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Abstract

Memories in the brain are encoded by sparse ensembles of neurons within the memory
engram. However, it remains unclear whether these neurons are functionally identical or
can be divided into distinct subpopulations that encode distinct aspects of the memory
and differently drive memory outputs. In this study, we found that contextual fear
memory engrams in the mouse dentate gyrus (DG) contained functionally distinct
neuronal ensembles, genetically defined by the Fos- or Npas4-dependent transcriptional
pathways. The Fos-dependent ensemble promotes memory generalization and receives
enhanced excitatory synaptic inputs from the medial entorhinal cortex. The Npas4-
dependent ensemble mediates memory discrimination and receives enhanced inhibitory
synaptic drive from local cholecystokinin-expressing interneurons. Moreover, acute
deletion of Npas4 disrupted inhibitory synaptic transmission and memory discrimination,
suggesting that activity-dependent genes like Npas4 and Fos play causal roles in the
formation of memory engrams. Taken together, our findings support a working model in
which neuronal ensembles within engrams undergo distinct learning-induced synaptic

modifications and drive memory-guided behaviors differentially.
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Chapter 1 - Introduction

1.1. Understanding the Engram: Marr’s Three Levels of Analysis

Memory refers to the ability to retain information of past experience (Eysenck, 2012; Gluck et al.,
2016; Sherwood, 2015; Squire, 2009b). It is essential for all organisms to survive, because future
actions are strongly influenced by memories for the past (Dudai, 2004; Kandel et al., 2014;
Nairne and Pandeirada, 2016; Staddon, 2016; Thompson, 1986). The capacity to learn and
memorize is also the basis for human intelligence, as it is indispensable for high-level cognitive
functions such as language, decision making, and self-conscienceless (Eysenck, 2012; Griggs,
2010; Johnson and Hasher, 1987; Tulving, 1985). Therefore, studying the neurobiology of
memory is key to our understanding of the brain. It is also critical for the development of
potential therapeutic treatments for memory disorders such as amnesia (Cole et al., 2016;
Ostergaard, 1987; Squire and Zola, 1998) and Alzheimer Diseases (Burns and Iliffe, 2009; Morris
and Kopelman, 1986; Souchay and Moulin, 2009). Besides, recent years witnessed a growing
interest in neuroscience-inspired artificial intelligence (Bell, 1999; Cox and Dean, 2014; Hassabis
et al., 2017). Understanding how the biological memory system learns would shed light on the
development of advanced machine learning algorithms (Kumaran et al., 2016; Marblestone et al.,
2016; Richards et al., 2019).

In order to understand the memory system, an essential question needs to be asked first:
where and how are memories stored in the brain? Identifying the neural substrate of memories,
the so-called memory engram (Semon, 1921), is therefore the very first step to understand
memory processing in the brain. It’s believed that memories are stored as biophysical or
biochemical changes elicited by learning (Josselyn and Tonegawa, 2020; Semon, 1921), and
decades of research have been trying to locate engrams in the brain. Early studies in rodents

found that ablating different parts of the brain all resulted in disrupted spatial memories,



suggesting that engrams were distributed in a large-scale brain network (Bruce, 2001; Lashley,
1950b). Later studies further pinpointed key brain regions, such as the hippocampus, that are
involved in the storage of long-term episodic memories (Milner, 1972; Scoville and Milner, 1957;
Squire, 2009a). It was found that patients with hippocampal lesion were able to acquire motor
skills, but failed to form new episodic memories (Penfield and Milner, 1958). To understand how
memories are stored in individual neurons, Donald Hebb proposed the influential idea that
memories are formed through the synaptic potentiation among ensembles of neurons that fire
together during learning (Hebb, 1949). In support of this idea, learning-induced synaptic
plasticity has been found essential for forming long-term memories (Andersen et al., 2017; Bear
and Abraham, 1996; Bliss and Lemo, 1973; Martin et al., 2000). Recent studies further identified
the sparse populations of neurons within the engram (Han et al., 2007; Josselyn and Tonegawa,
2020; Mayford, 2014; Reijmers et al., 2007). These neurons are shown to be activated by the
learning experience (Deng et al., 2013; Guenthner et al., 2013b; Reijmers et al., 2007), undergo
long-lasting synaptic modifications (Choi et al., 2018; Ryan et al., 2015), and mediate the
expression of encoded memories (Cai et al., 2016; Han et al., 2009; Liu et al., 2012; Yokose et al.,
2017). Taken together, it’s generally believed now that an engram comprises sparse populations
of neurons across the memory-related circuits, and these engram neurons encode individual
episodes of memories (Josselyn and Tonegawa, 2020; Tonegawa et al., 2015a).

Although significant progress has been made to localize the engram into specific
neuronal populations, many aspects of the engram remain enigmatic (Denny et al., 2017; Josselyn
and Tonegawa, 2020). How is an engram formed? Why certain neurons, but not others, are
recruited into the engram? How does an engram guide our future behaviors? Substantial works
are needed to further understand the neural substrates of memories. David Marr argued that a
complex system, such as the brain or a computer, should be understood at three levels:
computational theories, representation and algorithm, and hardware implementation (Marr,

1982). Here we suggest that memory engrams should also be analyzed according to Mart's



tripartite view. The memory engram may be better understood by studying it at the computational,
representation/algorithm, and implementation levels.

1) At the first level, the computational goals of engrams need to be understood. Why do
we need a memory system? What does an engram do? From an evolution perspective, the primary
goal of an engram is to store past information for the purpose of guiding future actions (Johnson
and Hasher, 1987; Pavlov, 1926; Robinson et al., 2013; Rubin et al., 2014). Importantly, in real-
life situations, the same memories often need to drive various kinds of memory-guided actions
based on the particular situation (Ghirlanda and Enquist, 2003; Staddon, 2016). Therefore, it’s
critical to understand how an engram supports different forms of adaptive behaviors (Nairne and
Pandeirada, 2016; Pavlov, 1926).

2) At the representation/algorithm level, how does the engram accomplish its functions,
for example, driving adaptive behaviors? Questions at this level are often difficult to address due
to the complexity of the engram (Josselyn et al., 2015; Lashley, 1950a; Thompson, 2005).
Episodic memories involve various forms of information including time, space, events,
knowledge, and relationships, which are all represented together in a single engram (Eichenbaum,
2004; Josselyn et al., 2015; Lashley, 1950b; Vetere et al., 2017). It’s therefore necessary, from a
reductionist point of view, to dissect the engram into individual functional components (Mallory
and Giocomo, 2018; Tanaka and McHugh, 2018b). An exciting direction of the field is to
understand how individual neurons within the engram encode information and drive memory
outputs.

3) Lastly, What are the biological implementations that are needed to form an engram?
What are the cellular and synaptic processes that store long-lasting memories? There have been
two learning-related processes that are mostly studied: synaptic plasticity and activity-dependent
gene expression. Synaptic plasticity has been suggested to be the primary mechanism underlying
memory formation (Bliss and Lemo, 1973; Nakazawa et al., 2004; Whitlock et al., 2006), but the

specific synaptic modifications onto the memory engram remain largely unclear. Besides,
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forming long-term memories requires de novo activity-dependent gene expression (Alberini and
Kandel, 2015; Bear et al., 2007; Schafe and LeDoux, 2000). However, the molecular processes
underlying the emergence of engram neurons are yet to be understood. Questions at this level are
particularly important from a translational perspective, as identifying the molecular and synaptic
mechanisms of memory may lead to the discoveries of new therapeutic targets for memory-

related disorders (laccarino et al., 2016; Roy et al., 2016; Ryan et al., 2015).

