engram conaectisity may share mechanisms common to E-LTP. On the other hand, impairing L-LTP has
been shown to prevent synapse unsilencing, which supports the hypothesis that unsilencing silent synapses is unlikely to be a major
contributor for the retention of cmectivity (Kasten et al., 2007). Another possibility is that a subset of learning-induced dendritic
spines is responsible for novel connectivity pattern formation between engram cells. In any of these scenarios, the retention of
engram cell connectivity could cossceivably be mediated by the homeostatic regulation of steady-state AMPA receptor trafficking.
Consistent with this idea is a recent study showing that protein synthesis inhibitors, when administered prior to recall tests, tran-
siently impaired AMPA receptor expression and memory retrieval (Lopez et al., 2015). More recently, it has been suggested that
microRNAs and/or perinearonal nets (Gallistel and Balsam, 2014; Tsien, 2013) may mediate the long-term maintenance of
memory engam.

p0 220 A major unanswered question regarding engram cell connectivity is the time period during which such complex patterns are
maintained in vivo. On a related note, it will be important to determine whether the formation and elimination of connectivity
patterns is reversible. Even though it has been shown through engram cell overlap analysis, when the positive or negative emotional
valence associated with a contextual memory is reversed, the functional connectivity of DG to BLA engram cells changes (Redondo
et al., 2014), a direct analysis of synaptic connections will be necessary to understand the true physiological nature of the plasticity
within preformed connectivity. Nevertheless, if engram cell connectivity is the substrate of memory information storage, then it will
be necessary to fully explore the structure and function of the engram circuit. This would require comprehensive mapping of the
entire engram circuit connectome for a given memory. This could be achieved by combining engram labeling technology,
whole-brain IEG activity measurements (Wheeler et al., 2013), and three-dimensional imaging of intact transparent brains (Chung
et al., 2013). Furthermore, by using in vivo calcium imaging of engram cells across multiple brain regions (Lecoq et al., 2014), func-
tional properties of engram circuits can be studied.

p0225  
Synaptic plasticity is a ubiquitous feature of neurons that seems to have arisen with the first nervous system in a common

ancestor of cnidarians and bilaterians over a billion years ago (Tonegawa et al., 2015a). From this evolutionary point of view,
synaptic plasticity can be considered a fundamental neuronal property, the disruption of which in brain regions such as the



TNQBeeksaedJoumn Pvt Ld. ismt alowedtop bishhi sproofseiamemerinpE Thipodcf isbe crpi e(re5pCotrtyofeve a 5im disfiami vastil issibydalim]

LEM2 04036

10 In Search of Engram Cells

hippocampus or amygdala will impair the encoding and retrieval of memory. In contrast, engram cell connectivity may be
a substrate that naturally increases in complexity as brain anatomy evolves. Therefore, for a more complex brain anatomy, there
is a greater opportunity for encoding detailed memories through hierarchical engram circuits distributed across brain regions.
Consistent with Hebb's original vision (Hebb, 1949), engram cell connectivity patterns are a potential mechanism of information
storage. Further research in this direction may provide significant new insights into the storage of memory.

s0095 Storage Versus Retrieval Debate on Amnesia

p0230 The phenomenon whereby a newly formed memory transitions from a fragile, short-term state to a stable, long-term state is termed
memory consolidation (Muller and Pilzecker, 1900). A crucial feature of consolidation is a finite time window that begins imme-
diately after the learning event, during which a given memory is susceptible to disruption. The biological importance of this time
window has been repeatedly demonstrated by interventions ranging from electroconvulsive shock (Duncan, 1949; McCaugh, 1966)
to protein synthesis inhibitors (Davis and Squire, 1984; Flexner et al., 1967), which if delivered specifically during the consolidation
window results in retrograde amnesia. Therefore, the prevailing view in neuroscience holds that retrograde amrnesia due to disrupt-
ing consolidation is a deficit of memory storage (McGaugh, 2000; Nader and Wang, 2006; Squire, 2006). However, an alternative
interpretation maintains that the memory engram itself remains intact, but access of retrieval mechanisms to the engram has been
distorted (Miller and Matzel, 2006; Riccio et al., 2006; Sara, 2000; Squire, 1982). Since purely behavioral studies rely on memory
expression as the sole evidence of memory, it has not been possible for these approaches to rigosously discriminate between storage
and retrieval explanations. Due to the fact that the neurobiology of memory formation is anchored in experimental amnesia,
discriminating between these two scenarios holds great scientific value. In addition, simikr issues have been debated when amnesia
is observed following trauma, stress, drug use, or aging. From a dinical perspective, pathological cases of amnesia that are due to
retrieval deficits may in principle be treatable rather than merely preventable. Even though efforts are being made to prevent and
treat the various causes of amnesia, there remains no treatment for the symptom of memory loss itself.

p0235 Historically, several attempts to demonstrate that amnesia after disrupted memory consolidation is due to a deficit of memory
retrievability have yielded inconclusive results and theoretical stalemates(Gold et al., 1973; Hardt et al., 2009; Lewis, 1979; Matzel
and Miller, 2009; Miller and Springer, 1974; Sara and Hars, 2006; Spear, 1973). lnportantly, the existence of a memory engram in
retrograde amnesia has been ostensibly supported by studies showing afenuated amnesia by reminder-induced and spontaneous
recovery (Miller and Springer, 1972, 1973; Quartermain et al., 1970; Sara, 1973; Serota, 1971; Springer and Miller, 1972). However,

these approaches suffer from significant caveats. Reminder veatments have been shown to result in new learning (Gold et al., 1973;
Gold and King, 1974), and spontaneous recovery is partial and maybe explained by parallel engrams (Squire and Barondes, 1972).
Directly examining memory engrams circumvents the ambiguities of reminder training and spontaneous recovery, because it
provides an opportunity to directly evoke memosy secall in a neutral context. By doing so, the need to rely on stimuli associated
with training to elicit memory recall without the use of confounding experimental parameters such as further training is avoided.

s0100 Retrieval of Lost Memory From Retrograe Amnesia

p0240 One study investigated retrograde amuesia dse to disrupted memory consolidation using memory engram technologies (Ryan
et al., 2015; Tonegawa et al., 2015a. Notably, direct optogenetic activation of amnesic DG engram cells in mice resulted in full
retrieval of the ostensibly lost coAextual fear memory. This optogenetic-based retrieval of memory persisted for at least 8 days after
training, reflecting the longevity of engram cells and their corresponding circuits in amnesic mice. To substantiate this striking
behavioral result, generality of the optogenetic memory retrieval was examined across a range of experimental conditions. Lost
memory was retriered by optogenetic stimulation of ChR2-labeled engram cells in hippocampal CAl. Amnesia for tone fear
memory was genexated with anisomycin, but the memory was retrieved by optogenetic stimulation of LA engram cells. Similar
to the consolidation experiment, lost memory was also retrieved from retrograde amnesia due to disrupted memory reconsolidation
by direct activation of DG engram cells. An alternative protein synthesis inhibitor, cycloheximide, was used to generate amnesia and
subsequent activation of DG engram cells again retrieved the target memory. Finally, using a contextual updating protocol (Ramirez
et al., 2013), the authors showed that amnesic engram cells retained information about context specificity and could be restored to
a condition wibere they could be retrieved by natural contextual cues. In addition to behavioral measurements, ex vivo character-
ization of DC engram cells revealed two engram cell-specific properties. First, engram cells formed under normal conditions (i.e., no
posttraining addition of protein synthesis inhibitors) showed significantly increased dendritic spine density relative to nonengram
cells. Second, patch-clamp recordings of excitatory postsynaptic currents in paired engram and nonengram cells elicited by presyn-
aptic stimulation of perforant path axons showed substantially higher synaptic strength in engram cells.

p0245 Clearly, hallmarks of synaptic plasticity occurred exclusively in engram cells for a given learning episode. One day after aniso-
mycin treatment, analysis of engram cells showed that protein synthesis inhibition had abolished engram-cell-specific increases in
both dendritic spine density and synaptic strength, but did not alter either property in nonengram cells (Ryan et al., 2015). Impor-
tantly, anisomycin treatment 24 h after training (i.e., outside the consolidation time window) had no effect on engram cell-specific
structural and synaptic plasticity. Together, these behavioral, physiological, and cell biological results clearly showed that engram
cell-specific structural and synaptic plasticity is strongly correlated with normal memory function. In addition, these findings
showed a stark dissociation between protein synthesis-dependent synaptic plasticity (L-LTP) and memory, since engram cells
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retained memory information 24 h after training even when protein synthesis-dependent engram cell-specific increases in spine
density and synaptic strength was lacking.

s0105 Restoring Memory In Mouse Models of Early Alzhulmer's Disease

p 025 0 AD is the most common cause of brain degeneration and typically begins with impairments in cognitive functions (Selkoe, 200 1,
2002). Most research has focused on understanding the relationship between memory impairments and the formation of two path-
ological hallmarks seen in late stages of AD: extracellular amyloid plaques and intracellular aggregates of tau protein. Early phases of
AD have received relatively less attention, although synaptic phenotypes have been identified as major correlates of cognitive
impairments in both human patients and mouse models (Jacobsen et al., 2006; Terry et al., 1991). Several studies have suggested
that the episodic memory deficit of AD patients is due to ineffective encoding of new information (Granholm and Butters, 1988;
Hlodges et al., 1990; Weintraub et al., 2012). However, since cognitive measures used in these studies rely on memory retrieval, it has
not been possible to rigorously discriminate between impairments in information storage and disrupted retrieval of stoared infor-
mation. This issue has an important clinical implication: if the amnesia is due to retrieval impairments, memory could be restored
by technologies involving targeted brain stimulation.

p02 55  
Focusing on memory engrams, a very recent study examined long-term memory impairments in mouse models of early AD (Roy

et al., 2016). Using APP/PSI AD mice (Jankowsky et al., 2004), the authors observed that amyloid plaque deposition started in
9-month old mice, however memory deficits were dearly visible several months before plaque deposition. In a contextual fear
conditioning paradigm, 7-month old AD mice exhibited normal short-term memory but performed poorly 24 h later in long-
term memory tests. This behavioral impairment correlated with a decreased number of cFos-positive cells in the DG as well as
decreased engram cell-specific dendritic spine density in AD mice. However, preferential functional connectivity between engram
cells was maintained in the early AD mice. Next, to examine whether functional DG engram cells persisted in early AD mice, despite
these animals being amnesic at the behavioral level, the authors developed a novel strategy using a double adenoassociated virus
system to label engrams (Roy et al., 2016). As expected, engram-labeled early AD mice were amnesic a day after fear conditioning;
but remarkably, these mice exhibited memory recall as robustly as equivalently treated control mice in response to blue light stim-
ulation of engram cells. These experiments indicated a deficit of mermory wtievability during early AD-related memory loss.
Following early findings (Engert and Bonhoeffer, 1999; Hyman et al., 1986; Maletic-Savatic et al., 1999) that LTP induction results
in a spine density increase, Roy et al. (2016) applied repeated optogenedc LT? induction specifically to entorhinal cortex engram
cell inputs into DG engrams. This procedure reversed the spine denmsay deficit in early AD mice. Crucially, this spine restoration led
to the rescue of a long-term fear memory in AD mice, an effect thatpersbted for at least 6 days after training. In contrast, applying the
optogenetic LTP protocol to a large portion of excitatory entorsinal cortex terminals in the DG (i.e., with no restriction to the termi-
nals derived from entorhinal cortex engram cells) did not mstore long-term memory. The authors also demonstrated that an abla-
tion of DG engram cells containing restored spine density prevents the rescue of long-term memory in early AD mice. The versatility
of this engram-based intervention was supported by showing long-term memory restoration in AD mice using other memory para-
digms: inhibitory avoidance and novel object location paradigms. Together, it is clear that genetic manipulations of specific
neuronal populations can have profound effects an cognitive impairments of AD (Cisse et al., 2011). These strategies applied to
engram circuits are capable of supporting kIng-lasting improvements in cognitive functions, which may provide insights and ther-
apeutic value for future approaches that would rescue memory in AD patients.

sol 10 Engram Cell Pathways

p0260 When describing nesronal enseables participating in a given memory, Semon often used the phrase engram complex to suggest
that the entire engram would be composed of multiple components. Prior to optogenetics, studies suggested that each of the
different hippocampal subregions might play a different role in the formation of a contextual memory (Ji and Maren, 2008; Lee
and Kesner, 2004; Leutgeb et al., 2004). Also, for contextual fear or reward memory representations, distinct subpopulations of
BLA celk are recruised to provide engrams for negative or positive valence (Redondo et al., 2014). Therefore, a notion of distinct
engram cell pathways emerges for each memory. How each engram component in the pathway contributes to the overall engram
complex is a matter of great interest. Only recently have studies on this topic begun, but engram pathways for a few additional
memories can already be conceived. For example, for episodic memories, the hippocampus is known to play a crucial role in asso-
ciating "what," 'where,' and "when" information (Squire and Wixted, 2011; Tulving, 2002). DG and CA3 engrams provide context
information along with ocean cells in layer II of medial entorhinal cortex (Kitamura et al., 2015), while CAI engrams may provide
both spatial and temporal sequence information via time cells (MacDonald et al., 2011). Similarly, an engram pathway would likely
be crucial for tone fear conditioning memories. Auditory information may be stored in an engram in the auditory cortex
(Weinberger, 2004); the context in which the tone occurred may be stored in hippocampal engrams; and the association of
tone, context, and foot shocks may be stored in amygdala engram cells (Ehrlich et al., 2009). Together, these three populations
of engram cells, each harboring a distinct engram component may constitute an engram cell pathway for the tone conditioning
memory engram complex. With regard to plasticity, it is possible that potentiated synapses in engram cells may be just a contributing
element of a memory engram complex and that a specific pattern of connectivity between different types of engram cell populations
along the engram cell pathway maintains the content of a memory engram complex (Hebb, 1949). Consistent with this idea, a study
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suggested that for a contextual fear memory, preferential connectivity of DC engram cells with engram cells in downstream CA3 and
BLA is the crucial substrate for the consolidated memory (Ryan et al., 2015). It has been shown that optogenetic stimulation of
upstream DG engram cells cannot retrieve memory if the activity of the downstream CAl subfield receives chemogenetic inhibition
specifically during training (Ryan et al., 2015).

p0265 Memory engram pathways may be linear, but parallel pathways could also contribute to an engram complex. In one study, the
authors showed that blocking CAI neuronal activity by prolonged optogenetic inhibition during the recall of remote memory
resulted in elevated activity in the ACC (Goshen et al., 2011). This compensation mechanism bypassed the requirement of CAl
and resulted in normal remote memory recall. Another recent study found that inhibiting dorsal hippocampus activity by local infu-
sions of glutamate receptor antagonists interrupted natural contextual fear memory recall when the animal was returned to the orig-
inal fear-conditioned context, but light activation of memory engram cells in the retrosplenial cortex was sufficient to overcome this
impairment and rescued the behavior phenotype (Cowansage et al., 2014). Taken together, these results support the existence of
multiple functional engram pathways for a given memory. Animals may preferentially use one default pathway for normal memory
recall, but under certain conditions other latent pathways could be brought online to compensate for the default one, which allows
greater flexibility to the process of encoding and retrieving memories.

p0270 When engram pathways of greater complexity are being studied, it is important that appropriate test condbions are applied to
demonstrate necessity and sufficiency for engram cell populations along these pathways. Temporally and spatially restricted pertur-
bations are required to reveal the role of a given engram cell population. Traditional lesion and pharmacological blockade exper-
iments have suggested that hippocampal CAI is not necessary for the recall of remote memory, yet acute inhibition of CAl with
optogenetics caused defects in remote memory recall. Further investigation showed that wik eatended optogenetic inhibition
protocols, which mimicked the effects of lesion and drug treatments, additional structures such as the ACC compensated for inac-
tivation of CAl (Goshen et al., 2011). Thus, necessity of CAI for remote memory recall can only be revealed with acute interven-
tions. Similar temporal dynamics may also apply to engram cells in other brain areas, including thalamic nuclei (Do-Monte et al.,
2015).

p02 7
5 Spatially nonselective inhibition of all dorsal DG neurons had no effect on memory recall, making them seem unnecessary for

this process (Kheirbek et al., 2013). However, memory was impaired if a selected subset of DG neurons previously active during
training was inhibited during recall, indicating that DG engram cells are indeed necessary for memory recall (Denny et al.,
2014). Similarly, selective activation of an engram cell population in the DG induced the recall of a previously formed fear memory
(Liu et al., 2012; Roy et al., 2016), demonstrating the sufficiency of enpv cefls for memory recall in DG, while nonselective acti-
vation of dorsal DC neurons not only failed to induce artificial memory recall but actually abolished natural memory recall in the
original context (Kheirbek et al., 2013). The latter result maybe due to neuronal competition and lateral inhibition among different
subpopulations of cells within the subregion as reported by oilier studies (Han et al., 2007; Tanaka et al., 2014), and illustrates that
precise spatial resolution is needed to properly characterize the contribution of engram cells.

p0280 Rigorous experimental strategies must be applied to the study of engram cell pathways to identify specific functional contribu-
tions to animal behavior. One possibility is to follow what geneticists termed epistasis analyses. In these experiments, scientists
identified functional roles of specific genes as well as their downstream target genes in a variety of intracellular processes. Using
an analogous approach for neural circuits, a recent seudy demonstrated that retrieval of a positive memory by optogenetic activation
of DG engram cells was prevented by sirmsnaneous inhibition of downstream BLA engram cell projections to the NAcc (Ramirez
et al, 2015). This finding identified specific downstream connectivity of engram cells that is crucial for the optogenetic retrieval of
positive memory. Even so, in trying to mapthese functional engram pathways, it is critical to keep in mind that flexible and dynamic
systems are involved; as such, nonrigid models are required, with changing necessity and sufficiency functions for different
components.

s0115 Engram Cell EngineWI

p0285 The great virtue of gain-of-function engram technology is not only that it allows researchers to identify populations of engram cells
and theseby directly characterize their properties but also that it allows scientists to engineer engram cells-activate and inactivate
them-using optogenetic or pharmacogenetic techniques and thereby manipulate the mnemonic status of the animals in vivo both
in health and disease. These studies have just begun and here we discuss three examples in mice. These are creating a false memory,
switching memory valence, and attenuating depression-related behavior by activating a positive memory. These studies help expand
our knowledge about how memory is stored and retrieved but are also revealing neural circuits underlying interactions of memory
with other cognitive functions, such as emotion.

s0120 Cmating a False Memory

p0290 Even though memory is constructive in nature, the act of recalling a memory renders it labile and highly susceptible to modification
(Bartlett, 1932; Lewis, 1979; Nader et al., 2000; Przybyslawski and Sara, 1997). In humans, memory distortions and illusions occur
frequently, which often results from incorporation of misinformation from external sources (Loftus, 2003; Roediger and
McDermott, 1995; Schacter and Loftus, 2013). Several cognitive studies in humans have reported robust activity in the hippo-
campus during the recall of both false and genuine memories (Cabeza et al., 2001). However, human studies performed using
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behavioral and functional magnetic resonance imaging techniques have not been able to delineate the brain regions and circuits
that are responsible for generation of false memories. In rodents, two lesion studies investigated object recognition memory in
rats with perirhinal cortex lesions and found that the subjects tended to treat novel experiences as familiar, thus leading to the false
recognition of objects (McTighe et al., 2010; Romberg et al., 2012). Interestingly, studies on false memories in animal models are
rare, and this may be a contributing factor to the slow progress in the elucidation of potential neuronal mechanisms underlying
human false memories.

p0295 In light of the fact that humans have a rich repertoire of mental representations generated internally by processes such as
conscious or unconscious recall, dreaming, and imagination (Schacter et al., 2007), one possible reason for the formation of an
episodic false memory is that the memory of a past experience becomes associated with a current external event of high valence.
Using a method that permits optogenetic labeling and manipulation of memory engram cells (Liu et al., 2012), a study tested
this possibility in mice (Ramirez et al., 2013). The authors labeled contextual engram cells in the DG with ChR2 by exposing
mice to context A, thereby activating cFos in the engram. On the next day, as the labeling window was shut down by switching
mice from regular to doxycycline food, mice received foot shocks in a distinct context B as their context A engram cells were arti-

A 2 ficially reactivated with pulses of blue light (Fig. 1). On the third day, when the animals were reintroduced to context A to test the
context A shock association memory, animals displayed freezing behavior despite never having received foot shocks in context A.
The freezing behavior was not due to generalization because the mice did not freeze above background levels in another distinct
context C. Of course, these mice also froze when tested in context B, indicating that they also formed a genuine context B shock
association memory. Importantly, freezing levels in context B were significantly lower than in a group of mice that did not receive
blue light delivery on day 2 while foot shocks were delivered. This observation suggests that formation of the false and genuine
memory representations on day 2 were in competition. An additional observation made in this study was that, although the
mice with the false fear memory for context B did not freeze in a distinct third context C, they did freeze significantly when blue

(A) Naive 24 h Encodl 24 h 24 h Engr activationI=,nnRealAl 24 h Engratr
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(B) Naive (C) Mmoryencodmng

R C R C

(D) Memory recall (E) Engram activation
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T High = Low *@ Navecela
R - Resistance (- excitability) 0,0 = Engram cens
C - Capacitance (~ spines) * - Dendritic spines

NMDARS 3 AMPARS 4m Freezing behavior

-0010 Figur 1 Tagging and manipulating memory engrams. Using the activity-dependent labeling technology developed by Liu et al (2012), memory
engram cells for a contextual fear memory can be tagged with ChR2 and subsequently reactivated with blue light to induce memory recall (A). Prior
to memory encoding, neurons in naive animals exhibit baseline physiological properties such as dendritic spine density and AMPA/NMDA ratio (B).
During memory encoding, tagged engram cells (green) develop augmented spine density as well as AMPA/NMDA ratio, which correlates with freezing
behavior (C). During natural memory recall, engram cell properties are similar to those following encoding (D). Importantly, in a neutral context,
engram cell reactivation with blue light induces freezing behavior (E). AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor;
NMDAR, N-methyl-D-aspartate receptor.
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light was delivered in context C. This indicates that the engram for the false memory is as light reactivatable as the engram for the
genuine memory, as previously reported (Liu et al., 2012). Moreover, using the same cFos-driven ChR2-labeling strategy, a recent
study demonstrated that, in addition to optogenetically driving a hippocampal contextual engram, BLA cells responding to a stim-
ulus of high valence can be simultaneously activated to form an association with the hippocampal-driven contextual memory
(Ohkawa et al., 2015). The synchronous activation of hippocampus cells representing a CS (e.g., context) and the amygdala cells
representing an US (e.g., foot shocks) led to the creation of a new associative fear memory and shared similar molecular mecha-
nisms as the formation of a genuine fear memory (i.e., protein synthesis dependence and NMDA dependence).

pO3
00  

Such findings indicate that at least some form of false memory is generated by an association of internal brain activity represent-
ing recall of a past experience with the current external or internal experience of high valence (Ohkawa et al., 2015; Ramirez et al.,
2013). Since the underlying neurophysiological mechanisms for such an association are similar to the ones that occurred when
a genuine memory was formed, it is not surprising that the subjects behaved as if the false memory was formed by a perceived
real experience.

p 0305  
Although, further studies are necessary to assess the relationship between the artificially induced false memory in these animal

models and human false memories, the optogenetically induced false memory is consistent with the temporal context model in
humans, which posits that contextual memory reactivation can be linked to novel information that is pesented at the time of
reactivation (Gershman et al., 2013; St Jacques and Schacter, 2013). A crucial point here is that the formation of false memories
in humans often occurs as a result of recombining mnemonic elements of discrete past experiences into a new, reconstructed
memory that is not a veridical representation of the past. These memories in humans are not formed de novo and require pre-
existing memories as a scaffold onto which distinct experiences can be incorporated to update the memory itself (Garner et al.,
2012; Gershman et al., 2013; Tse et al., 2007). The optogenetically induced mouse false memory shares this feature of human
false memories.

s0125 Switching Memory Valence

p0310 Although most studies on engram cells have focused on their properties in one anatomical region, diverse engram components
within an engram cell pathway range across multiple brain regions. For examke, the hippocampus and associated cortex are known
to play a crucial role in episodic memories by associating the emoionally neutral components of the episode: information like
what, where, and when (Anderson and Phelps, 2001; Zola-Morgan et al., 1991). On the other hand, the amygdala is known to
be the main hub for the storage of emotional valences associated with experiences. The amygdala receives inputs from all sensory
modalities, including processed inputs from the hippocampus, perirhinal, and entorhinal cortices, and the prefrontal cortex (Sah
et al., 2003; Senn et al., 2014; Trouche et al., 2013). Neumons is the amygdala respond to positive as well as negative values (Paton
et al., 2006) and inactivating the amygdala prevents the association between neutral stimuli and emotion both in an anterograde
(Miserendino et al., 1990) and retrograde manner (Han et al., 2009).

p03 15 Considering the distinct properties of the hippocampus and the amygdala, do engram neurons in these two brain regions
link up to form and drive a specific memory (i.e., contextual fear representation)? If so, does the contextual component of
a hippocampal engram have the flexibility to associate with different engram components (i.e., fear or pleasure) in the amyg-
dala? These issues were addressed by appkying memory engram technology to fear (foot shocks) or reward (male mice inter-
acting with female mice) conditioned mice (Gore et al., 2015; Redondo et al., 2014). The contextual component (context A) of
the context-specific fear or reward conditioning engram complex in the hippocampal DG was labeled with ChR2 following the
previously established protocol (Liu et al., 2012), and the resulting fear or reward memory was confirmed with an optogenetic
place avoidance or place preference test. These animals were then subjected, in a distinct context (context B), to a second condi-
tioning session with US of the opposite valence (from foot shocks to female exposure or vice versa) as their context A engram
cells were reactivated by blue light pulses (Ramirez et al., 2013). These mice switched the overall valence of the memory from
negative to positive or positive to negative, corresponding to the order of two successive conditionings. Further, it was shown
that the negative to positive switch is achieved not only by the prevalence of the reward memory but also by the diminishing of
the fear memory. The reversal of the dominant valence associated with the DG memory engram was also demonstrated at the
cellular level by comparing the level of engram reactivation in the amygdala after DG optogenetic engram stimulation in exper-
imental and control mice. Only mice that underwent the memory reversal protocol showed a reduction in DG engram to amyg-
dala engan functional connectivity. Intriguingly, this switch of valence was not observed when the amygdala engram was
labeled and its light activation was used during the protocol. These results indicated that in the DG, neurons carrying the
memory engram for a given neutral context exhibit sufficient plasticity such that it is possible for the valence of a conditioned
response evoked by their reactivation to be reversed by reassociating this contextual memory engram with new US of the oppo-
site valence (Tonegawa et al., 2015b).

s0130 Countering Depression by Positive Valence Engram Activation

p0320 The conceptual framework of the interaction between the neural circuits governing memory valence and those encoding neutral
components of episodic memory is that the engrams for the latter, like the one in the DG, are free to associate with either positive
or negative valence engrams in the amygdala. The development of new technologies that permit engineering of these engrams opens
up the possibility of adding a novel approach to the classical approaches for the treatment of psychopathologies (Wolpe, 1958). For

M
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example, depression is characterized by a pervasive and persistent blunted mood that is accompanied by motivational impairments
and a loss of interest or pleasure in normally enjoyable activities. However, how positive episodes interact with psychiatric disease-
related impairments at the neural circuit and systems levels has remained largely unknown (Keller et al., 2000).

p0325 In a recent study, the researchers demonstrated that optogenetic reactivation of engram cells formed in the DG by a naturally
rewarding experience was sufficient to acutely suppress depression-related behavior (Ramirez et al., 2015). This study further
demonstrated that glutamatergic transmission from the amygdala's axonal terminals to the NAcc shell is necessary for the real-
time antidepressant-like effects of the reactivated DC engram cells. Notably, the NAcc has recently been identified as a potential
therapeutic node for deep brain stimulation to alleviate anhedonia (Schlaepfer et al., 2008) in humans, and previous reports
also identified amygdala axonal terminals onto NAcc as being sufficient to support self-stimulation and reward-seeking behavior
in a dopamine DI receptor-mediated manner (Britt et al., 2012; Stuber et al., 2011). It is important to note here that directly reac-
tivating cells associated with a positive memory is qualitatively different from exposing depressed subjects to naturally rewarding
experiences, which would normally activate these corresponding brain areas in the healthy brain. In the psychiatric diseased-related
state, acute administration of naturally rewarding external cues may not have access to, or sufficiently activate, the positive valence
engram cells' representations associated with the positive experience. Direct optogenetic stimulation of these cells may be able to
overcome this obstacle.

p0330 It is possible that the acute behavioral changes observed during optogenetic stimulation (Ramirez et al., 2015) may reflect the
degree to which directly stimulating neurons might bypass the plasticity that normally requires antidepressants weeks or months to
achieve, thereby temporarily suppressing the depression-like state. However, the neural underpinnings indscing and correlating
with long-lasting rescues have remained poorly understood. Two studies (Friedman et al., 2014; Ramirez et al., 2015) found
that chronic activation of the ventral tegmental area (VfA) dopaminergic reward system, or chronic reactivation of DG engram cells
previously active during a positive experience, respectively, had antidepressant-like behavioral consequences that outlasted acute
optical stimulation. The former study identified an optogenetically induced increase in K' channels and subsequent normalization
of VTA firing rates as crucial contributors to the antidepressant-like effects. In the latter study, while the causal link between chron-
ically reactivated positive memory engrams and the corresponding rescue of behaviors remains elusive, many tantalizing hypoth-
eses surface. These include a normalization of VIA firing rates, epigenetic and differential modification of effector proteins (e.g.,
CREB, BDNF) in areas upstream and downstream of the hippocampus, a reversal of neural atrophy in areas such as CA3 and
prefrontal cortex, or hypertrophy in the BLA. Together, these studies provide causal evidence that sparse populations of cells can
be directly manipulated in a terminal-specific and activity-dependent manner to modulate a specific behavioral program associated
with psychiatric disease-related states.