1.2. The Computational Level: Flexible Memory Expression

In contrast to computer memory whose primary goal is to faithfully encode and retrieve the
original information, one unique objective of biological memory is to flexibly drive behavioral
output in novel situations (Eichenbaum, 2004; Gluck et al., 2016; Staddon, 2016). As natural
stimuli in an ever-changing environment rarely reoccur in identical forms, it is more critical for us
to apply past knowledge to new situations rather than to remember the exact original scene
(Ghirlanda and Enquist, 2003; Pearce, 1994; Robinson et al., 2013). For example, if an animal
forms a fear memory through encountering a predator (Figure 1.1), the chance that the animal
would run into the same predator at the same place again is very low. Therefore, an adaptive
memory system should be able to function flexibly and inform the animal to run away when it
encounters a similar, even though not the same, predator (e.g., another lion). This example
demonstrates the flexible nature of biological memory. Generating situation-dependent behaviors
based on past memories is one of the fundamental goals of our memory systems (Eichenbaum,
2004; Gluck et al., 2016; Pavlov, 1926).

However, flexibly memory expression involves trade-offs. For example, expression of
encoded memories is constantly challenged by a fundamental dilemma: the need to apply the
learned knowledge under similar circumstances (memory generalization), and the necessity to

differentiate non-identical stimuli based on the original experience (memory discrimination)
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(Dunsmoor and Paz, 2015; Dymond et al., 2015; Ghirlanda and Enquist, 2003; Pearce, 1994). For
example, an animal learned that the lion is dangerous needs to generalize the fear memory to a
similar predator, such as a cheetah or a tiger; but also be able to tell the difference between these
predators with a cat (Figure 1.1). Discrimination and generalization are like the two sides of the
same coin, and they need to be delicately balanced during memory expression (Dunsmoor and
Paz, 2015; Ghirlanda and Enquist, 2003; Johnston et al., 2016; Pearce, 1994). A similar
discussion can be found in Pavlov’s early studies on conditioned reflexes: “generalization of
stimuli can be interpreted from a biological point of view...(but) now the question can now be
discussed as to how the discrimination of external agencies arise” (Pavlov, 1926). The imbalance
between the two, for example, maladaptive generalization, could lead to brain disorders such as
posttraumatic stress disorder (PTSD) and panic disorders (Bonne et al., 2004; Dunsmoor and Paz,
2015; Kheirbek et al., 2012a).

What are the internal and external factors that influence an animal’s memory
discrimination and generalization? Like other memory-related processes, the discrimination-
generalization balance is strongly modulated by internal factors including emotional state
(Jasnow et al., 2017; Kuhn et al., 2016), circadian rhythms (Koch et al., 2017), genetic
background (Temme et al., 2014), and gender (Keiser et al., 2017; Lynch et al., 2013). These
factors affect memory expression likely through the close interaction between the memory system
(e.g., hippocampus, amygdala) and non-memory systems that control motivation, homeostasis,
and decision-making (e.g., thalamus, hypothalamus, and prefrontal cortex). As for external
factors, either stronger conditioning or the passage of time can lead to stronger memory
generalization and/or weaker memory discrimination (Poulos et al., 2016; Wiltgen and Silva,
2007). It’s therefore conceivable that, in order to drive memory output in a situation-dependent
manner, it’s critical to integrate multiple external and internal factors together to determine the

discrimination-generalization balance.
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Original stimulus  Similar stimulus Distinct stimulus

Cheetah Cat

Figure 1.1. Flexible Memory Expression: the Balance between Discrimination and
Generalization.

During learning, the zebra forms a fear memory towards the predator, a lion. An adaptive
memory system allows the zebra to generalize the fear memory to a similar predator, a cheetah
(memory generalization), but also differentiate a cat from potential predators (memory
discrimination).
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In summary, a computational goal of the memory system is to generate flexible memory
outputs. Maintaining the balance between discrimination and generalization is critical for
adaptive memory expression and avoiding maladaptive conditions, but the underlying neural

processes remain largely unclear.

1.3. The Representation Level: Heterogeneity within a Memory Engram

At the representation level, how does the memory representation support adaptive memory
expression? Memories are believed to be represented by sparse populations of neurons within the
memory engram (Josselyn et al., 2017; Mayford, 2014; Tonegawa et al., 2015a), but it remains
unclear how individual neurons within the engram contribute to flexible memory expression.
Memory engrams are generally assumed to be homogenous entities, as in most of the studies,
neurons within engrams are characterized and manipulated together as homogenous populations
(Caietal., 2016; Garner et al., 2012; Han et al., 2009; Liu et al., 2012; Ryan et al., 2015).
However, theoretical studies suggest that functional heterogeneity within a single engram could
be advantageous for efficient information encoding (Mejias and Longtin, 2012; Meyers et al.,
2008; Osborne et al., 2008). More importantly, functionally distinct subunits within an engram
are postulated to favor flexible memory expression, as these subunits would allow memory output
to be fine-tuned by individual modules (discrimination vs. generalization) (Eichenbaum, 2017;
Mallory and Giocomo, 2018; Tanaka and McHugh, 2018b). Nevertheless, experimental evidence
that supports functional heterogeneity within the engram has been lacking.

Recent studies using large-scale electrical recordings and calcium imaging found that
neurons showed heterogeneous activity patterns during learning (Grewe et al., 2017; Karlsson and
Frank, 2008; Tanaka and McHugh, 2018a). During spatial memory formation, neurons in the
medial entorhinal cortex (MEC) exhibited different spatial firing patterns and could be subdivided

into grid cells, head direction cells, and border cells (Hardcastle et al., 2017; Moser et al., 2008).
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Furthermore, neurons in the amygdala form distinct subgroups that were preferentially activated
during either the expression or the extinction of the associative fear memory (Herry et al., 2008).
These results together support the existence of functionally distinct neuronal subpopulations
within an engram.

In addition to exhibiting distinct firing patterns, engram neurons are differentially
modulated by learning (Grewe et al., 2017; Suvrathan and Raymond, 2018). In a tone fear
conditioning task, neurons initially responding to the conditioned tone underwent “bi-directional
plasticity”: they showed either enhanced or reduced response towards the tone after learning
(Grewe et al., 2017). In the hippocampus, neurons encoding the spatial memory can be classified
as “rigid cells”, whose activity did not change much before or after learning, and “plastic cells”,
which gained substantial firing specificity in their place fields (Grosmark and Buzséki, 2016). It’s
conceivable that the roles played by these neuronal subpopulations are likely to be different.
However, the functional significance of them in driving memory-guided adaptive behaviors
remains unclear.

Taken together, recent findings support an emerging view that the memory engram is not
a homogeneous entity. Instead, a single engram may contain neural subpopulations with distinct
properties, activity patterns, and functions (Ghandour et al., 2019; Grewe et al., 2017; Mallory
and Giocomo, 2018). Nevertheless, causal evidence for functional heterogeneity within a single
engram is still lacking. It’s yet to be examined whether the observed heterogeneity is an
epiphenomenon. Besides, it is also unknown how individual neuronal ensembles can be
distinguished within an engram, and how they engage different neural mechanisms to modulate

memory-guided adaptive behaviors.

1.4. The Implementation Level: Diversity of Activity-dependent Pathways

15



If there are indeed functionally distinct neuronal ensembles, what are the differences between
them at the cellular and synaptic levels? At the implementation level, how is the memory system
designed in a way to support heterogeneous engram populations and flexible memory expression?