s0135 Conclusions and Perspectives

p0335 Many lines of evidence for the long-sought memory engram and engram-containing cells have recently been reported. Such
evidence has been obtained by combining muhiple technologies, each addressing a specific level of complexity: molecular and
cellular neurobiology, physiological recocclings, mukiphoton imaging, transgenics, viral vector-mediated gene insertions, and opto-
genetic and pharmacogenetic manipulations of neurons and their circuits as animals undergo mnemonic behaviors. The evidence

[31] falls into three major categories (Table 1). A large number of earlier studies accumulated correlations between physiological and
structural properties of neurons in a given area of the brain, and one or more aspects of mnemonic behavior. The second type
of evidence has been based on a loss-of-function strategy; numerous studies demonstrated that animals or humans suffering
from physical or chemical lesions of restricted brain areas, or animals with pharmacological manipulations, are impaired in certain
aspects of mnemonic behaviars. However, the traditional loss-of-fUnction studies mostly failed in pinpointing the specific cellular
subpopulations that am essential for a specific mnemonic behavior. More recent studies of this type have overcome this short-
coming by taking advxqtze of transgenic, optogenetic, and/or pharmacogenetic technologies (Denny et al., 2014; Han et al.,
2009; Zhou et aL, 2009).

p0340 A technically challenging type of evidence has been gain-of-function. To perform such experiments, a specific population of
neurons that is activated by learning first had to be identified, and then a method had to be developed by which subsequent reacti-
vation of these cells would elicit behavioral recall of the specific memory without relying on natural recall cues. his was accomplished
by combiningthe activity-dependent, doxycycline-regulated c-fos-tTA system (Reijmers et al., 2007) and ChR2-mediated optogenetics
to elicit a hippocampal-dependent contextual fear memory (Liu et al., 2012). This finding was extended to neurons in the retrosplenial
cortex for the same memory task (Cowansage et al., 2014). Further, the data obtained by applying pharmacogenetic methods to CREB-
overexpressing LA cells, known to be required for tone fear conditioning, reinforced the gain-of-function evidence, although these
studies did not demonstrate that the cells manipulated were initially activated by learning (Kim et al., 2014; Yiu et al., 2014).

p0345 Despite the fact that the memory engram has dearly come of age, a number of issues remain to be investigated. A central issue is
the nature of the enduring changes that occur in the engram cells and their connections. A first study addressing this issue (Ryan
et al., 2015) demonstrated the long-held hypothesis that synaptic strengthening, manifested by increased AMPA/NMDA current
ratio as well as a change in structural plasticity as indicated by increased density of dendritic spines, did occur specifically in
engram-positive cells as opposed to engram-negative cells in the same hippocampal subregion (i.e., the DG). The demonstration
of learning-induced changes strongly argues that they are indeed cells that carry an engram component, rather than cells necessary
just for performance. However, this study did not determine the in vivo firing patterns of the engram cells (e.g., are they place cells?
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100 Tabo 1 Three lines of evidence for memory engram cells

Evidence Technology Brain area(s) References

Gain of function c-fos-tTA with tet0-ChR2, tetO-DREADDs HPC, BLA, Liu et al. (2012), Garner et al. (2012), Ramirez
(hM3Dq) cortex et al. (2013, 2015), Redondo et al. (2014),

Ryan et al. (2015), and Ohkawa et al. (2015)
c-lbs-tTA with tetO-oChIEF EC, HPC Roy et al. (2016)
c-fos-tTA with tetO-ChEF RSC Cowansage et al. (2014)
Enhanced neural excitability via TRPV1/ LA Kim et al. (2014)

capsaicin
Enhanced neural excitability via CREB LA, CA1 Yiu et al. (2014), Cai et at. (2016), and Rashid

overexpression, DREADDs, ChR2 et al. (2016)
c-bs-ChR2 BLA, PFC Gore et al. (2015) and Ye et al. (2016)

Loss of function CREB overexpression, inducible diphtheria LA Han et al. (2007, 2009)
toxin system

CREB overexpression, allatostatin (AlstR) LA, RSC Zhou et al. (2009) awl Czajkowski et al. (2014)
receptor system

Enhanced neural excitability via CREB LA, DG Hsiang et al. (2014) and Park et al. (2016)
overexpression, DREADDs (hM4Di)

c-lbe-LacZ with DaunO2 system NAcc Koya et al. (2009)
c-fos-tTA with tetO-Cre/DIO-ArchT, tetO-TeNT, HPC Tanaka et al. (2014), Matsuo (2015), and

tetO-ArchT Nomoto et al. (2016)
Arc-CreERT" with DIO-Arch HPC Denny et al. (2014)
Arc-AS-PaRacl Motor codex Hayashi-Takagi et al. (2015)
c-fos-tTA with tetO-ArchT, in vivo HPC Trouche et al. (2016)

electrophysiology
Observational (new studies) catFISH PFC, HPC, Zelikowsky et at. (2014)

BLA
In vivo optical imaging 08 Kass et al. (2013)
Two-photon microscopy Visual cortex Yamahachi et al. (2009)
c-fos-tTA with tet0-H2B Curtex, HPC, Tayler et al (2013) and Trouche et at (2013)

BLA
In vivo optical imaging Cortex Xie et al. (2013)
c-fos-tTA with tet0-tauLacZ LA, BLA Reijmers et al. (2007)
c-fos-tTA with tetO-tauLacZ HPC Deng et al. (2014)
c-fos-tTA with tetO-GFP-GeR1 HPC Matsuo et at. (2008)
Arc-dVenus BLA Nonaka et al. (2014)

Observational (examples from In vivo electrophysiolh Various Olds et al. (1972)
older studies) In vivo electasphysielogy IT cortex Fuster and Jervey (1981)

In vivo electrphsiolog IT cortex Miyashita (1988)
In viva elropaiebgy, lesions Cerebellum McCormick et al. (1982)

Representative studies on mrnemory engram cells caegorized by types of supporting evidence (observation, loss of function, and gain of function), with methods used, brain areas
involved, and publications listed.
BLA, basolateral amygdai; CRE, cAMP mnponse element binding protein; DG, dentate gyrus; DREADDs, designer receptors exclusively activated by designer drugs; EC, entorhinal
cortex; HPC, hippocampus; IT, infeu~mporal; LA, lateral amygdala; NA4cc, nucleus accumbens; PFC, prefrontal cortex; ITA, letracycline transactivator.

What firing pattern would be observed before and after recall cues are delivered, etc.?). A recent study (Trouche et al., 2016) using
similar technology as Ryan et al. (2015) reported that CAI engram cells exhibit place-specific firing in an environment, thereby add-
ing to the understanding of cFos-positive engram cells. Nevertheless, the integrative evidence lining the enduring changes to
a specic semory has been obtained to date in only one study and only for contextual fear memory engram cells in the DG
(Ryan et al., 2015). Memory, however, appears in many different types (e.g., emotional, procedural, working, semantic, perceptual),
each supported by one or more distinct brain regions and systems. The basic technology used to identify a memory engram and
engram cells for classical conditioning may, in principle, be applicable to other types of memories. In the future, significant modi-
fications of the technology may be needed to identify engram cells for each type of memory. For instance, procedural or habit
memories develop slowly with multiple rounds of training. Can one identify the putative habit engram cells and their circuits,
and elucidate how they may change as training is repeated and leaming advances? Can one identify early habit memory engram
cells and accelerate the process of learning by optogenetic activation of these cells? Or can one perform the converse experiment
and inhibit the process of motor learning? An additional example includes the memory for a temporal sequence of events-a crucial
component of episodic memory. Are there engram cell ensemble(s) that hold the sequence information identifiable by the current
engram cell technology? Or is the technology effective only for the memories of individual events, and will other methods have to
be invented to identify the mechanism that orchestrates the sequence of expression of the individual event engrams? These studies
are expected to reveal both common and memory type-specific features of engram cells.

PM41



Toptatect1beri fth~eau*=n(&)mdmtp sbh--wwi myeat iPDF ismaunceaecbedpraefforiemel busimen se mlybythebsavw()edbs(s)view(s),kevirndaypeeer
TNQBooks ind um PvtL. tl isma~owedg obiishisp uaf ari .Thip ay the preigh perty of spabihnd s tcmnfrdemial li kermalpdmr

LEM2 04036

In Search of Engram Cells 17

p0350 The universality, causality, and detailed kinetics of enduring changes in engram cells, as well as their connections, during the
encoding versus subsequent cellular consolidation phase will have to be determined. This line of thought takes us to other highly
interesting questions that can be explored by the engram manipulation technology. For instance, what is the role of protein and
mRNA synthesis in engram cells? It is generally thought that learning elicits new rounds of transcription and translation in the
soma and dendrites of neurons that have encoded stimuli selected from experience. These molecular events have been thought
to stabilize the storage of the memory information encoded initially by a rapid macromolecule synthesis-independent process.
However, this view has been challenged by the finding that posttraining protein synthesis is dispensable for the retention of
1-day-old memory (Ryan et al., 2015; Gold, 2016). Further studies seeking to resolve these issues will be greatly aided by also
performing within subjects' analyses (i.e., light off vs. light on epochs during a single session) while subsequently measuring
physiological and structural changes in engram-positive and engram-negative cells.

p0 355 An exciting prospect for memory research triggered by engram identification and manipulation technologies is to elucidate the
pathways comprising the engram complex for various types of memories and to identify the unique role of each contributing
engram cell population. To date, this notion of an engram pathway has been investigated for CFC, for which conextual engram
cells in the DG and fear/reward engram cells in the BIA were identified (Gore et al., 2015; Redondo et al., 2014). But, it is likely
that several other hippocampal and entorhinal cortical sites located between the DG and amygdala for signal transfer are likely
to hold unique engrams as well. It would be extremely interesting to identify their nature and the dynamic interactions between
component engrams in multiple brain regions. The demonstration that valence-regulated behavior of animals can be controlled
by manipulating memory engram cells along the hippocampus-amygdala-NAcc function circuit is another example of an exciting
advance made by the engram pathway notion (Fig. 2; Ramirez et al., 2015). Finally, a very recent and exciting advance supporting
the engram pathway idea is the restoration of episodic memories in mouse models of early AD by optically strengthening engram
cell-engram cell synapses between the medial entorhinal cortex and DG connection (Roy et al., 2016).

p 0360 When considering several crucial cognitive behavioral processes such as emotion, decision making, attention, and conscious-
ness, memory is known to play an important role. Efforts to discern how neural circuits underlying these cognitive functions inter-
sect with memory engram circuits, in health and in neurological disorders will be greatly aided by memory engram identification
and manipulation technologies. One day, probably in a not so distant future, we may even be able to combine the knowledge ob-
tained by these studies with minimally invasive technologies (Kim et al., 2013; Chen et al., 2015) to develop novel therapeutic
methods for a variety of brain disorders.
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Fg15 Rhure 2 Engram cell ensemble pathways. During the formation of an episodic memory, engram cells can be visualized in several participating
brain structures including cortical regions, hippocampus, amygdala, and nucleus accumbens. A striking feature of these memory engram cells is that
they exhibit preferential engram-engram connectivity between brain regions, which results in the formation of engram cell ensemble pathways.
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Abstract

One of the most fascinating aspects of an animal's brain is its ability to acquire new information
from experience and retain this information over time as memory. The search for physical correlates
of memory, the memory engram, has been a longstanding endeavor in modem neurobiology. Recent
advances in transgenic and optogenetic tools have enabled the identification, visualization, and
manipulations of natural, sensory-evoked, engram cells for a specific memory residing in specific
brain regions. These studies are paving the way not only to understand memory mechanisms in
unprecedented detail, but also to repair the abnormal state of mind associated with memory by
engineering.

Introduction

Understanding the material basis of memory remains a central goal of modem neuroscience [1,2].
Descartes proposed that mental capacities, specifically memory, must be represented in the brain
[3]. At the onset of the 2 0th century, Richard Semon theorized that learning induces enduring
physical changes in specific brain cells that retain information of the experience and are
subsequently reactivated by appropriate stimuli to induce recall. He termed these physical changes
the engram [4,5]. Another term that is used by some contemporary neuroscientists is memory trace,
which can be considered to be equivalent to Semon's engram. Even after Semon's engram theory,
some leading scholars wondered whether memory is physically represented in the brain or
psychically represented in the mind. It was Karl Lashley who advocated the physical theory of
information storage in the central nervous system. In particular, Lashley adopted the concept of the
engram and was among the first to attempt to localize memory engrams in the brain [6]. While
Lashley's idea of Mass Action was later empirically disproved, some researchers after him
continued to identify the location of memory representations in the brain [7]. In this review, we will
discuss recent experimental studies demonstrating that memory is indeed stored in specific
populations of brain cells and their associated circuits, with a focus on memory manipulation
studies. More comprehensive reviews of recent memory engram studies, including early attempts, is
available elsewhere [8e ,9e,10].

Engram cell identification

Several groups found that cell populations active during the acquisition of a fear memory were
preferentially reactivated during the recall of that memory in different areas of the mouse brain,
such as the amygdala [11e], the hippocampus [12,13], layer II cortical areas including sensory
cortex [14,15], and the prefrontal cortex [16]. Another approach that has been used to identify
possible engram cell populations in the rodent brain employed the random overexpression of the
transcription activator cAMP response element-binding protein (CREB) in a small population of
neurons, making these cells more likely to be recruited to become a part of putative engram cell
populations during subsequent learning [17]. By selectively manipulating these high-CREB cells
via diphtheria toxin-based ablation [18e] or genetic-based inhibition [19e,20-23] memory recall was
disrupted in mice. More recent studies showed that a shared neuronal ensemble is capable of linking
distinct memories, only when two experiences occur close in time during periods of high
excitability in hippocampal CAl [24] and lateral amygdala [25]. Further, novel context exploration
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during a narrow time window before or after weak object recognition training results in the
formation of a long-term object recognition memory [26].

The most direct evidence of engram cells should come from gain-of-function manipulations, where
a population of neurons activated by learning is artificially reactivated to mimic behavioral recall
elicited by natural cues [27]. By combining the activity-dependent, doxycycline-dependent c-fos-
tTA system and channelrhodopsin-2 (ChR2)-mediated optogenetics, researchers were able to tag a
sparse population of dentate gyrus (DG) neurons activated by contextual fear conditioning with
ChR2 in mice [28**]. Subsequently, when these cells were reactivated by blue light in a context
different from the original one used for conditioning, the mouse subjects displayed freezing
behavior as evidence of fear memory recall (Figure 1). Crucially, this optogenetic reactivation of a
fear memory was not due to the activation of pre-wired neural circuits. This was demonstrated by
disrupting the activity of the downstream CAl region only during training, and finding that
subsequent optogenetic DG engram activation did not elicit memory retrieval [29*e]. Similarly,
memory recall induced by the artificial reactivation of fear memory cells has been reported for
multiple brain regions [14,30-32]. Along with these engram reactivation experiments, loss-of-
function studies have also been performed [33-35].

Creating a false memory by manipulating engram cells

Memory recall is constructive in nature and the act of recalling a memory renders it labile and
highly susceptible to modification [36]. In humans, memory distortions and illusions occur
frequently, which often results from incorporation of misinformation from external sources [37]. In
light of the fact that humans have a rich repertoire of mental representations generated internally
[38], one possible reason for the formation of an episodic false memory is that the memory of a past
experience becomes associated with a current external event of high valence.

Using a method that permits optogenetic labeling and manipulation of memory engram cells [28-*],
a study tested this possibility in mice [39e*]. The authors labeled contextual engram cells in the DG
with ChR2 by exposing mice to context A (Figure 2), thereby activating c-Fos in the engram. On
the next day, as the labeling window was shut down by switching mice from regular to doxycycline-
containing food, mice received foot shocks in a distinct context B as their context A engram cells
were artificially reactivated with pulses of blue light. On the third day, when the animals were
reintroduced to context A to test the context A-shock association memory, animals displayed
freezing behavior despite never having received foot shocks in context A. The freezing behavior
was not due to generalization because the mice did not freeze above background levels in another
distinct context C. Of course, these mice also froze when tested in context B, indicating that they
also formed a genuine context B-shock association memory. Importantly, freezing levels in context
B were significantly lower than in a group of mice that did not receive blue light delivery on day 2
while foot shocks were delivered. This observation suggests that formation of the false and genuine
memory representations on day 2 were in competition. Moreover, using the same cFos-driven ChR2
labeling strategy, a recent study demonstrated that, in addition to optogenetically driving a
hippocampal contextual engram, basolateral amygdala cells responding to a stimulus of high
valence can be simultaneously activated to form an association with the hippocampal-driven
contextual memory [40e]. Such findings indicate that at least some form of false memory is
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generated by an association of internal brain activity representing recall of a past experience with
the current external or internal experience of high valence [39e ,40e,4 1].

Countering depression by positive valence engram activation

The conceptual framework of the interaction between the neural circuits governing memory valence
and those encoding neutral components of an episode is that the engrams for the latter, like the one
in the hippocampus, are free to associate with either positive or negative valence engrams in the
amygdala [42ee]. The development of new technologies that permit engineering of these engrams
opens up the possibility of adding a novel approach to the classical approaches for the treatment of
psychopathologies. For example, depression is characterized by a pervasive and persistent blunted
mood that is accompanied by motivational impairments and a loss of interest or pleasure in
normally enjoyable activities. How positive episodes interact with psychiatric disease-related
impairments at the neural circuit level has remained unknown.

In a recent study, the researchers demonstrated that optogenetic reactivation of engram cells formed
in the DG by a naturally rewarding experience was sufficient to acutely suppress depression-related
behavior [43ee]. This study further demonstrated that glutamatergic transmission from the
amygdala's axonal terminals to the nucleus accumbens (NAcc) shell is necessary for the real-time
antidepressant-like effects of the reactivated DG engram cells. Notably, the NAcc has recently been
identified as a potential therapeutic node for deep brain stimulation to alleviate anhedonia in
humans [44], and previous reports also identified amygdala axonal terminals onto NAcc as being
sufficient to support self-stimulation and reward-seeking behavior in a dopamine Dl receptor-
mediated manner [45]. It is important to note here that directly reactivating cells associated with a
positive memory is qualitatively different from exposing depressed subjects to naturally rewarding
experiences, which would normally activate these corresponding brain areas in the healthy brain. In
the psychiatric diseased-related state, acute administration of naturally rewarding external cues may
not have access to, or sufficiently activate, the positive valence engram cells' representations
associated with the positive experience. Direct optogenetic stimulation of these cells may be able to
overcome this obstacle. These studies provide causal evidence that engram cells can be directly
manipulated to modulate a specific behavioral program associated with psychiatric disease-related
states.

Restoring memory engrams in mouse models of early Alzheimer's
disease

Alzheimer's disease (AD) is the most common cause of brain degeneration, and typically begins
with impairments in cognitive functions [46]. Most research has focused on understanding the
relationship between memory impairments and the formation of pathological hallmarks seen in late
stages of AD. Early phases of AD have received relatively less attention, although synaptic
phenotypes have been identified as major correlates of cognitive impairments in both human
patients and mouse models [47]. Several studies have suggested that the episodic memory deficit of
AD patients is due to ineffective encoding of new information [48]. However, since cognitive
measures used in these studies rely on memory retrieval, it has not been possible to rigorously
discriminate between impairments in information storage and disrupted retrieval of stored
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information. This issue has an important clinical implication: if the amnesia is due to retrieval
impairments, memory could be restored by technologies involving targeted brain stimulation.

Focusing on memory engrams, a recent study examined long-term memory impairments in mouse
models of early AD [49ee]. Using APP/PS1 AD mice, the authors observed that amyloid plaque
deposition started in 9-month old mice, however memory deficits were clearly visible several
months before plaque deposition. In a contextual fear-conditioning paradigm, 7-month old AD mice
exhibited normal short-term memory but performed poorly 24 hr later in long-term memory tests.
This behavioral impairment correlated with a decreased number of c-Fos-positive cells in the DG as
well as decreased engram cell-specific dendritic spine density in AD mice. However, preferential
functional connectivity between engram cells was maintained in the early AD mice. Next, in order
to examine whether functional DG engram cells persisted in early AD mice, despite these animals
being amnesic at the behavioral level, the authors developed a novel strategy using a double adeno-
associated virus system to label engrams [49..]. As expected, engram-labeled early AD mice were
amnesic a day after fear conditioning; but remarkably, these mice exhibited memory recall as
robustly as equivalently treated control mice in response to blue light stimulation of engram cells.
Following early findings [50] that long-term potentiation (LTP) induction results in a spine density
increase, Roy et al. [499o] applied repeated optogenetic LTP induction specifically to entorhinal
cortex engram cell inputs into DG engrams. This procedure reversed the spine density deficit in
early AD mice. Crucially, this spine restoration led to the rescue of a long-term fear memory recall
in AD mice. The authors also demonstrated that an ablation of DG engram cells containing restored
spine density prevents the rescue of long-term memory recall in early AD mice [490,51,52e].
Together, it is clear that genetic manipulations of specific neuronal populations can have profound
effects on cognitive impairments of AD.

Conclusions and perspectives

Many lines of evidence for the long-sought memory engram and engram-containing cells have
recently been reported. Such evidence has been obtained by combining multiple technologies, each
addressing a specific level of complexity [8-e,9e,10]. Despite the fact that the memory engram has
clearly come of age, a number of issues remain to be investigated. A central issue is the nature of
the enduring changes that occur in the engram cells and their connections. A first study addressing
this issue [299e] demonstrated the validity of the long-held hypothesis that synaptic strengthening
and structural plasticity occurred specifically in engram-positive cells as opposed to engram-
negative cells in the same brain region. The demonstration of learning-induced changes strongly
argues that they are indeed cells that carry an engram component, rather than cells necessary just for
performance. However, this study did not determine the in vivo firing patterns of the engram cells
(e.g., are they place cells? What firing pattern would be observed before and after recall cues are
delivered, etc.?). A recent study [53D] using similar technology as [29ee] reported that CAI engram
cells exhibit place-specific firing in an environment, thereby adding to the understanding of cFos-
positive engram cells.

Memory, however, appears in many different types (e.g., emotional, procedural, working, semantic,
perceptual), each supported by one or more distinct brain regions. The basic technology used to
identify memory engram cells for classical conditioning may, in principle, be applicable to other
types of memories. For instance, procedural or habit memories develop slowly with multiple rounds
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of training. Can one identify the putative habit engram cells and their circuits, and elucidate how
they may change as training is repeated and learning advances? An additional example includes the
memory for a temporal sequence of events - a crucial component of episodic memory. Are there
engram cell ensemble(s) that hold the sequence information identifiable by the current engram cell
technology? These studies are expected to reveal both common and memory type-specific features
of engram cells.

One of the great advantages of the gain-of-function demonstration of memory engrams compared to
the loss-of-function demonstration is the availability of specific engram cells not only for basic
research but also for their engineering by optogenetic and other technologies. This permitted
manipulations of memory-associated cognitions and behaviors both in health (e.g., false memory
inception) and neurological (e.g., early AD) or psychiatric (e.g., depression) diseases. These studies
conducted with animal models are providing proof of concept evidence for the potential future
development of therapies based on direct manipulation of patients.
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Figure 1. Tagging and manipulating memory engram cells
(a) Using the activity-dependent labeling technology developed by [28ee], c-fos-tTA mice were
injected with the AAV9-TRE-ChR2-EYFP virus and implanted with an optic fiber targeting the
hippocampal dentate gyrus (DG). (b) Behavioral schedule. Mice were habituated to context A with
light stimulation, then taken off doxycycline-containing food for 2 days and fear conditioned (FC) I
context B. Mice were put back on doxycycline-containing food and tested in context A with light
stimulation. (c) Representative image showing the expression of ChR2-EYFP in memory engram
cells of the DG for a contextual fear memory (left). Boxed DG region is magnified (right). (d)
Following fear conditioning, blue light stimulation of DG engram cells induces memory recall
(freezing behavior) in neutral context A.
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Figure 2. Creating a false memory by manipulating engram cells
Tagging memory engram cells in the hippocampus encoding the blue, neutral context information
with ChR2 (left). The next day, mice received mild electric footshocks in the red context with
simultaneous light activation of the blue context memory engram cells (middle). On day 3, mice
were returned to the blue context and displayed fear memory recall (right).
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SUMMARY

The formation and retrieval of a memory is thought to be accomplished by activation and

reactivation, respectively, of the memory-holding cells (engram cells) by a common set of neural

circuits, but this hypothesis has not been established. The medial temporal-lobe system is

essential for the formation and retrieval of episodic memory for which individual hippocampal

subfields and entorhinal cortex layers contribute by carrying out specific functions. One subfield

whose function is poorly known is the subiculum. Here, we show that dorsal subiculum and the

circuit, CAl to dorsal subiculum to medial entorhinal cortex layer 5, plays a crucial role

selectively in the retrieval of episodic memories. Conversely, the direct CAl to medial entorhinal

cortex layer 5 circuit is essential specifically for memory formation. Our data suggest that the

subiculum-containing detour loop is dedicated to meet the requirements associated with recall

such as rapid memory updating and retrieval-driven instinctive fear responses.
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HIGHLIGHTS

* dSub and the circuit, CAl -- dSub->EC5, is required for hippocampal memory retrieval,

but not for formation

* The direct CAI -- EC5 circuit is essential for hippocampal memory formation, but not for

retrieval

* The dSub-+MB circuit regulates memory retrieval-induced stress hormone responses

* The dSub--EC5 circuit contributes to context-dependent memory updating
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INTRODUCTION

It is generally thought that formation and retrieval of a memory are accomplished by activation

and reactivation of memory-holding cells (engram cells), respectively, by a largely common set

of neural circuits that convey relevant sensory and/or processed information. However, this

hypothesis has not been well studied. One of the best neural systems to prove this issue is the

medial temporal lobe (MTL), including the hippocampus (HPC) and entorhinal cortex (EC),

which plays crucial roles in episodic memory (Eichenbaum et al., 2007; Squire, 1992).

Numerous studies have identified specific and crucial roles of individual HPC subfields and EC

layers to the overall mnemonic function (Deng et al., 2010; Hasselmo and McClelland, 1999;

Hitti and Siegelbaum, 2014; Moser et al., 2014; Nakazawa et al., 2004). However, the essential

function of one HPC subfield, subiculum (Sub), is poorly known. The mammalian HPC

formation is organized primarily as a unidirectional circuit, where information transferred from

the EC's superficial layers to the dentate gyrus (DG) is processed successively in CA subfields:

CA3, CA2, and CAl. Dorsal CAl (dCAl) sends its primary projections directly to medial EC

layer 5 (EC5) or indirectly via dorsal subiculum (dSub) (a detour circuit). One of the interesting

differences between the direct and indirect HPC output pathways is that in the latter, dSub

projects not only to EC5, but also to many cortical and subcortical brain regions (Ding, 2013;

Kishi et al., 2000).

Using functional magnetic resonance imaging of human subjects, several studies have

suggested that the DG and CA subfields are selectively activated during episodic memory

formation, whereas subiculum (Sub) is active during the recollection of an episode (Eldridge et

al., 2005; Gabrieli et al., 1997). In rodents, ibotenic acid lesions of the CAl subfield or Sub

caused impairments in the acquisition of place navigation (Morris et al., 1990). However, since

human imaging studies provide only correlative, rather than causal, evidence and rodent lesions
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are not well targeted to a specific hippocampal subregion, especially given the close proximity of

CAl and dSub, it has not been possible to identify the essential function of Sub in episodic

memory. Furthermore, previous studies did not address the potential purpose of the parallel

diverging and converging dCA1 to medial EC5 and dCA1 to dSub to medial EC5 circuits in

memory formation versus retrieval.

In the present study, we addressed these issues by creating a mouse line expressing Cre

recombinase specifically in dSub neurons. Combined with circuit tracing and optogenetic

manipulations during behavioral paradigms, we found differential roles of dSub projections in

hippocampal memory retrieval and retrieval-induced stress hormone responses. We demonstrate

that dSub and the circuit, CAI ->dSub---EC5, is selectively required for memory retrieval, while

the dSub to mammillary bodies (MB) circuit regulates stress hormones following memory

retrieval. In contrast, the direct CAl->EC5 circuit is essential for hippocampal memory

formation, but not recall. Our study reveals a functional double-dissociation between parallel

hippocampal output circuits that are important for memory formation versus memory retrieval.

RESULTS

Generation of FN1-Cre Mice

We took advantage of the finding that fibronectin-l (FNl) gene expression is restricted to dSub

neurons (Lein et al., 2004) and created a transgenic mouse line (FNl-Cre) that expresses Cre

recombinase under the FNl promoter (Figure IA, and see Methods). When infected with a Cre-

dependent adeno-associated virus containing an eYFP gene, eYFP expression was highly

restricted to dSub neurons and was completely absent in neighboring dCA1 excitatory neurons

identified by WFS1 (Figure 1B). The expression of eYFP was restricted to CaMKII+ excitatory

neurons in both the deep and superficial layers of dSub (Figures 1C-iD, and see Figure S1A).
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This eYFP expression accounted for over 85% of all excitatory neurons in this brain region, and

was dSub-specific along the entire medial-lateral axis (Figures lE-iK). Further, Cre expression

was absent in ventral subiculum (vSub) and medial entorhinal cortex (MEC) in this mouse line

(Figures Si B-S 1K). Using in situ hybridization, we confirmed that Cre expression in this mouse

line is highly restricted to dSub, and the dorsal tegmental nucleus (DTg) in the brain stem

(Figure SiL). Thus, FN1-Cre mice allows for the genetic manipulation of dSub excitatory

neurons with unprecedented specificity.