The existence of functionally distinct neuronal ensembles is strongly implied by the
diversity of activity-dependent pathways, which have been individually used to tag neuronal
ensembles (Figure 1.2). Neuronal ensembles within memory engrams are typically identified with
genetically encoded activity reporters based on activity-dependent pathways (e.g. Fos, Arc, Egrl)
(Barth et al., 2004; Deng et al., 2013; Guenthner et al., 2013a; Kawashima et al., 2013; Reijmers
et al., 2007; Serensen et al., 2016), which have traditionally been used as proxies of neuronal
activity (Guzowski et al., 2005; Hunt et al., 1987). Importantly, these activity-dependent
pathways are known to be functionally diverse, implying that the neurons defined by them may
be different (Flavell and Greenberg, 2008; Renier et al., 2016; Sun and Lin, 2016).

First, the cellular functions of individual activity-dependent pathways are very different.
Fos, Npas4, and Egrl are transcription factors that activate large-scale downstream gene
networks (Flavell and Greenberg, 2008; Kim et al., 2010). Arc and Homer are synaptic proteins
that directly regulate synaptic transmission (Diering et al., 2017; Shepherd and Bear, 2011). Other
activity-dependent genes encode secreted proteins, such as BDNF, IGF, and Nptx2, which
mediate the communication between neurons (Bambah-Mukku et al., 2014; Chang et al., 2010;
Mardinly et al., 2016). Given these diverse cellular functions, it’s conceivable the roles of
activity-dependent genes in learning and memory may not be identical.

Next, activity-dependent pathways are induced differently by extracellular and sensory
stimuli. While activity-dependent genes such as Fos and Arc are broadly induced by various
extracellular stimuli such as neurotrophic factors and PKA-dependent pathways, other genes like
Npas4 are selectively induced by neuronal activity (Lin et al., 2008; Ramamoorthi et al., 2011).
Besides, each activity-dependent gene is induced by stimulation with specific temporal patterns

(Fields et al., 1997; Tyssowski et al., 2018). For example, activity-regulated genes such Pcskl/
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Cellular functions Activity-dependent genes

Transcription factors Fos
D ! «— Npas4

Egr1

Synaptic proteins

Arc
:GD: T Homer1

Nptx2
Secreted proteins

—
Q QQ +«—— BDNF

IGF1

Synaptic plasticity

Long-term potentiation (LTP)

=S

Long-term depression (LTD)

Inhibitory synaptic plasticity

il

Figure 1.2. Activity-dependent Pathways Have Diverse Cellular and Synaptic Functions.

Some of the well-known activity-dependent genes along with their cellular and synaptic functions
are listed. At the cellular level, activity-dependent genes function as transcription factors,
synaptic proteins, or secreted proteins. At the synaptic level, they regulate various forms of
synaptic plasticity, including LTP, LTD, homeostatic plasticity, and inhibitory synaptic plasticity.
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and Crem are selectively induced by sustained, but not brief, visual stimulation (Tyssowski et al.,
2018). Furthermore, rewarding and aversive experiences differentially triggered the expression of
individual activity-dependent genes, and the expression patterns of them could be used to robustly
decode the experience (Mukherjee et al., 2018). Sensory stimulation induced Fos and Npas4
expression in distinct populations of neurons in the somatosensory cortex (Renier et al., 2016).
Npas4 in the nucleus accumbens was induced in a subset of Fos' neurons during cocaine-context
learning (Taniguchi et al., 2017). These diverse induction patterns of activity-dependent pathways
may due to their different upstream signaling cascades related to activity regulators like CREB,
MEF2, and SRP (Flavell and Greenberg, 2008; Kuzniewska et al., 2016). Overall, these findings
together suggest that the diverse activity-dependent pathways may define different neuronal
ensembles. Nevertheless, it’s also known that in some cases activity-dependent genes are highly
co-expressed in the same neurons (Lonergan et al., 2010; Stone et al., 2011).

Lastly, activity-dependent pathways have diverse synaptic functions. Activity-dependent
genes have been extensively studied for their roles in synaptic plasticity such as long-term
potentiation (LTP), long-term depression (LTD), and homeostatic plasticity (Figure 1.2) (Bear
and Abraham, 1996; Bliss and Lemo, 1973; Turrigiano and Nelson, 2004). Fos, Egrl, BDNF, and
IGFI have all been suggested to mediate LTP at excitatory synapses (Bozdagi et al., 2013;
Fleischmann et al., 2003; Korte et al., 1995; Penke et al., 2014). Homerl and Nptx2 are required
for homeostatic regulation of excitatory synapses in response to activity perturbation (Chang et al.,
2010; Diering et al., 2017). Arc is required for homeostatic plasticity (Béique et al., 2011), but it
also mediates mGluR-dependent LTD through long-term increases in AMPA receptor
endocytosis rate (Park et al., 2008; Waung et al., 2008). Npas4, on the other hand, preferentially
regulates inhibitory synapses (Bloodgood et al., 2013; Lin et al., 2008). The diverse synaptic
functions of activity-dependent genes imply that these genes may initiate various forms of

synaptic modifications onto the neuronal subpopulations defined by them.
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1.5. The Overarching Hypothesis: Functionally Distinct Ensembles within the
Engram

Based on the existing evidence at the computational, representation, and implementation levels,
we reason that there may be functional heterogeneity within a single memory engram.
Functionally distinct neuronal subpopulations within the memory representation would favor
flexible memory expression, and may be implemented through the diverse activity-dependent
pathways induced in individual ensembles of neurons. Therefore, we decided to directly test the

following two hypotheses in this study:

1) The memory engram is heterogeneous and can be dissected into functionally distinct
neuronal ensembles.
2) Distinct synaptic and circuit modifications associated with individual neuronal

ensembles support their differential roles in flexible memory expression.

Taking advantage of the diverse activity-dependent pathways, we first aim to develop
different activity-dependent reporters to tag multiple neuronal ensembles and study their causal
roles in flexible memory expression (Chapter 2) (Sun et al., 2020). To understand how these
ensembles differentially drive memory outputs, we subsequently study the synaptic and circuit
properties of each ensemble (Chapter 3). Lastly, at the molecular level, we investigate the causal
roles of activity-dependent pathways in the formation of memory engram (Chapter 4). In the end,
a working model is proposed to provide insights on how neuronal ensembles within the memory

trace emerge and support memory-guided adaptive behaviors (Chapter 5).
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Distinct Neuronal Ensembles within the Memory Engram
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Chapter 2 - Distinct Neuronal Ensembles within the Memory
Engram

2.1 Abstract

Memories are believed to be encoded by sparse ensembles of neurons within the memory engram.
Although individual memory engrams are generally assumed to be homogeneous entities,
theoretical studies suggest that functional heterogeneity within each engram could be
advantageous for efficient information encoding and flexible memory expression. In this study,
we directly investigated the functional heterogeneity within contextual fear memory engrams in
the mouse dentate gyrus (DG). We engineered activity-dependent reporters to identify two
neuronal ensembles that are genetically defined by the Fos- or Npas4-dependent transcriptional
pathways, respectively. The Fos-dependent ensemble exhibits comparable activity levels in
similar contexts and promotes memory generalization. The Npas4-dependent ensemble shows
differential activity between similar contexts and is required for memory discrimination. These
findings provide causal evidence for functional heterogeneity within the memory engram, and

reveal neuronal mechanisms regulating the discrimination-generalization balance.
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2.2. Introduction

Memory engrams, representing individual memories, are the long-lasting biological changes that
take place in the brain to encode specific experiences (Josselyn et al., 2015; Lashley, 1950a;
Semon, 1921; Thompson, 2005). Recent studies suggest that a memory engram contains a sparse
population of neurons that are activated by the specific learning experience (Josselyn et al., 2015;
Tonegawa et al., 2015a). These neurons undergo long-lasting synaptic modifications (Choi et al.,
2018; Ryan et al., 2015) and play causal roles in the expression of encoded memories (Cai et al.,
2016; Han et al., 2009; Liu et al., 2012; Yokose et al., 2017). However, a fundamental question
remains unclear: whether neurons within a single memory engram are functionally homogeneous,
as generally assumed, or heterogeneous, as hypothesized to allow different aspects of a memory
to be individually represented and regulated (Ghandour et al., 2019; Mallory and Giocomo, 2018;
Richter et al., 2016; Tanaka and McHugh, 2018b), which would favor flexible memory
expression in an ever-changing environment (Eichenbaum, 2004; Xu and Sudhof, 2013).
Interestingly, heterogeneous firing patterns among active neurons have been observed during
learning by electrical recording and calcium imaging (Ghandour et al., 2019; Grewe et al., 2017;
Grosmark and Buzsaki, 2016; Hardcastle et al., 2017). Nevertheless, it remains unknown whether
individual memory engrams can be dissected into discrete neuronal ensembles that are
functionally distinct. To answer this question, we first need to develop methods to define these
neuronal ensembles, and then determine if they play different roles in the behavioral outputs
associated with the encoded memory.

Active neuronal ensembles in memory engrams have been identified using genetically
encoded activity reporters based on activity-dependent pathways (e.g. Fos, Arc, Egrl) (Barth et
al., 2004; Guenthner et al., 2013a; Reijmers et al., 2007). Here we directly examine the
functionalities of neuronal ensembles defined by two transcriptional pathways downstream of the

IEGs Fos and Npas4, both of which are highly induced by learning but likely trigger distinct
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synaptic changes in activated neurons (Flavell and Greenberg, 2008; Sun and Lin, 2016). The
widely used activity marker Fos mediates long-term potentiation of excitatory synapses
(Fleischmann et al., 2003). Npas4, a neuron-specific IEG that is selectively activated by neuronal
activity, differs from Fos in that it preferentially recruits inhibitory synapses, or sometimes
diminishes excitatory synapses, onto excitatory neurons (Lin et al., 2008; Weng et al., 2018).
These different synaptic functions of Fos and Npas4 strongly suggest that the ensembles they
define may be functionally distinct.

To investigate the functionalities of the Fos- and Npas4-dependent ensembles, we focus on
the dentate gyrus (DG) of the hippocampus and the roles of these ensembles in memory
discrimination and generalization, opposed processes that must be balanced appropriately to
differentiate between different stimuli (Frankland et al., 1998; Grosso et al., 2018; van Dijk and
Fenton, 2018) yet also allow recognition of shared features (Dunsmoor and Paz, 2015; Wiltgen
and Silva, 2007). The discrimination-generalization balance is critical to adaptive learning and
avoiding maladaptive conditions such as post-traumatic stress disorder (PTSD) (Mahan and
Ressler, 2012) and panic disorder (Kheirbek et al., 2012b). The DG has traditionally been
believed to mediate memory discrimination (Leutgeb et al., 2007; McHugh et al., 2007; Treves
and Rolls, 1994), but recent studies suggest that this region can also promote memory
generalization (Hainmueller and Bartos, 2018; Nakashiba et al., 2012). Very little is known about
whether and how neuronal ensembles in the DG are involved in these processes. Here we show
that the Fos- and Npas4-dependent neuronal ensembles within the DG contextual fear memory
engram regulate memory generalization and discrimination, respectively, by engaging distinct

synaptic and circuit mechanisms.

2.3. Results
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2.3.1. Developing Fos- and Npas4-dependent RAM Reporters

To identify Fos- and Npas4-dependent ensembles, we took advantage of our previously
developed Robust Activity Marking (RAM) reporter system (Serensen et al., 2016) and created
Fos-dependent RAM (F-RAM) and Npas4-dependent RAM (N-RAM) reporters. As transcription
factors, FOS and NPAS4 exert their functions via their downstream transcriptional targets,
expression of which requires other cellular signals and co-activators in addition to the action of
the transcription factors. For this reason, we designed reporters that reflected the transcriptional
outputs of FOS and NPAS4 instead of their expression. Unlike conventional activity reporters
that use the upstream promoter region of IEGs to drive reporter genes(Barth et al., 2004; Reijmers
et al., 2007; Wang et al., 20006), the promoters in F~-RAM and N-RAM (Pg.ram and Py.ram) consist
of the consensus DNA binding sequences of FOS and NPAS4 (Figure 2.1A). Both promoters
drive the expression of reporter genes under the temporal control of a modified doxycycline
(Dox)-dependent Tet-Off system that we developed for the RAM system (Serensen et al., 2016)
(Figure 2.2A).

Prram and Pyram were first validated in primary mouse hippocampal neurons using
luciferase assays. Both Prram and Pyram were robustly activated by membrane depolarization
(Figure 2.2B), suggesting that they are regulated by neuronal activity. Prram Was activated by
various extracellular stimuli that are known to activate Fos, including neurotrophic factors (e.g.
BDNF, NT4)(Gaiddon et al., 1996; Ginty et al., 1994) and the protein kinase A activator,
Forskolin(Simpson and Mcginty, 1994). Py.ram, on the other hand, was selectively activated by
neuronal activity, recapitulating this unique properties of Npas4 (Lin et al., 2008; Ramamoorthi et
al., 2011). Overexpression of Fos, but not Npas4, drives Prram activity, whereas overexpression
of Npas4, but not Fos, activates Pyram (Figure 2.2B), indicating that Prram and Pygram are
selectively activated by the Fos- and Npas4-dependent pathways, respectively.

Like the original RAM reporter (Serensen et al., 2016), the F-RAM and N-RAM reporters

are compact enough to be packaged into a single adeno-associated virus (AAV). Cultured
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Figure 2.1. Characterization of the F~-RAM and N-RAM Reporters in vitro.

(A) The promoters of the two reporters, Prram and Pyram, were based on the existing RAM
system. Both promoters contain 4 tandem repeats of 24-bp enhancer modules and a minimal
promoter from the human FOS gene. The enhancer module in Prram contains the Activator
Protein 1 (AP1) site (TGANTCA), a consensus binding sequence for FOS/JUN family
transcription factors. The enhancer module in Py.gram contains the NPAS4 Responsive Element
(NRE) (TCGTG), a consensus binding motif for NPAS4.

(B) Experimental scheme. Cultured mouse hippocampal neurons were infected with AAVs
carrying either the F~-RAM or N-RAM reporter and a control virus (AAV-hSyn-GFP) at 7 days in
vitro (DIV), stimulated with bicuculline (Bic, 50 uM) and 4-aminopyridine (4-AP, 250 uM) at 14
DIV and harvested for immunocytochemistry and imaging at 15 DIV.

(C) Representative images showing expression of the reporters under three conditions: Stim,
stimulated with Bic and 4-AP as described above; Control, without stimulation; Stim + Dox,
same as Stim but in the presence of Dox (40 ng/mL).

(D) Quantification of the percentage of mKate2" neurons among infected neurons (AAV-hSyn-
GFP"). Both F-RAM and N-RAM were substantially induced by stimulation and inhibited by
Dox. One-way ANOVA, Dunnett’s test, n = 6 per condition.
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Figure 2.2. The F-RAM and N-RAM Reporters Selectively Capture Fos- and Npas4-
dependent Neuronal Ensembles.

(A) Design of the F-RAM and N-RAM reporters.

(B) Characterization of Prram and Pyram. Cultured hippocampal neurons were transfected with
luciferase expression plasmids and treated with various extracellular stimuli. The induction of Pr.
ram OF Pyram by various extracellular stimuli was measured by luciferase assay. One-way
ANOVA, Dunnett’s test, n = 8-9.