Input-Output Organization of dSub Neurons

We next examined the inputs to dSub excitatory neurons as well as their anterograde brain-wide

projection pattern. Monosynaptic retrograde tracing experiments using a Cre-dependent helper

virus combined with rabies virus (RV) (Wickersham et al., 2007), labeled 78% of dSub cells

relative to all cells (i.e., DAPI* cells). The results confirmed that dCA1 provides the major input

to dSub excitatory neurons (Figures 2A-2C) (Ding, 2013; Kishi et al., 2000). Other brain areas

that provide inputs to dSub include parasubiculum (PaS), retrosplenial agranular cortex (RSA),

superficial layers of EC (MEC II/III), nucleus of the diagonal band (NDB), nucleus accumbens

shell (Acb Sh), and several thalamic nuclei (Thal Nucl) (Figure 2D, and see Figure S1 M).

A Cre-dependent channelrhodopsin-2 (ChR2)-eYFP virus combined with light sheet

microscopy of CLARITY (Chung et al., 2013, see Methods)-processed brain samples revealed

that major efferents of dSub neurons were directed to RSA, mammillary bodies (MB), medial

EC5, and postrhinal cortex (Pos) (Figures 2E-2F). No projections from dSub were observed in

the superficial layers (II/III) of MEC (Figure 2G). These dSub neurons converged on both medial

and lateral regions of MB (Figure 2H). Using a Cre-dependent synaptophysin virus to label dSub

axonal terminals, we found that these Cre' neurons express vesicular glutamate transporters 1
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and 2 (Kaneko et al., 2002), reflecting their excitatory nature (Figures SIN-SIP). Injection of a

retrograde tracer, cholera toxin subunit B (CTB), into the MB revealed a gradient of CTB555

with higher intensity labeling in the proximal part of dSub (i.e., closer to CA1), whereas

injection into medial EC5 showed a gradient of CTB488 with higher intensity labeling in the

distal part of dSub (i.e., away from CAl) (Figures 21-2M, and see Figure S1Q) (Witter et al.,

1990). However, neurons in both proximal and distal parts of dSub were weakly labeled by CTB

injected into MB or EC5. Together, these results indicate that dCA1 serves as the main input

structure to dSub, and that the majority of dSub neurons send projections to multiple downstream

target structures.

The dSub-+EC5 Circuit Bidirectionally Regulates Episodic Memory Retrieval

To examine the functional role of dSub neurons and their circuits, we performed optogenetic

inhibition experiments using a Cre-dependent eArch3.0-eYFP virus. During the contextual fear-

conditioning (CFC) paradigm, we confirmed that green light inhibition of dSub decreased

behavior-induced immediate early gene cFos-positive neurons (Figures S2A-S2L). Inhibition of

dSub neurons during CFC training had no effect on footshock-induced freezing behavior or long-

term memory formation (Figure 3A). In contrast, dSub inhibition during CFC recall tests

decreased behavioral performance (Figure 3B). Inhibition of dSub neurons had no effect on

motor behaviors in an open-field assay (Figure S2M). Inhibition of dSub terminals in medial

EC5, but not in MB, also revealed a memory retrieval deficit (Figure 3C). Since the behavioral

effect of dSub inhibition in this mouse line is based on eArch expression in approximately 85%

of excitatory neurons in this brain region, we examined the effect of a more complete inhibition

of dSub neurons. Inhibition of dSub-EC5 terminals in wild type mice using an EF 1 a-eArch3.0-
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eYFP virus revealed a greater memory retrieval deficit (Figure S3 vs. Figure 3C). Further,

inhibition of vSub--EC5 terminals showed normal levels of memory recall (Figure S3).

Conversely, optogenetic activation of ChR2-eYFP-expressing dSub projections to medial

EC5 during CFC recall tests increased recall-induced freezing behavior in the training context,

but not in a neutral context (Figure 3D, and see Figure S4A). This result indicates that dSub is

involved in hippocampal memory retrieval in a context-specific manner. Activation of

dSub-EC5 in mice that did not receive footshocks during training lacked freezing behavior

during the recall test, supporting the specificity of increased memory retrieval in CFC-trained

animals. Our interpretation of these optogenetic activation experiments is that in the training

context natural recall cues reactivate engram cells in all subfields of the hippocampus, like DG,

CA3, and CAl, but also in dSub. When the activity of dSub projections to EC5 is further

increased by ChR2 this leads to enhanced freezing due to increased activation of dSub engram

cells. On the other hand, in a neutral context lacking the specific natural recall cues to reactivate

dSub engram cells, the ChR2 activation without engram labeling is not sufficient to induce

memory recall. In another hippocampus-dependent memory paradigm, trace fear-conditioning,

dSub-EC5 inhibition impaired memory recall (Figure 3E, and see Figures S4B-S4C). In

contrast, inhibition of dSub-EC5 had no effect on the recall of a hippocampus-independent

memory formed during delay fear-conditioning (Figures S4D-S4E). Together, these experiments

indicate that the dSub--EC5 circuit regulates episodic memory retrieval bidirectionally. We

confirmed that the dSub-EC5 projection is also necessary for the retrieval of a positive-valence,

hippocampus-dependent (Raybuck and Lattal, 2014) memory formed in a conditioned place

preference (CPP) paradigm (Figure 3F, and see Figures S2N, S4F-S4G).
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The dSub-.MB Circuit Regulates Retrieval-Induced Stress Hormone Responses

During both CFC training and recall, levels of the stress hormone corticosterone (CORT)

increases in the blood (Figure 3G), which is believed to be important to prepare the animal for a

predicted immediate danger (Kelley et al., 2009). Given our finding that dSub neurons are

required for memory retrieval, but not memory formation, we investigated whether the

dSub-+MB circuit is involved in retrieval-induced stress hormone responses. Optogenetic

inhibition of dSub-MB projections following CFC recall, but not following CFC training,

prevented the CORT increase (Figure 3G, and see Figure S2N). This deficit was specific to

dSub-MB terminal inhibition, since dSub-EC5 terminal inhibition had no effect. In addition,

optogenetic activation of ChR2-expressing dSub-MB projections following CFC recall

increased CORT levels, revealing a bidirectional regulation of blood stress hormone levels by the

dSub-MB circuit following fear memory retrieval. Interestingly, we did not observe increased

CORT levels following CPP memory retrieval (Figure S4H). From our finding that the

dSub-EC5 circuit is crucial for CPP memory retrieval (Figure 3F), it is clear that dSub neurons

are activated and therefore both downstream EC5 and MB circuits would be activated. The lack

of increased CORT levels following CPP memory retrieval suggests that the dSub-+MB circuit is

necessary but not sufficient to induce CORT. These experiments uncovered a neural circuit

originating from dSub that regulates stress hormone responses to conditioned cues.

Heterogeneity of dCA1 Neurons that Project to dSub and EC5

The dCA1 neurons send primary projections directly to medial EC5, or indirectly via dSub

(Ding, 2013). We examined whether the same dCA1 neurons send divergent projections to both

dSub and EC5, or whether these two circuits involve distinct subpopulations of dCA1 neurons.

To test these possibilities, we conducted monosynaptic retrograde tracing by injecting a Cre-
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dependent helper virus combined with rabies virus (Wickersham et al., 2007) into dSub of FNl -

Cre mice combined with CTB488 injected into medial EC5 (Figures 4A-4C, and see Figure

Si Q). We observed three neuronal populations distributed throughout the proximal-distal axis of

dCA1, namely RV-mCherry-positive dCA1 cells, CTB488-positive dCA1 cells, and double-

positive dCA1 cells (Figures 4D-4F), indicating that dCA1 neurons project collaterally to both

dSub and medial EC5 (22%), project to dSub alone (18%), or to medial EC5 alone (23%) (Figure

4G, and see Figures S5A-S5H). A significant proportion of the remaining dCA1 neurons most

likely send primary projections to the deep layers of the lateral EC (LEC5) (Knierim et al.,

2013), which we confirmed using CTB retrograde tracing (Figure S51). Further, it has been

suggested that proximal and distal dCAl may play differential roles in memory formation

(Nakazawa et al., 2016), however we did not observe differences between dCAl neurons

projecting to dSub and EC5 based on their proximal versus distal location (Figure S5J). Thus,

these data demonstrate that, although there are distinct dCA1 subpopulations that project to

either dSub or EC5, a significant proportion of dCA1 neurons projecting to dSub and EC5 are

shared between these two circuits.

The dCA1-EC5 Circuit is Crucial for Episodic Memory Encoding

Given the selective role of the dSub-'>EC5 circuit in memory retrieval and our finding that

heterogeneous subpopulations of dCA1 neurons project to dSub and medial EC5, respectively,

we next investigated the behavioral contributions of the direct dCA 1 ->EC5 circuit. The injection

of a Cre-dependent H2B-GFP virus into dCAl of CAI pyramidal cell-specific Cre transgenic

mice, TRPC4-Cre (Okuyama et al., 2016), resulted in GFP expression restricted to dCA1

pyramidal cells without any expression in dSub (Figure 4H). Terminal inhibition of CAl axons

at medial EC5 during CFC training impaired long-term memory formation (Figure 41), whereas
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the same manipulation during CFC recall had no effect on behavioral performance (Figure 4J).

Further, consistent with the role of dSub in CFC recall, terminal inhibition of dCAI-dSub

during CFC recall, but not during CFC training, decreased behavioral performance (Figures 4K-

4L). Therefore, the direct dCAl -EC5 circuit plays a crucial role in the encoding, but not recall,

of CFC long-term memory, whereas the indirect dCA1-dSub-EC5 circuit is crucial for

memory recall, but not encoding.

Distinct Roles for the Direct and Indirect Circuits in Memory Updating

A potential purpose of the parallel diverging and converging direct dCA1-EC5 and indirect

dCAl-dSub-EC5 circuits could be to support rapid memory updating (Lee, 2010). To test this

possibility, we performed the pre-exposure mediated contextual fear-conditioning (PECFC)

paradigm with optogenetic terminal inhibition of CAl -EC5 (Figure 4M) or dSub-EC5 (Figure

4N) during the pre-footshock period (context retrieval) only or footshock period (fear

association) only, on Day 2. CAl--EC5 inhibition specifically during the footshock period of

Day 2 impaired the context-shock association evidenced by decreased freezing on Day 3,

whereas inhibition during the pre-footshock period had no effect (Figure 4M). In contrast,

dSub-EC5 inhibition during the pre-footshock period of Day 2 impaired the context-shock

association on Day 3, while inhibition restricted to the footshock period had no effect (Figure

4N). Together, these data indicate that the dSub-+EC5 circuit is crucial for the rapid recall in

order to perform memory updating, while the CA1-EC5 circuit is crucial for encoding new

information into a long-term memory.
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cFos Activation in dCA1 and dSub during Memory Encoding and Retrieval

Expression of immediate-early genes (IEGs) has been used to map specific functions onto

neuronal activity in a given brain region (Kubik et al., 2007). In order to acquire cellular level

evidence supporting the dedicated role of dSub in recall rather than encoding of CFC memory,

we monitored IEG cFos activation in dCA1 and dSub during CFC behavior. To measure cFos

activation by training or recall, we took advantage of a virus-mediated strategy (Roy et al., 2016)

using a cocktail of c-Fos-tTA and TRE-H2B-GFP viruses (Figures 5A-5B). Wild type mice

raised on a doxycycline (DOX) diet to prevent activity-dependent labeling by the injected virus

cocktail were taken off DOX 24 hr before CFC encoding or recall to visualize H2B-GFP labeling

in CAl and dSub (Figures 5C-5E). There was significant cFos activation in both CAl and dSub

following encoding or recall epochs as compared to the home cage group (Figure 5F).

Interestingly, in dSub, memory recall epochs enhanced cFos activation more compared with

encoding epochs, whereas there was no difference of cFos activation in CAl neurons elicited by

these epochs (Figure 5G).

Further, we examined the overlap between behavior-induced cFos in CAI and CAI cells

that were retrogradely labeled by injection of CTB555 into dSub or medial EC5 (Figure S lQ).

Consistent with the optogenetic manipulation experiments, CAI neurons projecting to EC5

showed higher levels of cFos activation during CFC encoding rather than retrieval, whereas CA1

neurons projecting to dSub showed higher levels of cFos activation during retrieval (Figure 5H,

and see Figures S5K-S5N). To examine CAl memory engram cell reactivation following recall,

among dSub and EC5 projecting subpopulations, we tagged CAI engram cells formed during

CFC encoding using a virus cocktail of c-Fos-tTA and TRE-ChR2-eYFP (Liu et al., 2012), while

simultaneously labeling CAl cells projecting to dSub or medial EC5 with CTB555. One day

after training, we quantified the overlap between recall-induced cFos in CAl and CAl engram
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cells that were retrogradely labeled (Figures 51-5L). Strikingly, dSub-projecting CAI engram

cells showed higher cFos reactivation following memory retrieval compared to EC5-projecting

CAl engram cells (Figure 5M). Next, following CFC recall, we measured cFos activation levels

in the basolateral amygdala (BLA), which plays crucial roles in fear memory encoding and recall

(Hall et al., 2001). Terminal inhibition of the dSub-EC5 circuit, but not the dCA1->EC5 circuit,

decreased cFos levels in the BLA (Figure 5N), further indicating that the direct and indirect

dCAI output circuits have differential functional roles in memory retrieval.

In Vivo Calcium Imaging of dCA1 and dSub Neurons

We also investigated activation of dSub and dCA1 pyramidal cells in response to training and

recall by monitoring in vivo calcium (Ca 2+) transients using a miniaturized microendoscope

(Kitamura et al., 2015; Sun et al., 2015; Ziv et al., 2013). For this purpose, Cre-dependent

GCaMP6f virus was injected into the dSub of FN1-Cre mice to specifically express the Ca2+

indicator in dSub cells (Figure 6A, and see Figures S6A-S6B). As expected, expression of

GCaMP6f was restricted to dSub, with no expression in CAl neurons in these mice (Figures 6B,

6D). Similarly for dCAI neurons, GCaMP6f virus was injected into the dCA1 of dCA1 -specific

WFS1-Cre mice (Kitamura et al., 2014, and see Methods) (Figures 6C, 6E). With the open field

paradigm (Figures S6C-S6G, and see Movies S1-S2), CAl neurons showed homogeneous

activation profiles, whereas dSub neurons displayed two types of activation profiles (Geva-Sagiv

et al., 2016; Sharp and Green, 1994; Staff et al., 2000; Taube, 1993): short-tail cells whose

profiles were similar to those of CAI cells, and long-tail cells in which the post-stimulation

activity persisted as long as 15 s (Figures 6F-6G). Consistent with a previous study (Sharp and

Green, 1994), dSub neurons exhibited place fields, which were larger in both types of dSub cells

compared to CAI pyramidal cells (Figure 6H, and see Figure S6H).
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Next, we investigated Ca2+ activity patterns as mice went through the CFC paradigm

(Figure 61, and see Figures S61-S6K). CAl showed an increased percentage of active cells during

both training and recall periods compared to the pre-footshock period in the context in which a

footshock was subsequently delivered. The dSub neurons showed an increased percentage of

active cells during recall compared to the pre-footshock or training periods, and no significant

difference of active cell percentages was observed between the latter two periods (top row,

Figure 61). We then divided the training and recall periods into two epochs-non-freezing (NF)

and freezing (F)-in order to differentiate an effect of the animal's movement state (Ranck,

1973) on the proportion of active cells. During training, the proportion of active CAl cells was

greater during F epochs compared to the NF epochs, whereas these proportions were similar

during recall. In contrast, the proportions of active dSub cells were greater during recall

compared to training regardless whether the mice were in F or NF epochs. We then subdivided

active dSub cells into short-tail and long-tail cells, and found that the proportion of active short-

tail cells were greater during recall compared to training regardless whether mice were in F or

NF epochs. In contrast, the proportion of active long-tail dSub cells was greater specifically

during recall-induced F epochs, compared to the other three types of epochs (bottom row, Figure

61). Together, and consistent with the behavior and cFos activation experiments, these data

demonstrate distinct contributions of dCA1 and dSub cells to memory encoding and memory

recall, respectively.

DISCUSSION

It has been established that CAl and Sub serve as the major output structures of the hippocampus

(O'Mara, 2006); however, the functional role of Sub in hippocampus-dependent episodic

memory has remained elusive. Here, we have shown that optogenetic inhibition of dSub during
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recall, but not during encoding, impairs behavioral performance in three hippocampal-dependent

memory paradigms: CFC, trace fear-conditioning, and conditioned place preference. The activity

of dSub neurons is capable of regulating memory recall bidirectionally: its inhibition impairs

recall and its activation enhances recall. To our knowledge, this is the first identification of the

specific causal role of dSub neurons in episodic memory recall.

Previously, lesions (Morris et al., 1990) as well as optogenetic inhibition (Goshen et al.,

2011) showed that in rodents, neuronal activity in the CA1 subfield is necessary for both the

encoding and retrieval of long-term memories. In this study, we employed optogenetic inhibition

of specific terminals of CAl cell projections and found that the CAI-dSub circuit is crucial for

memory recall but not for encoding, whereas the CA1-EC5 circuit is crucial for memory

encoding but not for recall. Supporting this role of the CAl-dSub circuit is the finding that

inhibition of the downstream dSub terminals in medial EC5 also impairs memory recall

selectively. Together, these data indicate that the hippocampal output pathways are functionally

segregated: episodic memory encoding uses primarily the direct dCA1-EC5 circuit, while

episodic memory retrieval uses primarily the indirect dCA1-dSub-->EC5 circuit. The functional

dissociation between these two dCA 1 output circuits is especially striking given that a significant

proportion of dCA1 neurons projecting to dSub and EC5 are overlapping, and that the overall

difference in cFos activation levels between dCA1 neurons projecting to dSub versus EC5 during

either training or recall epochs is approximately 2% of all dCAl cells. Further, it is intriguing

that we found that about 20% of dCAl engram cells, those projecting to EC5, are not reactivated

by memory recall and thus do not contribute to this behavioral epoch. What could be the purpose

of these dCA1 engram cells? We speculate that these engram cells are the stable holder of the
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original memory, which are undisturbed by a retrieval process, and contribute to the generation

of engrams in downstream regions, such as remote memory engram cells in the prefrontal cortex.

The dSub neurons displayed two types of activation profiles-short-tail cells and long-

tail cells. These cells may correspond to the previously reported non-bursting cells and bursting

cells (Geva-Sagiv et al., 2016; Sharp and Green, 1994; Staff et al., 2000; Taube, 1993).

Interestingly, the proportion of active long-tail dSub neurons is greater specifically during recall-

induced freezing epochs compared to training-induced freezing epochs. This may be because

activation of long-tail cells requires more powerful drive than short-tail cells, and because such a

potent drive may be provided only by reactivation of previously formed CAI engram cells by

recall cues (Tonegawa et al., 2015), and not by activation of naYve CAl cells which occurs

during training.

What advantages would the distinct circuits for memory encoding and recall provide?

One possible merit may be related to episodic memories with negative valence. Fear memory

retrieval by conditioned cues induces not only an instinctive fear response (anxiety, avoidance,

freezing, etc.), but also an increase in blood stress hormones that organizes multiple body

systems to prepare the animal for a predicted immediate danger (Kelley et al., 2009). While a

recent study showed that an area of the rodent's olfactory cortex plays a key role in the hormonal

component of the instinctive fear response to volatile predator odors (Kondoh et al., 2016),

neural circuits responsible for triggering both episodic memory retrieval and retrieval-induced

stress hormone responses have remained unknown. In this study, we have identified two neural

circuits originating from dSub that independently regulate freezing behavior and stress hormone

responses to conditioned cues: the dSub-+EC5 circuit mediates appropriate freezing behavior

during memory retrieval, while the dSub-MB circuit is crucial for memory retrieval-induced
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stress responses via bed nucleus of the stria terminalis (BNST) and the hypothalamic

corticotropin hormone-releasing neurons (Herman et al., 1998). The preferential activation of

long-tail dSub neurons by recall cues may contribute to a sustained enhancement of hormonal

release from these downstream areas (Bourque et al., 1993). It has been known that

glucocorticoid hormone synthesis is enhanced during memory consolidation (Roozendaal, 2002).

Similarly, the retrieval-induced enhancement of CORT may promote memory reconsolidation

triggered by recall. Therefore, the Sub-MB pathway may regulate memory retrieval-based

emotions and together with the Sub--EC5 pathway that controls the retrieval-based instinctive

fear response, would allow for more flexible actions that improve the animal's survival during

challenging events in nature.

Another possible merit of distinct circuits for encoding and retrieval of memory may be

to perform rapid memory updating. When a new salient stimulus (such as footshock) is delivered

while a subject is recalling a previously acquired memory, the original memory is known to be

modified (or updated) by incorporating the concurrently delivered salient stimulus. The

diverging followed by converging CAl-+dSub-EC5 and CAl-+EC5 circuits seem to be ideal

for this mnemonic processing: the content of the previously formed memory is retrieved by dSub

and a stimulus transmitted directly from CAl will be co-delivered to EC5 to make a new

association resulting in memory updating. It has previously been suggested that such memory

updating takes place in the PECFC paradigm by converting the previously acquired contextual

memory to a context-dependent fear memory (Lee, 2010). Our findings, that in the PECFC

paradigm, conversion of a contextual memory to a context-dependent fear memory is impaired

by either the inhibition of dSub-EC5 terminals targeted to the short (8 sec) context recall period,

or inhibition of CAl -EC5 terminals targeted to the period when an association of the recalled
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context memory with footshock takes place, supports the crucial role of dSub in memory

updating.

Our study is on hippocampus-dependent episodic (or episodic-like) memories, which

involves information processing by the hippocampus and other medial temporal lobe structures.

Additional work is required to examine whether distinct circuits for encoding and retrieval is a

property shared by brain regions responsible for the formation of non-episodic memories, which

would involve structures other than the temporal lobe. In this context, it is interesting that a

recent study with a worm (Caenorhabditis elegans) showed that aversive long-term memory

formation and retrieval are carried out by distinct neural circuits (Jin et al., 2016). Therefore, it is

possible that distinct circuits for long-term memory formation versus retrieval may be an

evolutionarily conserved feature in many species that are capable of learning. With regards to

cognitive disorders, it is widely believed that subiculum is among the earliest brain regions

affected in Alzheimer's disease patients (Hyman et al., 1984). Our findings contribute to a better

understanding of neural mechanisms underlying episodic memory formation and may provide

insights into pathological conditions affecting memory retrieval.
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Figure 1. Genetic targeting of dSub neurons using FN1-Cre mice

(A) FN1-Cre mice were injected with a Cre-dependent virus expressing eYFP into dSub.

(B) Cre+ dSub neurons (eYFP, green) do not overlap with dCAl excitatory neurons (labeled with

WFS1, red). Sagittal image (left), higher magnification image of boxed region (right). Dashed

white line denotes CAl/dSub border (right).

(C, D) Cre+ dSub neurons (eYFP, green), in sagittal sections, express the excitatory neuronal

marker CaMKII (red; C). Over 85% of all CaMKII+ neurons in the dSub region also expressed

eYFP (n = 3 mice). Images are taken with a 20x objective. Cre dSub neurons do not express the

inhibitory marker GAD67 (red; D). White arrows indicate GAD67+ cell bodies (D). Images are

taken with a 40x objective. See also Figure SlA. DAPI staining in blue.

(E-K) Medial to lateral (ML, in millimeters relative to Bregma) sagittal sections show that eYFP

signal is restricted to dSub neurons. DAPI staining (blue). No eYFP signal was observed in

ventral subiculum (vSub) or medial entorhinal cortex (MEC). Dashed white line denotes

perirhinal cortex/MEC border (J, K).
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Figure 2. Input-output organization of dSub excitatory neurons

(A) Monosynaptic retrograde tracing of dSub inputs used a Cre-dependent helper virus (tagged

with eGFP) combined with a rabies virus (RV, mCherry) injected into dSub of FNI-Cre mice.

Avian leukosis and sarcoma virus subgroup A receptor (TVA) and rabies glycoprotein (G).

(B, C) Representative ipsilateral sections confirmed efficient overlap of helper and RV-infected

dSub neurons. Sagittal image (left; B), higher magnification images of boxed region (right; B).

Quantification revealed that 78% of dSub cells, relative to DAPI+ neurons, were RV-positive (n

= 4 mice), which is the starting population for retrograde tracing. Both ipsilateral and

contralateral sagittal sections revealed that dorsal CAl provides the major input to dSub Cre+

neurons (C).

(D) Inputs to dSub Cre+ neurons were quantified based on percentage of neurons in the target

brain region relative to DAPI+ neurons (n = 4 mice). Ipsilateral (Ipsi) and contralateral (Contra)

counts. Parasubiculum (PaS), retrosplenial agranular cortex (RSA), MEC layers 11/III (MEC

II/III), nucleus of the diagonal band (NDB), nucleus accumbens shell (Acb Sh), and thalamic

nuclei (Thal Nucl).

(E) FN 1 -Cre mice expressing ChR2-eYFP (Cre-dependent virus) in dSub neurons were used for

CLARITY followed by light sheet microscopy (top). 2.5 mm optical section in sagittal view

shows projections to RSA and mammillary bodies (MB, bottom).

(F) Whole-brain, stitched z-stack (horizontal view) shows all major projections from dSub Cre+

neurons including RSA, MB, EC5, and postrhinal cortex (Pos).

(G, H) Standard sagittal brain sections of FN1-Cre mice expressing ChR2-eYFP (Cre-dependent

virus) in dSub neurons showing dSub projections to EC5 and Pos (G), as well as medial and

lateral MB (H).

(I-M) Representative standard sagittal brain sections showing dSub neuronal populations

projecting to MB (red, CTB555; I) or EC5 (green, CTB488; J). The respective CTB was injected

into MB or EC5. Overlap image (K). Quantification, including weakly labeled CTB+ neurons,

revealed that 81% of dSub cells were double positive (n = 4 mice). Scale bar in panels I-J applies
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to panel K. Dashed white line denotes CAl/dSub border. Higher magnification images of boxed

regions indicated in Figure 2K (L-M).
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Figure 3. Differential roles of dSub projections in hippocampal memory retrieval and

retrieval-induced stress hormone responses

(A, B) FN1-Cre mice were injected with a Cre-dependent virus expressing eArch3.0-eYFP into

dSub. Optogenetic inhibition of dSub neurons during contextual fear conditioning (CFC) training

had no effect on long-term memory (n = 12 mice per group; A). Inhibition of dSub neurons

during CFC recall impaired behavioral performance (n = 12 mice per group; B). A two-way

ANOVA followed by Bonferroni post-hoc tests revealed a behavioral epoch-by-eArch

interaction and significant eArch-mediated attenuation of freezing (A-B: F1,44 = 5.70, P < 0.05,

recall). For dSub optogenetic manipulation experiments, injections were targeted to dSub cell

bodies and the extent of virus expression is shown in Figures 1 E- 1K.

(C) Terminal inhibition of dSub projections to EC5 (bottom left), but not MB (bottom right),

disrupted CFC memory recall (n = 11 mice per group). A two-way ANOVA followed by

Bonferroni post-hoc tests revealed a dSub terminal-by-eArch interaction and significant eArch-

mediated attenuation of freezing (Fi,40 = 7.63, P < 0.01, dSub->EC5 terminals).

(D) FN1-Cre mice were injected with a Cre-dependent virus expressing ChR2-eYFP into dSub.

Optogenetic activation of dSub-->EC5 terminals during CFC memory recall increased freezing

levels (left), which was not observed in a neutral context (middle) or using no shock mice (right,

n = 10 mice per group).

(E) Inhibition of dSub->EC5 terminals during trace fear conditioning (TFC) recall decreased

tone (Tn)-induced freezing levels (n = 12 mice). A two-way ANOVA followed by Bonferroni

post-hoc tests revealed a behavioral epoch-by-eArch interaction and significant eArch-mediated

attenuation of freezing (E and Figure S4A: F 44 = 7.11, P < 0.05, recall). Pre-tone baseline

freezing (Pre). Recall-induced freezing levels during individual tone presentations (left panel),

averaged freezing levels during the two light-off tones and the two light-on tones (right panel).

(F) Inhibition of dSub->EC5 terminals during cocaine-induced conditioned place preference

(CPP) recall impaired behavioral performance (n = 14 mice per group). Behavioral schedule

(left, top part). Average heat maps showing exploration time during pre-exposure and recall trials

(left, bottom part). Dashed white lines demarcate individual zones in the CPP apparatus. Pre-
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exposure preference duration (right, top graph) and recall preference duration (right, bottom

graph). Saline (S or Sal), cocaine (C or Coc). A two-way ANOVA followed by Bonferroni post-

hoc tests revealed a drug group-by-eArch interaction and significant eArch-mediated attenuation

of preference duration (Fu5 2 = 5.16, P < 0.05, cocaine). For CPP training inhibition, see Figure

S4D. NS, not significant.

(G) Stress hormone: Terminal inhibition of dSub projections to MB, but not EC5, following CFC

memory recall tests decreased stress responses as measured by corticosterone (CORT) levels.

Optogenetic activation of dSub-->MB terminals following CFC memory recall increased CORT

levels (n = 10 mice per group). Context (ctx). CORT levels in CPP paradigm are shown in Figure

S4E.

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P <

0.01, ***P < 0.001. Data are presented as mean SEM.
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Figure 4. Projection from CA1 to EC5 is crucial for encoding, but not for retrieval, of

hippocampal memories

(A-C) Retrograde monosynaptic identification of dCAl neurons projecting to dSub (in FN1-Cre

mice) using a Cre-dependent helper virus combined with a rabies virus (RV). The extent of RV-

positive dSub cells, which is the starting population for retrograde tracing, is shown in Figure

2B. Simultaneous retrograde monosynaptic identification of dCA1 neurons projecting to EC5

using CTB. DAPI (blue; A), RV-mCherry (red; B), CTB488 (green; C). Representative sagittal

sections, dashed white line denotes CA1/CA2 border.