(C) F-RAM and N-RAM label experience-activated neuronal ensembles in vivo. Representative
images of the dorsal DG granule cell layers (GCL, dashed lines) and quantifications showing
ensembles labeled under the home cage (HC), contextual fear conditioning (CFC), CFC but on
Dox (CFC+Dox), and seizure conditions. One-way ANOVA, Tukey’s test, n = 4 per condition.

(D) F-RAM and N-RAM are dependent on endogenous Fos and Npas4, respectively.
Representative images and quantifications showing seizure-induced reporter activation in Fos and
Npas4 conditional knockout animals. Two-way ANOVA, Sidak’s test, n = 3-4.

Data are shown as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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hippocampal neurons were infected with either AAV-F-RAM-mKate2 or AAV-N-RAM-mKate2,
expressing the red fluorescence protein, mKate2, as the reporter gene. Both the F-RAM and N-
RAM reporters showed low background activation, and were robustly induced by neuronal
activity in a Dox-dependent manner (Figure 2.1D). We next used AAV-F-RAM-mKate2 or
AAV-N-RAM-mKate2 to label active neuronal ensembles in vivo in the mouse dorsal DG
following CFC (see Methods for the detailed experimental procedure). Sparsely labeled cells
were primarily located in the granule cell layer of the DG (Figure 2.2C), suggesting that they are
mostly granule cells, the principal neurons in the DG. On average, both the F-RAM and N-RAM
reporters labeled 1-2% of the granule cells, consistent with sparse activities reported in the DG
during contextual learning (Chawla et al., 2005; Jung and Mcnaughton, 1993). Both the F~-RAM
and N-RAM reporters showed low background activation in the home cage, were robustly
activated by neuronal activity induced by seizure, and were completely inhibited in the presence
of Dox (Figure 2.2C). Both reporters also labeled small populations of cells, mostly mossy cells,
in the dentate hilus regions. The number of labeled hilar cells was similar in the HC and CFC
conditions, suggesting that contextual fear learning didn’t significantly activate these reporters in
the hilus (Figure 2.3A-D).

Finally, we used Fos and Npas4 conditional knockout mice (Fos”" and Npas4™) to verify
that the activation of F-RAM and N-RAM specifically required Fos and Npas4, respectively. The
Fos and Npas4 genes were deleted in the DG (Figure 2.3F-G) by delivering AAVs expressing
DNA recombinase Cre (AAV-hSyn-Cre). F-RAM activity was largely abolished in the absence
of Fos, but not with the removal of Npas4 (Figure 2.2D). The small remaining activity of F-RAM
might be due to the recruitment of other Fos family members such as c-Jun and FosB, which can
also bind the AP1 sites in Prram (Hess et al., 2004). Npas4 deletion, but not Fos deletion,
eliminated N-RAM activity. These results suggest that the /-RAM and N-RAM reporters

specifically label Fos- and Npas4-dependent active neuronal ensembles, respectively.
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Figure 2.3. Characterization of the F~-RAM and N-RAM Reporters in the dentate hilus.

(A) F-RAM labeled comparable numbers of hilar cells under home cage (HC) and contextual fear
conditioning (CFC) conditions (Mann-Whitney test, n = 3 per group). White arrows indicate F-
RAM cells in the hilus and dashed lines outline the hilus region.

(B) N-RAM labeled comparable numbers of hilar cells under HC and CFC conditions (Mann-
Whitney test, n = 4 per group). White arrows indicate N-RAM" cells in the hilus and dashed lines
outline the hilus region.

(C) Representative images showing that F-RAM" cells co-localize with the mossy cell marker
mGluR2/3 (white arrows) but not the GABAergic interneuron marker GAD67.

(D) The majority of CFC-induced F-RAM" and N-RAM" cells in the hilus were mossy cells
(mGluR2/3", n = 3 per group).

(E) Percentage of DG cells labeled with F-RAM or N-RAM under the CFC condition that were in
the hilus (n = 3-4).

(F) Fos™™ animals were injected with AAVs expressing Cre or GFP (control) into the DG.
Seizures were induced by kainic acid (18 mg/kg) via i.p. injection and animals sacrificed 1.5
hours later to stain for FOS or NPAS4. Fos expression was abolished in Fos™™ animals infected
with Cre-expressing virus, indicating effective Fos deletion.

(G) Same as (F), but with Npas4™™ animals. Npas4 expression was abolished in Npas4™™
animals infected with Cre-expressing virus, indicating effective Npas4 deletion.

Data are shown as mean = SEM. ***p < (.001.
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2.3.2. The F-RAM and N-RAM Reporters Define Distinct Neuronal Ensembles
within the Memory Engram

We next measured co-localization between each ensemble and the Fos-expressing neurons that
have been postulated to be memory engram cells (Garner et al., 2012; Tanaka et al., 2014;
Tonegawa et al., 2015a). We used the FosTRAP mouse (Guenthner et al., 2013a), in which the
endogenous Fos promoter drives the expression of Cre™ to label Fos-expressing ensemble in
green via a Cre-dependent EYFP reporter (Figure 2.4A). The F-RAM or N-RAM ensemble was
labeled red with mKate2 (Figure 2.4B). The F-RAM and Fos-Cre"™ ensembles, both of which
should correlate with Fos expression, showed substantial (49.902 = 5.053%) co-localization
(Figure 2.4C). These data further indicate that the F-RAM and N-RAM reporters likely capture

two distinct neuronal populations.

2.3.3. The F-RAM and N-RAM Ensembles Display Distinct Activity Patterns during
Memory Recall

The distinct synaptic properties of the F-RAM and N-RAM ensembles suggested that they may
play different roles in memory expression. We therefore investigated their functions in contextual
fear memory discrimination and generalization, which are known to be mediated by the DG
(Danielson et al., 2017; Guo et al., 2018; Knierim and Neunuebel, 2016; Senzai and Buzsaki,
2017). In an adopted memory discrimination-generalization assay (Huckleberry et al., 2016;
Rozeske et al., 2018), mice were fear conditioned in context A, and exposed 24 hours later to
either the conditioned context A, an unconditioned context B very similar to A, or a highly
distinct context C (Figure 2.5A and Figure 2.6A). Strong fear responses (freezing) were observed
in the conditioned context A (Figure 2.5B). Clear fear responses were also observed in context B,
suggesting a degree of memory generalization due to the similarity of the two contexts. Memory

discrimination also occurred, however, as freezing levels in context B were significantly lower
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Figure 2.4. The F-RAM and N-RAM Ensembles are Distinct Neuronal Populations.

(A) Experimental scheme to co-label the F-RAM or N-RAM and Fos-Cre™ ensembles in Fos-
Cre™ mice. Dox was removed 48 hours before CFC to label the F~-RAM or N-RAM ensemble
(black line). Tamoxifen (TAM) was injected i.p. 24 hours before CFC to label the Fos-Cre™
ensemble (green line).

(B and C) Representative images (B) and quantification (C) showing overlap between the F-
RAM or N-RAM and Fos-Cre™® ensembles. Mann-Whitney test, n = 5 per group.

Data are shown as mean = SEM. **p < 0.01.
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Figure 2.5. The F-RAM and N-RAM Ensembles Show Distinct Activity Patterns During the
Contextual Fear Memory Discrimination-Generalization Assay.
(A) Schematic of the behavioral assay.

(B) Freezing levels during memory recall in the three contexts. One-way ANOVA, Tukey’s test,
n = 12 per group.

(C) Experimental scheme to identify recall-activated F-RAM and N-RAM ensemble neurons
using Arc expression (ARC").

(D) Representative images showing overlap (white arrows) of the labeled F-RAM" or N-RAM"
neurons and ARC" neurons.

(E and F) Percentages of the F-RAM" (E) and N-RAM" neurons (F) reactivated during memory
recall. Two-way mixed ANOVA, Tukey’s test, n = 7-9.

(G) Schematic and timeline for examination of Ca®" activity in ensemble neurons using fiber
photometry.

(H) Representative image showing the expression of GCaMP6f in the F-RAM ensemble after
CFC.

(I) Representative traces showing Ca’" activity in F~-RAM" and N-RAM " neurons.

(J) Left, F-RAM ensemble activity (AF/F) during memory recall in different contexts
(Friedman’s one-way repeated measures ANOVA, Dunn’s test, n = 14). Right, correlation
between animal’s ability to discriminate contexts A and B (Freezingj.gy(a+s)) and the difference
in F-RAM ensemble activities in these two contexts (AF/F (g.a)(a+p)); linear regression, n = 14).

(K) The same as (J), except for N-RAM (n = 19).
Data are shown as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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than in A. In context C mice displayed the basal level of freezing expected for a novel context,
indicating strong memory discrimination and minimal generalization.

To understand the roles of the F-RAM and N-RAM ensembles, we first examined their
reactivation during memory recall in the different contexts using expression of the IEG ARC
(Figures 2.5C-D). The F-RAM ensemble showed similar rates of reactivation in contexts A and B
but less in context C (Figure 2.5E), suggesting that the activity of F~-RAM neurons is not
sensitive to small differences between contexts and thus favors memory generalization. N-RAM"
neurons, however, were differentially reactivated, and, interestingly, significantly less in context
A than in B (Figure 2.5F). The higher reactivation rate of N-RAM" neurons in context B was not
an effect of novelty, because a lower rate of reactivation was observed in the entirely novel
context C. N-RAM" neurons therefore may be involved in mediating differential memory
expression in similar contexts. Similar results were obtained using FOS instead of ARC as the
activity marker (Figure 2.6C).

To confirm that the /-RAM and N-RAM ensembles were reactivated differently in vivo, we
measured their calcium (Ca®") activity during memory recall using fiber photometry (Figure
2.5G). GCaMP6f, a genetically encoded Ca*" indicator, was expressed in F-RAM" or N-RAM"
neurons after CFC (Figure 2.5H), and GCaMPo6f signals were measured when animals recalled
memories in the three contexts in random orders (Figure 2.5I). Consistent with the IEG staining,
the F-RAM ensemble showed strong and comparable Ca®" activities during recall in contexts A
and B, quantified by the averaged Ca’" signals (AF/F) during the entire recall session (Figure
2.5]). The N-RAM ensemble showed significantly less Ca*" activity in context A than in B
(Figure 2.5K). Remarkably, the difference in Ca®* activity levels between contexts A and B
(AF/FiB-aya+By) of the N-RAM, but not F-RAM, ensemble was significantly correlated with the
performance of an animal in discriminating between these two contexts (Freezingja-gya+s),

Figure 2.5K), indicating that the N-RAM ensemble is important for memory discrimination.
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Figure 2.6. The Memory Discrimination-Generalization Assay and the Activity Patterns of
the F-RAM and N-RAM Ensembles Measured by Fos Induction During the Assay.

(A) Images of contexts A, B and C.

(B) Detailed features of the three contexts. Context A is made of transparent plastic walls with a
steel grid floor for foot-shock delivery. Acetic acid (1%) is used as the odor cue. Context B shares
all features with context A except for a different floor: a soft pad insert instead of the steel grid.

Context C is a completely different chamber, with a soft padded floor and distinct odor cues
(benzaldehyde, 0.25%) and lighting.

(C) Using FOS rather than ARC as the activity marker also showed that similar percentages of /-
RAM' neurons were reactivated (FOS+) in contexts A and B, while fewer N-RAM " neurons were
reactivated during recall in context A than in B. Two-way mixed ANOVA, Tukey’s test, n = 7-9.
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These results suggest that the /~-RAM and N-RAM ensembles play different roles in regulating

the discrimination-generalization balance.

2.3.4. The F-RAM and N-RAM Ensembles Differentially Regulate the Memory

Discrimination- Generalization Balance

Based upon the previous results, we hypothesized that the F~-RAM ensemble promotes memory
generalization, while the N-RAM ensemble mediates memory discrimination. To directly test this
hypothesis, we chemogenetically manipulated the activity of F-RAM™ and N-RAM" neurons
during memory recall. By expressing the inhibitory (hM4Di) or the excitatory (hM3Dq)
DREADDs (Designer Receptors Exclusively Activated by Designer Drugs) (Roth, 2016) in the
ensemble neurons (Figure 2.6A-B), we were able to inhibit or activate their activity with the
DREADD agonist clozapine N-oxide (CNO), delivered by intraperitoneal (i.p.) injection 30
minutes before memory recall (Figure 2.6C and Figure 2.7A). In addition to measuring the
freezing levels in different contexts, we calculated discrimination indices (DIs) for contexts A and
B and contexts A and C to detect bi-directional shifts in the discrimination-generalization balance.
A larger DI indicates enhanced discrimination and/or reduced generalization, while a smaller DI
indicates enhanced generalization and/or reduced discrimination.

We found that inhibiting the F~-RAM ensemble enhanced discrimination between contexts
A and B (Figure 2.6D-E), while inhibiting the N-RAM ensemble reduced memory discrimination
(Figure 2.6F). These results suggest that the F-RAM and N-RAM ensembles shift the
discrimination-generalization balance in opposite directions. Notably, these manipulations only
affected discrimination between similar contexts (A and B), but not distinct contexts (A and C),
consistent with previous reports that the DG is primarily involved in distinguishing similar
patterns (Bernier et al., 2017; Kheirbek et al., 2013; Treves and Rolls, 1994). These behavioral

effects were not due to any non-specific effects of CNO (Figure 2.8C) or altered general
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Figure 2.7. F-RAM and N-RAM Ensembles Oppositely Regulate the Memory
Discrimination-Generalization Balance.

(A) Schematics for expression of hM4Di or hM3Dgq in ensembles.
(B) Representative image showing expression of hM4Di-mCherry in the N-RAM ensemble.

(C) Percentages of ensemble neurons reactivated during memory recall, labeled by Arc
expression (ARC"), showing that hM4Di inhibited and hM3Dq activated ensemble neurons (two-
way mixed ANOVA, Sidak’s test, n = 5 per group).

(D) Experimental scheme to probe the functions of the F~-RAM and N-RAM ensembles in
memory discrimination-generalization.

(E) Inhibition of F-RAM ensembles enhanced discrimination between contexts A and B (Veh, n
=27; CNO, n =29), but not A and C (n = 20, 23). Discrimination indices are calculated as
Freezing[(A_B)/(A+B)] or Freezing[(A_C)/(Mc)]_

(F) Inhibition of N-RAM ensembles reduced discrimination between contexts A and B (n =21,
26), but not A and C (n =13, 13).

(G) Activation of F-RAM ensembles reduced discrimination between contexts A and B (n =25,
23), and between A and C (n =21, 25).

(H) Activation of N-RAM ensembles did not affect discrimination between contexts A and B (n =
18,19), or A and C (n= 13, 14).

Two-way mixed ANOVA with Sidak’s test was used for freezing levels, Mann-Whitney test for
comparing discrimination indices, and one-sample t-test to compare discrimination indices with
zero. Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2.8. Control Experiments for Chemogenetic Manipulation of the Ensembles.