(D-F) Higher magnification images of boxed regions indicated in Figure 4C.

(G) Percentage of dCA1 neurons labeled with mCherry (dSub only), CTB488 (ECS only), or

mCherry and CTB double positive (dSub+EC5, n = 4 mice). Dashed line indicates chance level

(6%), calculated from a control experiment (Figures S5A-S5H, and see Methods). One-sample t

tests against chance level were performed.

(H) Representative sagittal sections of hippocampus from TRPC4-Cre mice showing dCA1

neurons labeled with a Cre-dependent histone H2B-GFP virus (green, bottom) and stained with

DAPI (blue, top).

(I, J) TRPC4-Cre mice were injected with a Cre-dependent virus expressing eArch3.0-eYFP into

dCA1. Terminal inhibition of CAl -EC5 during CFC training impaired long-term memory (n =

10 mice per group; I). Inhibition of CAl ->EC5 terminals during CFC recall had no effect on

behavioral performance (n = 10 mice per group; J). A two-way ANOVA followed by Bonferroni

post-hoc tests revealed a behavioral epoch-by-eArch interaction and significant eArch-mediated

attenuation of freezing (I-J: F1,36 =9.19, P < 0.01, training).

(K, L) Terminal inhibition of CAI1->dSub during CFC training had no effect on long-term

memory (n = 13 mice per group; K). Inhibition of CAl-'->dSub terminals during CFC recall

disrupted behavioral performance (n = 13 mice per group; L). A two-way ANOVA followed by

Bonferroni post-hoc tests revealed a behavioral epoch-by-eArch interaction and significant

eArch-mediated attenuation of freezing (K-L: F1,48 = 5.16, P < 0.05, recall).
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(M, N) Memory updating. Experimental schedule (top) for pre-exposure mediated contextual

fear conditioning (PECFC) with optogenetic terminal inhibition of CAI ->EC5 (using TRPC4-

Cre mice; M) and dSub--EC5 (using FN1-Cre mice; N) during the pre-footshock period (left

panels) or footshock period alone (right panels) on Day 2. Freezing levels during recall tests

(Day 3) to the conditioned context (bottom). eYFP and eArch conditions (n = 12 mice per

group). NS, not significant. Immediate shock (Imm. shk). A two-way ANOVA followed by

Bonferroni post-hoc tests revealed a behavioral epoch-by-eArch interaction and significant

eArch-mediated attenuation of freezing (M: F1,44 = 9.81, P < 0.01, recall in right panel; N: F1,44 =

4.75, P < 0.05, recall in left panel).

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P <

0.01. Data are presented as mean SEM.
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Figure 5. Distinct cFos activation patterns in CA1 and dSub neurons

(A) Virus-mediated cFos+ neuronal labeling strategy using a cocktail of c-Fos-tTA and TRE-

H2B-GFP (left). Wild-type mice raised on doxycycline (DOX) food were injected with the two

viruses bilaterally into CAl and dSub (right).

(B) Behavioral schedule and H2B-GFP labeling (see Methods). Beige shading indicates animals

are maintained on DOX food.

(C-E) Representative sagittal section of hippocampus showing H2B-GFP-labeled cell bodies

(green) in CAl and dSub counterstained with DAPI (blue), following CFC training (C). Boxed

regions in C are shown in higher magnification for CAl (D) and dSub (E). Dashed white line

denotes CAl/dSub border (E).

(F) H2B-GFP+ (cFos+) cell counts in CAl (left) and dSub (right) from home cage, CFC training

(encoding), and CFC recall groups (n = 6 mice per group). NS, not significant.

(G) Ratio of recall to training H2B-GFP+ neurons in CAl and dSub (cell counts from Figure 5F).

A ratio of 1.0 indicates comparable H2B-GFP+ counts during training and recall epochs.

Statistical comparison used a Fisher's exact test.

(H) Overlap between CFC-induced cFos and CAl neurons projecting (labeled by CTB555) to

dSub (left) or EC5 (right). Representative overlap images are shown in Figures S5K-S5N.

Dashed lines indicate chance levels (n = 5 mice per group, see Methods). One-sample t tests

against chance level were performed (#P < 0.05).

(I-M) Wild-type mice raised on DOX were used for these experiments. Representative coronal

section of CAl showing DAPI staining (I), CFC training-induced cFos-positive engram cells

labeled with a cocktail of c-Fos-tTA and TRE-ChR2-eYFP (J), cFos antibody staining following

CFC recall tests performed one day after training and engram labeling (K), and CAl neurons

projecting to either dSub or EC5 visualized by retrograde CTB555 labeling (L). The circled

region with a single asterisk (*) shows an engram cell that is cFos- but CTB555+ and the region

with two asterisks (**) shows an engram cell that is cFos+ and CTB555+. White arrows show

additional examples of CAl engram cells that are both cFos+ and CTB555+. Overlap of recall-
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induced cFos, CAI engram cells labeled during training, and circuit specific CAl projection

neurons (n = 6 mice per group; M).

(N) Representative coronal section of basolateral amygdala (BLA) showing cFos activation

following memory recall (left). cFos+ cell counts (n = 6 mice per group) in BLA following

natural recall, and recall with eArch inhibition of the CAI ->EC5 or dSub-,EC5 circuits (right).

TRPC4-Cre mice were used for CAl circuit manipulations and FN1-Cre mice were used for

dSub circuit manipulations.

Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P <

0.01. Data are presented as mean SEM.
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Figure 6. dSub neurons exhibit enhanced neuronal activity during hippocampal memory

retrieval

(A-C) Implantation of a microendoscope right above dSub of FN1-Cre mice (A) or dCA1 of

WFS1-Cre mice. For dCA1, the medial region along the proximodistal axis was targeted (see

also Figures S6A-S6B). Calcium (Ca2+ ). Representative sagittal sections of hippocampus from

FN1-Cre (B) and WFS1-Cre (C) mice showing GCaMP6f-labeled cells (green) and DAPI

staining (blue).

(D, E) Representative maximum intensity projection images, as seen through the

microendoscope camera, of dSub neurons expressing GCaMP6f (D) or CAI neurons expressing

GCaMP6f (E) acquired during a 30 min recording session in an open field arena (see Methods).

(F, G) Representative Ca2+ traces of CAl cells (left, labeled in E) and two types of dSub cells

(middle and right, labeled in D) from the open field paradigm (F), and cell type quantification (n

= 759 CAI cells, n = 428 dSub short tail cells, n = 371 dSub long tail cells, n = 4 mice per group;

G). See also Figure S6C.

(H) Representative place field Ca2+ events (red dots, left panels) and heat maps (right panels) for

CAI and dSub cells (cell counts in Figure 6G), along with quantification. See also Figure S6D

and Methods. ND, not detected.

(I) Ca2+ activity during CFC. Pre-footshock levels (Pre). Percentage of active cells (see Methods)

during Pre, training, and recall tests (top), including non-freezing (NF) and freezing (F) epochs

(bottom), in CAI and dSub (n = 550 CAl cells, n = 429 dSub short tail cells, n = 203 dSub long

tail cells, n = 3 CAl mice, n = 4 dSub mice). Within session NF and F comparisons used paired t

tests. Comparisons across sessions used a two-way ANOVA with repeated measures followed by

Bonferroni post-hoc tests. See also Figures S6E-S6G.

For statistical comparisons, *P < 0.05, **P < 0.01. Data are presented as mean SEM.
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MEMORY RESEARCH

Engrams and circuits crucial forcr e
systems consolidation of a memory
Taknshi Kitamura,* Sachie K. Ogawa,'* Dheeraj S. Roy,"* Teruhiro Okuyana,1

Mark D. Morrissey,' Lillian M. Smith," Roger L. Redondo, 1 ,2t Susumu Tonegawa 1,2t

Episodic memories initially require rapid synaptic plasticity within the hippocampus for
their formation and are gradually consolidated in neocortical networks for permanent
storage. However, the engrams and circuits that support neocortical memory consolidation
have thus far been unknown. We found that neocortical prefrontal memory engram cells,
which are critical for remote contextual fear memory, were rapidly generated during initial
learning through inputs from both the hippocampal-entorhinal cortex network and the
basolateral amygdala. After their generation, the prefrontal engram cells, with support
from hippocampal memory engram cells, became functionally mature with time. Whereas
hippocampal engram cells gradually became silent with time, engram cells in the
basolateral amygdala. which were necessary for fear memory, were maintained. Our data
provide new insights into the functional reorganization of engrams and circuits underlying
systems consolidation of memory.

within the hippocampal-entorhinal cor-
emories are thought to be initially storedtex (HPC-EC) network (recent memory)
and, over time, slowly consolidated with-
in the neocortex for permanent storage

(remote memory) (1-7). Systems memory consol-
idation models suggest that the interaction be-
tween the HPC-EC network and the neocortex
during and after an experience is crucial (8-12).
Experimentally, prolonged inhibition of hippo-
campal or neocortical networks during the consol-
idation period produces deficits in remote memory
formation (13-15). However, little is known regard-
ing specific neural circuit mechanisms underlying
the formation and maturation of neocortical mem-
ories through interactions with the HPC-EC
network. Using activity-dependent cell-labeling
technology (16-18), combined with viral vector-
based transgenic, anatomical (19,20), and opto-
genetic strategies (19, 21) for circuit-specific
manipulations and in vivo calcium imaging (22),
we investigated the nature and dynamics of
neocortical and subcortical memory engram cells
[a population of neurons that are activated by
learning, have enduring cellular changes, and
are reactivated by a part of the original stimuli
for recall (18)] and their circuits for systems
consolidation of memory.

We first traced entorhinal projections to frontal
cortical structures [the medial prefrontal cortex
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and Brain and Cognitive Sciences, Massachusetts Institute of
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(PFC), caudal anterior cingulate cortex (cACC),
and retrosplenial cortex (RSC)] involved in con-
textual fear memory, as well as to the basolateral
amygdala (BIA), with injections of the retrograde
tracer cholera toxin subunit B-Alexa555 (here-
after, CTB injections) into these regions (fig. SI).
CTB injections resulted in labeling in the me-
dial entorhinal cortex (MEC), specifically in cells
in layer Va (Fig. 1, A to D and H, and fig. S2, A to
D), indicating that MEC-Va cells have extensive
projections to the neocortex and BIA (23). We
then sought to inhibit these specific projections
by bilaterally injecting adeno-associated virus 8
(AAV)-calcium/calmodulin-dependent protein
kinase II (CaMKII):eArchT-enhanced yellow
fluorescent protein (eYFP) in the deep layers
of the MEC in wild-type (WT) mice with bilat-
erally implanted optic fibers above the PFC, cACC,
or RSC (Fig. 1, E and J, and fig. S2G). Expres-
sion of eArchT-eYFP was abundant in MEC-Va
terminals located in each of these regions (Fig.
1, B and I, and fig. S2D). These mice were then
subjected to contextual fear conditioning (CFC)
while we delivered green light bilaterally to the
different cortical areas that have MEC-Va pro-
jections during either the conditioning period
(day 1) (fig. S2E) or the recall test period (days 2,
8, 15, and 22) (fig. S2F). Axon terminal inhibi-
tion with optogenetics of MEC-Va cells within
the PFC during day 1 of CFC disrupted mem-
ory at days 15 and 22, but not at days 2 or 8
(Fig. IF). Terminal inhibition during memory
recall tests did not affect memory retrieval (Fig.
1G). Last, terminal inhibition in the cACC or RSC
during CFC or recall had no effect on memory
throughout these periods (Fig. 1, J to L, and fig.
S2, G to I).

The above results suggest that MEC-Va input
into the PFC during CFC is crucial for the even-

tual formation of remote memory. This hypoth-
esis was supported by several findings. First,
CFC increased the number of c-Fos+ cells in the
PFC compared with that in the PFC of home-
cage mice (Fig. 1, M to 0), whereas context-only
exposure did not increase c-Fos activity in the
PFC (Fig. 10). Second, optogenetic terminal in-
hibition of MEC-Va projections within the PFC
during CFC inhibited the observed increase of
c-Fos* cells in the PFC (FIg. 10). Last, we identified
CFC engram cells in the PFC. We targeted in-
jections of AAV 9 -c-fos:tetracycline-controlled
transactivator (tTA) and AAV9-tetracycline re-
sponse element (TRE):cbannelthodopsin-2 (ChR2)-
mCherry (Fig. 1, P and Q) and optic fibers to
the PFC of WT mice and labeled the PFC cells
activated by CFC with ChR2 while the mice were
off doxycycline (Fig. IR). Blue light stimulation
at 4 Hz, but not at the conventional 20 Hz, of
ChR2-mCherry-expressing cells in the PFC in-
duced increased freezing behavior on days 2
and 12 in an unconditioned context (Fig. IS and
fig. S3), compared with freezing under the blue
light-off condition. This blue light-induced freez-
ing was prevented when MEC-Va fibers in the
PFC were inhibited during CFC on day 1 (Fig. 1,
T and U, and fig. S4). Using transsynaptic re-
trograde tracing combined with the activity-
dependent cell labeling, we confirmed that the
PFC engram cells generated by CFC received mono-
synaptic input from MEC-Va cells (Fig. 1, V to X,
and fig. S5).

To examine whether PFC engram cells are also
reactivated by the conditioned context (rather
than by blue light) at recent and remote time
points, we targeted injections of AAVs-TRE:human
histone H2B-green fluorescent protein (H2B-
GFP) to the PFC of c-fos:tTA transgenic mice
(Fig. 2A). The mice underwent CFC on day 1 and
then were reexposed to the conditioned (con-
text A) or an unconditioned (context B) con-
text on days 2 or 13 (Fig. 2B). Cells activated by
CFC were labeled with H2B-GFP, and the cells
activated by the context test were labeled with
a c-Fos antibody; we calculated the proportion
of double-labeled cells (Fig. 2, A to B, and fig.
S6B). Compared with H2B-GFP- cells, H2B-GFP-
cells (PFC engram cells) were preferentially re-
activated in context A on day 13, but not on day 2
(Fig. 2C). There was no difference in c-Fos ex-
pression between H2B-GFP' and H2B-GFP- cells
when mice were tested in context B (Fig. 2C). We
also found that the spine density of the PFC en-
gram cells on day 12 was significantly higher
than on day 2 (Fig. 2, D and E, and fig. S7), in
line with previous findings of a positive cor-
relation between the dendritic spine density of
memory engram cells and memory expression
triggered by natural recall cues (24-26).