(A) Validation of DREADDs in F-RAM" cells. hM4Di inhibited and hM3Dq activated tagged F-
RAM’ cells. Animals were injected i.p. with CNO or vehicle (Veh) 30 minutes before recall in
context A. Percentages of ensemble neurons that were reactivated (ARC") were quantified (two-
way mixed ANOVA, Sidak’s test, n = 4 per group).

(B) Experimental scheme to determine the effect of CNO injection alone on memory
discrimination-generalization. AAVs expressing mCherry without DREADD (AAV-N-RAM-
mCherry) were injected into the DG and mice were subjected to the contextual fear memory
discrimination-generalization assay. CNO (4 mg/kg) and vehicle (Veh) were injected i.p. 30
minutes before memory recall.

(C) CNO and Veh groups showed similar discrimination between contexts A and B (Veh, n = 19;
CNO, n = 18), as well as A and C (n = 13, 15). Two-way mixed ANOVA with Sidak’s test was
used for the freezing levels, Mann-Whitney test for comparing the discrimination indices, and
one-sample t-test to compare discrimination indices with zero.

(D) Experimental scheme to inhibit cells that are labeled under the HC condition during memory
discrimination-generalization. Animals remained in their home cages during the off-Dox window
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to label cells activated by background activity, including hilar cells and other granule cells.
Labeled cells (hM4Di") were inhibited during memory recall.

(E) Inhibiting HC-labeled F-RAM" cells did not affect discrimination between contexts A and B
(Veh,n=9;CNO,n=9)orAand C (n=9,9).

(F) Inhibiting HC-labeled N-RAM" cells did not affect discrimination between contexts A and B
(n=10,9) or A and C (n=9, 10).

(G) Schematics for expression of the inhibitory DREADD hM4Di or excitatory DREADD
hM3Dq in Fos-expressing ensembles after CFC. Fos-expressing ensembles were labeled by
AAV-pFos-d2tTA, which uses an engineered Fos promoter to drive d2tTA.

(H) Representative image showing expression of hM4Di-mCherry in the Fos-expressing
ensemble after CFC.

(I) Experimental scheme to probe the function of the Fos-expressing ensemble in memory
discrimination-generalization.

(J) Inhibition of the Fos-expressing ensemble enhanced discrimination between contexts A and B
(Veh,n=18; CNO, n=14), butnot A and C (n=17, 14).

(K) Activation of Fos-expressing ensembles reduced discrimination between contexts A and B (n
=14, 15) and between A and C (n = 14, 15).

Two-way mixed ANOVA with Sidak’s test was used for freezing levels, Mann-Whitney test for
comparing discrimination indices and one-sample t-test to compare discrimination indices with
zero. Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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locomotion or anxiety levels, as freezing levels in context C remained similar across all
treatments. Furthermore, inhibiting the F-RAM or N-RAM ensembles labeled under the home
cage condition did not affect memory discrimination-generalization either (Figures 2.8D-F). We
also found that activation of the F-RAM ensemble by hM3Dq enhanced memory generalization
and diminished discrimination between contexts (Figure 2.7G), consistent with the idea that this
ensemble promotes memory generalization. Activation of the N-RAM ensemble, however, did
not affect discrimination (Figure 2.7H), suggesting that it is required for, but does not actively
drive, memory discrimination. Lastly, we compared the observed effects with the results of
manipluating the Fos-expressing ensemble (Figure 2.8G-I), the mostly studied ensembles within
the engram. Inhibiting the Fos-expressing ensemble enhanced discrimiation (Figure 2.8J), while
activationg it redcuded discrimiation (Figure 2.8K). Therefore, similar to the /-RAM emseble,
the Fos-expressing ensemble promotes memory generalization.

Taken together, our results indicate that the contextual fear memory engram consists of
functionally distinct neuronal ensembles, and those labeled by F-RAM and N-RAM oppositely

modulate the balance between memory discrimination and generalization.

2.4, Discussion

Here we provide direct experimental evidence for functional heterogeneity within individual
memory engrams. It suggests that a single homogeneous neuronal ensemble, for example defined
by a single IEG (Denny et al., 2014; Liu et al., 2012), likely gives an incomplete picture of a
memory engram. We show that two distinct neuronal ensembles, the F-RAM and N-RAM
ensembles, in the representations of the same memory promote opposing behavioral outputs:
memory generalization and discrimination. While the present study focuses on contextual fear
conditioning in the DG, heterogeneity of the memory engram could be a widespread phenomenon

(Grewe et al., 2017; Jun et al., 2010; Mallory and Giocomo, 2018): memory engrams can be
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composed of functional subcomponents that differentially modulate experience-dependent
behavioral outputs.

Critical questions remain regarding how many distinct ensembles there are and how best to
define them genetically. Here we have investigated ensembles associated with two pathways, but
other activity-dependent pathways such as Arc and CREB may define additional functionally
distinct subpopulations (Denny et al., 2014; Park et al., 2016). Many activity-dependent pathways
partially share upstream signaling and may be co-activated in some neurons (Lonergan et al.,
2010). Although multiple lines of evidence from our study (Figures 2.4, Figure 2.5, and Figure
2.6) indicate that the /-RAM and N-RAM ensembles in DG are distinct neuronal populations, our
data cannot exclude the possibility of some potential overlap. A challenge for the future is to
identify orthogonal sets of activity-dependent reporters that reveal distinct populations and
provide a complete description of the memory engram.

Unlike most of the activity reporters currently being used, F-RAM and N-RAM report the
transcriptional output rather than the expression of IEGs. It is conceivable that the F-RAM and N-
RAM ensembles are not identical to those defined by the promoter of Fos and Npas4, which may
partially explain the incomplete overlap between the F-RAM and Fos-Cre™ ensembles (Figure
2.4). Since transcription factors exert their functions through their downstream transcriptional
targets, reporters such as F-RAM and N-RAM monitoring transcriptional outputs may better
capture functional populations that undergo learning-induced changes.

It is also currently unknown how neurons are recruited from the general population into the
kinds of functionally distinct ensembles we describe here. Factors including intrinsic excitability
(Yiu et al., 2014; Zhou et al., 2009), connectivity (Ryan et al., 2015) and firing patterns (Tanaka
et al., 2018) have been suggested. Future work, for example using time-lapse Ca’" imaging and
single-cell sequencing, will determine whether extrinsic or intrinsic factors or a mixture of both

contribute to the formation of functionally distinct neuronal ensembles.
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In additional to the traditional role of the DG in mediating pattern separation and
discrimination (Treves and Rolls, 1994), our results strongly support the emerging view that this
region mediates both discrimination and generalization (Hainmueller and Bartos, 2018;
Nakashiba et al., 2012), possibly through different groups of cells with place-modulated firing
(Neunuebel and Knierim, 2012). It remains to be determined whether the F-RAM and/or N-RAM

ensembles are related to place cells.

Both F-RAM and N-RAM reporters labeled small numbers of hilar mossy cells, which
have been implicated by recent studies in pattern separation (Danielson et al., 2017; GoodSmith
et al., 2017; Jinde et al., 2012; Senzai and Buzsaki, 2017). However, the numbers of mossy cells
labeled, by either reporter, were similar between the HC and CFC conditions (Figure 2.3).
Although other explanations exist, given that mice were treated identically throughout the 2-3 day
window for reporter labeling except for the few minutes during which one group received CFC
treatment, a parsimonious explanation is that the reporters captured mossy cells that were active
in the home cage and CFC didn’t activate additional mossy cells. In addition, memory
discrimination-generalization was not affected when the mossy cells labeled in home cage were
inhibited (Figures 2.8D-F). These results, though could not formally exclude their involvement,
suggest that F-RAM" and N-RAM' mossy cells may not significantly affect memory
discrimination-generalization. Genetic tools that can specifically capture mossy cells activated
during contextual learning would be needed in the future to definitely define the roles mossy cells

play in memory discrimination-generalization.