To test whether PFC engram cells are nec-
essary for memory recall by natural cues, we
bilaterally targeted injections of AAV9 -c-fos:
tTA and AAV9-TRE:ArchT-eGFP (Fig. 2, D and
F) and optic fibers to the PFC of WT mice and
labeled the PFC engram cells that were activated
by CFC with ArchT while the mice were off
doxycycline (Fig. 2F). Cell body inhibition of the
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Fig. . MEC-Va input to the PFC during conditioning is crucial for gen-
eration of PFC engram cells. (A) CTB injection into the PFC (left) and
sagittal section of the MEC with CTB-labeled cells (red) (right). AP, anterior
posterior; C, caudal; R, rostral; D, dorsal; V, ventral. (B) AAV 8-CaMKII:eArchT-
eYFP injection into the MEC (left) and coronal sections of PFC with MEC-Va
axons expressing eYFP (green) (right). rACC, rostral ACC; PL, prelimbic
cortex. (C and D) Sagittal section of MEC with CTB-labeled cells (red),
immunostained with anti-PCP4 (green) and anti-NeuN (blue). PCP4 is a
marker for layer IlIl and Vb cells in MEC. The images were produced following
CTB injection into the BLA. (E and J) Viral injections and optic fiber im-
plantations. (F and G) Time courses (D, day) of freezing during recall tests.
Green light was shone into the PFC during conditioning (F) or testing (G).
(H) CTB injection into caudal ACC (cACC) (left) and sagittal section of the
MEC with CTB-labeled cells (red) (right). (I) AAVB-CaMKII:eArchT-eYFP injec-
tion into the MEC (left) and coronal sections of cACC with MEC-Va axons (green)
(right). (K and L) Time courses of freezing during recall tests. Green light was

shone into the cACC during conditioning (K) or testing (L). (M) Experimental
schedule. (N) Coronal section of PFC with anti-c-Fos (green). HC, home cage;
CFC, contextual fear conditioning. (0) Percentages of c-Fos* cells in the PFC of
the HC, context exposure (CTX), CFC with eYFP, and CFC with eArchT groups.
(P) Virus-mediated engram cell labeling with ChR2. (Q) Coronal section of PFC
with ChR2-mCherry (red). (R and T) Experimental schedules. (S and U) Av-
eraged freezing for blue light-off and blue light-on epochs. (V) Retrograde
transsynaptic labeling with activity-dependent cell labeling. (W) Sagittal
section of MEC with rabies virus-specific mCherry (red). (X) Distribution of
212 mCherry' cells in the MEC. *P < 0.05; unpaired t test compared with eYFP
[(F), (G), (K), and (L)], one-way analysis of variance (ANOVA) with Tukey-Kramer
test (0), or paired t test [(S) and (U)]. Graphs show means SEM (in the bar
graphs, circles and red lines represent individual animals). Lightning bolt, foot-
shock; polyA, polyadenylation signal; DAPI, 4',6-diamidino-2-phenylindole; "A"
context A (conditioned context); "B", context B (unconditioned context); OFF-
Dox, off doxycycline; ON-Dox, on doxycycline.

PFC engram cells by green light during retrieval
did not affect recent memory (day 2); however,
at the remote time point (day 12), memory re-
trieval was disrupted compared with the green
light-off condition (Fig. 2F).

To further investigate the characteristics of
PFC engram cells, we monitored transient cal-
cium (Ca2*) events in PFC cells in vivo. WT mice
were injected with AAV-human synapsini (Syn):
GCaMP6f in the PFC and implanted with a
micro-gradient-index (GRIN) lens targeting the
PFC (Fig. 2, G to I, and fig. S8) (22,27). On day 1,
mice were first exposed to context B, followed
by CFC in context A. Mice were then reexposed
to both contexts in the same order on days 2

and 15 (Fig. 2J). The averaged frequency of Ca2+
events in PFC cells did not significantly change
in either a time- or context-dependent manner
(fig. S9B). However, a small but significant diffe-
rence was revealed in the cumulative distribu-
tion curves of a rate difference index (assessing
context selectivity; see the methods) between
day 1 conditioning and day 15 recall and between
day 2 recall and day 15 recall (fig. S9C). PFC cells
did not appear to discriminate between the two
contexts on day I before footshock presentation
(Fig. 2, K and L). However, after footshock pre-
sentation, about 11% of cells showed a significant
increase in Ca2 . transients [shock-responding (SR)
cells] (Fig. 2, K and L). The remaining ~89% of

PFC cells did not respond to the shocks [shock-
nonresponding (SNR) cells]. The SR cells were
less active than the SNR cells during exposure
to contexts B and A on day 1 before footshock
presentation (Fig. 2, L to N, and fig. S9D). During
recall, the transient Ca2

+ activity of SR cells in
context A was significantly higher compared with
that in context B on day 15, but not on days 1 or
2, whereas the frequency of Ca2

+ transient events
in SNR cells remained constant, irrespective of
context (Fig. 2, M and N). This produced a sig-
nificant rate difference index of Ca2+ activity for
context A between the SR and SNR cells on
day 15 but not on day 1 (excluding the shock de-
livery period) or day 2 (Fig. 20). These results,
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combined with c-Fos activation data (Fig. 1, M
to 0), suggest that the SR cells may be the PFC
memory engram cells, given that the generation
of the PFC engram cells requires both context
exposure and footshocks.

Our calcium imaging data suggest that foot-
shock stimulus input into the PFC is crucial for
the generation of PFC engram cells. Because the
BLA integrates footshock information arriving
from the thalamus (28) and projects to the PFC
(figs. S51 and S10), we optogenetically inhibited
the pathway from the BLA to the PFC during
CFC (Fig. 2P). Optogenetic inhibition of BLA
terminals in the PFC during CFC disrupted the
generation of PFC engram cells (Fig. 2Q). The
terminal inhibition during CFC also inhibited
remote memory formation (Fig. 2R).

To test whether the HPC engram cells play
a crucial role in the functional maturation of

0

0

no
E

4-o

0

I.

CFC with eArchT groups. (R) Time courses of freezing during recall tests. *P < 0.05; unpaired t test
(E), paired t test [(F), (M), and (N)], or one-way ANOVA with Tukey-Kramer test (Q). Graphs show

PFC engram cells during the systems consol-
idation process, we bilaterally targeted injection
of AAV 9 -TRE:tetanus toxin light chain (TeTX)
or AAVg-TRE:eYFP (as a control) to the hippocam-
pal dentate gyrus (DG) of c-fos:tTA transgenic
mice (Fig. 3A). When the mice were subjected
to CFC, DG engram cells were labeled with TeTX.
DG engram cell labeling with TeTX caused a
robust inhibition of DG engram cell output, as
revealed by greatly reduced immunoreactivity of
vesicle-associated membrane protein 2 (VAMP2)-
which is essential for activity-dependent neuro-
transmitter release from presynaptic terminals
(13)-within the stratum lucidum in hippocampal
CA3 in mice that were off doxycydine, compared
with that in mice that were on doxycycline (Fig.
3, B and C). In TeTX-expressing mice, optogenetic
activation of DG engram cells with ChR2 failed to
produce the increase in CA3 c-Fos+ cells that was

observed in eYFP control mice relative to home-
cage controls (Fig. 3D). TeTX expression in HPC
engram cells inhibited the reactivation of PFC
engram cells, compared with that in the eYFP
control group, during exposure to context A
12 days after CFC (Fig. 3, E and F). TeTX ex-
pression also blocked the increase in the den-
dritic spine density of PFC engram cells that
was observed in the eYFP group (Fig. 3G). In
vivo calcium imaging revealed that TeTX ex-
pression in HPC engram cells after CFC blocked
the increase in the context discrimination index
in SR cells in the PFC (Fig. 3H and fig. S11).

To investigate the postconsolidation fate of
HPC engram cells, we crossed c-fos:tTA trans-
genic mice with TRE:H2B-GFP transgenic mice
(29), subjected them to CFC, then reexposed
them to context A (the conditioned context) or
context B (an unconditioned context) on day 2
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Fig. 3. HPC engram
cells support the
maturation of PFC
engram cells and
become silent with
time. (A) DG engram
cell labeling with
TeTX. (B and C) Sag-
ittal sections of HPC
with anti-VAMP2
(red). The yellow box
indicates the area of
magnification (right).
s.r., stratum radiatum;
s.l., stratum lucidum.
(D) Percentages of
c-Fos' cells in hippo-
campal CA3 of the
HC, blue light-on
mice with eYFP, and
blue light-on mice
with TeTX. (E) Experi-
mental schedule.
(F) Percentages of
c-Fos' cells in H2B-GFP
and H2B-GFP- cells in
the PFC of eYFP- and
TeTX-expressing mice.
(G) Dendritic spines
from PFC engrams
(top) and cumulative
probability of the spine
density of PFC
engrams in eYFP- and
TeTX-expressing mice
(bottom). (H) Experi-
mental schedule (top)
and averaged Ca2+
event frequency of
SNR and SR cells
under the TeTX-
expressing condition
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or 13 (Fig. 3, I to K). Compared with the non-
engram cells, DG engram cells were preferen-
tially reactivated in context A on day 2, but not
on day 13 (Fig. 3L). No difference was observed
in the activation of DG engram and non-engram
cells by context B (Fig. 3L). We were unable to
maintain labeled DG engram cells with ChR2
beyond 12 days with injection of AAV9-TRE:
ChR2-mCherry. To extend this technical limit,
we targeted injections of AAV1,5, 8,9-TRE:CCre,
AAV1, 8,9 -TRE:NCre, and AAV-elongation factor
la (EF1a):ChR2-mCherry to the DG of c-fos:tTA
transgenic mice (Fig. 3M). We could thus extend
viable labeling by a few days (Fig. 3N). The spine
density of DG engram cells on day 15 was signi-
ficantly reduced compared with that on day 5
(Fig. 30 and fig. S12). On both days 5 and 15,

optogenetic activation of DG engram cells induced
freezing behavior (Fig. 3, P and Q).

Last, we investigated the role of MEC-Va pro-
jections into the BIA in recent and remote mem-
ory (Fig. 4A and fig. S2A). Inhibition of MEC-Va
terminals in the BLA during CFC disrupted
contextual fear memory formation. Retrieval
was impaired at all time points tested (Fig.
4B). When terminal inhibition was restricted
to retrieval, recent memory tested on days 2 and
8 was impaired, but remote memory retrieval
on days 15 and 22 was unaffected (Fig. 3C). In
contrast, inhibition of PFC engram cell termi-
nals in the BLA did not impair memory retrieval
on day 2 but did impair memory retrieval on
day 12 (Fig. 4, D and E). To investigate whether
the BLA fear memory engram cells formed on

day 1 are maintained and used for PFC engram-
dependent remote memory recall, we subjected
the double transgenic mice (Fig. 4, F and I) to
CFC and reexposed them to context A at recent
or remote time points (Fig. 4G). BLA engram
cells were reactivated equally well by context
A at recent and remote time points (Fig. 4H).
Similarly, BLA cells activated by recent recall
were reactivated equally well by reexposure
to context A at recent and remote time points
(Fig. 4, J and K).

In this study, we found that PFC memory
engram cells for CFC were rapidly formed during
day 1 training through inputs from both the
MEC-Va and the BLA, but they were not re-
trievable with natural recall cues. The imma-
ture PFC engram cells functionally, structurally,
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Fig. 4. BLA engram cells are maintained throughout
consolidation but with a switch of the recall circuit.
(A) Viral injections and optic fiber implantations (left) and
coronal sections of BLA with MEC-Va axons expressing
eYFP (green) (right). (B and C) Time courses of freezing
during recall tests. Green light was shone into the BLA
during conditioning (B) or testing periods (C). (D) Viral
injections and optic fiber implantations (left) and coronal
sections of BLA visualizing axons of PFC engram cells
(green) (right). (E) Averaged freezing for green light-off

and green light-on epochs during recall testing. (F and I) BLA engram cell labeling with H2B-GFP. (G and J) Experimental schedules. (H and K) Percentages
of double-labeling with c-Fos and H2B-GFP in the BLA compared with the calculated chance percentages. (L) A new model for systems consolidation of
memory. *P < 0.05; unpaired t test [(B), (C), (H), and (K)] or paired t test (E). Graphs show means SEM.

and physiologically matured during the subse-
quent few weeks, and this process required in-
puts from HPC engram cells, presumably through
the MEC-Va. In contrast to their formation on
day 1, retrieval of the PFC engram at a remote
time did not require MEC-Va input. HPC engram.
cells that formed during training became silent
with time; they were not retrieved on day 14 by
natural recall cues but were still reactivatable
optogenetically for recall. However, fear mem-
ory BLA engrams that formed during training
were functionally maintained, even after the
consolidation-mediated switch in recall circuits
(Fig. 4L).

Our model (Fig. 4L) introduces the concept that
the prefrontal memory engram is already gener-
ated, albeit in an immature form, on day 1 of
training through inputs from both the HPC-EC
network and the BLA (Fig. 1). The standard
model (1, 2, 4, 6, 7, 11) hypothesizes that remote
memory is formed in the cortex by a slow trans-
fer of hippocampal memory. In contrast, in our
study, the role of the hippocampus in cortical
memory is in the rapid generation of immature
engram cells in the PFC during training and in
the subsequent functional maturation of these
preexisting engram cells (Fig. 2). The immature
PFC engram may correspond to the cortical "tag-
ging" suggested in an earlier study (14). In a
previous study, the BLA was found to be crucial
for both recent and remote fear memory ex-
pression (30). Our results demonstrate an over-
lapping set of BLA engram cells for both recent
and remote fear memory retrieval, which were

quickly formed during training (Fig. 4). How-
ever, the source of input into the BLA engrams
for retrieval shifts from the MEC-Va at recent
time points to the PFC engram at remote time
points (Fig. 4L). The route through which con-
textual stimuli activate the mature PFC engram is
unknown. Most likely, the information processed
in a variety of sensory cortices reaches the PFC
via the thalamus (31). Supporting this idea, PFC
engram cells receive monosynaptic input from
both the medial-dorsal and anteromedial thala-
mus (fig. S5).

Our finding of the lasting hippocampal engrams
(Fig. 3Q) is consistent with multiple trace the-
ory (5, 11). However, at the postconsolidation
stage, the hippocampal engrams were not ac-
tivatable by natural recall cues, but rather by
optogenetic stimulation. A similar state of hip-
pocampal engrams has previously been observed
in anisomycin-induced amnesia (24) and mouse
models of early Alzheimer's disease (26), and
the early (day 2) PFC engram cells showed a Sim-
ilar property (Figs. IS and 2C). Although we
did not determine how long after encoding
this "silent state" of the hippocampal engram
lasts, we speculate that the hippocampal en-
gram eventually loses the original memory in-
formation (29, 32, 33). Alternatively, the silent
engram cells may still participate in the suc-
cessful remote recall of discrete episodic de-
tails (5, 11).

As in previous studies (18,20,29), we observed
that training resulted in widespread neuronal
activation in the neocortex, including the ACC

and RSC. However, whereas the activation of
PFC neurons is crucial for formation of remote
memory, MEC-Va input into the cACC or RSC is
dispensable for this process. For remote memo-
ry, the PFC may thus have a distinctive role in
integrating multiple sensory information stored
in various cortical areas (11). Last, our data show
that the remote memory expressed by the PFC
engram is conditioned-context specific, suggest-
ing that it is episodic-like.
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