2.5. Methods

Mice
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C57BL/6 male and female mice 7-11 weeks old were used for all experiments. Wildtype

flx/flx

mice were purchased from the Charles River Laboratory. Npas4 (Npas4 conditional knockout)

mice were generated previously (Lin et al., 2008) and Fos™™

(Fos conditional knockout) mice
were generously provided by Dr. Ming Xu at the University of Chicago. Gad2-Cre
(Gad2™* %" |1), CCK-Cre (Cck™" 94"y, PV-Cre (Pvalb™ “9*"/Y), SST-Cre (Sst™* 94" )
and Fos-Cre™ (Fos™!(ERI2Lw 1y mice were purchased from the Jackson Laboratory. To
produce Cre-expressing animals, heterozygous or homozygous mice carrying the Cre allele were
bred with wildtype animals from the Charles River Laboratory. All mice were housed with a 12
hour light-dark cycle. Animal protocols were performed in accordance with NIH guidelines and

approved by the Massachusetts Institute of Technology Committees on Animal Care and the

Institutional Animal Care and Use Committee at SUNY Upstate Medical University.

Cell cultures for luciferase assays

Primary hippocampal neurons were prepared from mouse pups at postnatal day O as
previously described (Ramamoorthi et al., 2011), and plated at 100,000 cells per well on coated
24-well plates. Cultures were kept in the dissection medium [Neurobasal A Medium (NBA,
Invitrogen), 10% horse serum (Invitrogen), and GlutaMAX (Invitrogen)] for three hours before
being switched to the culture medium [NBA supplemented, B27 (Invitrogen) and GlutaMAX].

Cultures were kept at 37 °C in humidified incubators supplemented with 5% CO, until use.

At 5 days in vitro (DIV), neurons were transfected with plasmids using lipofectamine 2000
(Life Technologies). Plasmid cocktails contained: luciferase reporter plasmids (Prram-Luc or Py.
ram-Luc) expressing firefly luciferase under the control of Prram or Pyram, control plasmids
(TK-Renilla) expressing renilla luciferase under the control of the constitutively active thymidine
kinase promoter (Promega), and plasmids that overexpress Fos or Npas4 under the control of a

constitutive promoter (EF1a) in some cases.
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At 8 DIV, cultures were blocked with tetrodotoxin (TTX, 1 uM, Tocris) and APV (100 uM,
Tocris) for 1 hour prior to stimulation, and then stimulated for 6 hours with 34 mM KCI, or 34
mM KCI plus 5 mM EGTA (Sigma). Normal culture medium without a high concentration of
KCl was used to treat the unstimulated control group. Neurotrophic factors and other drugs were
directly added to the cultures in 10 pL culture medium, and the neurons were incubated for 6
hours. At the end of the experiment, neurons were rinsed briefly in phosphate buffered saline
(PBS, Invitrogen) and lysed in passive lysis buffer (Promega) for 20 minutes at room temperature.
Dual-Glo Luciferase Assay System (Promega) reagents were used, and luciferase levels measured
using the SpectraMax Microplate Reader (Molecular Devices). For each experiment, relative
luciferase value (a.u.) were calculated by normalizing the firefly luciferase level to the renilla
luciferase level. Data were compiled from 3 separate batches of cultures, each conducted with 2

to 3 replicates.

Neurotrophic factors and other drugs were dissolved in water and used at the following
final concentrations: recombinant human BDNF (50 ng/uL, PeproTech), recombinant human
NT3 (50 ng/uL, PeproTech), recombinant human NT4 (50 ng/puL, PeproTech), NKH 477 (20 uM,

Tocris), Bicuculline (50 uM, Sigma) and 4-aminopyridine (250 pM, Tocris).

Viral vectors

AAVI1-hSyn-GFP, AAV1-hSyn-GFP-Cre, AAV1-EF1a-DIO-ChR2-EYFP were obtained
from the University of Pennsylvania Vector Core via Addgene. All other AAVs were produced in
house. AAVs were generated in HEK293T cells and purified using an adapted h gradient
purification protocol as previously described (Serensen et al., 2016). Viral dilutions were

determined for individual experiments through pilot injections.

In experiments to label the F-RAM and N-RAM ensembles in vitro and in vivo,
AAV2/AAVE-F-RAM-d2tTA-TRE-mKate2 or AAV2/AAVS8-N-RAM-d2tTA-TRE-mKate2

virus was used. AAV2/AAV8s were mixtures of AAV2/2 (rep/cap) and AAV2/8 serotypes at a
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1:1 ratio (Serensen et al., 2016). In most experiments a control virus (AAV2/AAVSE-EF1a-EGFP)
was co-injected to determine the injection accuracy and infection efficiency. To determine
whether the F-RAM and N-RAM reporters were dependent on endogenous Fos and Npas4,
AAV9-F-RAM-d2tTA-TRE-mKate2 or AAV9-N-RAM-d2tTA-TRE-mKate2 virus was co-
injected with AAV1-hSyn-GFP or AAV1-hSyn-GFP-Cre into Npas4 or Fos conditional knockout
mice. To examine the co-localization between the Fos-Cre™ ensemble and either the F-RAM or
N-RAM ensemble, AAV9-F-RAM-d2tTA-TRE-mKate2 or AAV9-N-RAM-d2tTA-TRE-mKate2
virus was co-injected with a Cre-dependent reporter virus, AAV1-EF1a-DIO-ChR2-EYFP. For
the fiber photometry experiments, viral cocktails containing AAV9-TRE-GCaMP6f and either

AAV9-F-RAM-d2tTA-TRE-mKate2 or AAV9-N-RAM-d2tTA-TRE-mKate2 were used.

To manipulate ensemble activity with DREADDs, viral cocktails containing AAV9-TRE-
hM3Dg-mCherry or AAV9-TRE-hM4Di-mCherry and either AAV9-F-RAM-d2tTA-sEF1a-GFP
or AAV9-N-RAM-d2tTA-sEF1a-GFP were used (the sEF1a-GFP component was used to
determine injection accuracy and infection efficiency). For control experiments testing the effects
of CNO injections alone, AAV9-TRE-mCherry was used instead of the DREADD-expressing
viruses, and was co-injected with AAV9-N-RAM-d2tTA-sEF1a-GFP. In experiments to
manipulate the activity of Fos-expressing ensembles, AAV9-pFos-d2tTA was co-injected with
the DREADD viruses. pFos is an engineered Fos promoter similar to that used in previous studies
(Liu et al., 2012; Reijmers et al., 2007).

C57BL/6 mice 7-11 weeks old were anesthetized with 1.5-2% isoflurane in O,. To label
and manipulate the F-RAM and N-RAM ensembles in the DG, stereotaxic injections were
performed bilaterally into the dorsal hippocampal dentate gyrus with the following coordinates
(relative to bregma) and volumes: DG (AP -1.90 mm, ML +1.30 mm, DV -2.00 mm, 150-200 nL
per hemisphere). Viruses were infused at a rate of 100 nL per minute, and needles were kept at

the injection site for 5 minutes. The same coordinates and volumes were used to manipulate the
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interneurons in the DG. To manipulate the activities of MEC and LEC projection neurons, the
following coordinates and volumes were used: MEC (AP -4.75 mm, ML £3.25 mm, DV -3.60
mm, 250-300 nL per hemisphere), LEC (AP -3.40 mm, ML +4.35 mm, DV -4.10 mm, 250-300
nL per hemisphere). Mice were typically allowed to recover for 6-8 days following surgery. For
experiments with Dox-dependent ensemble labeling, animals were put on Dox diet (40 mg/kg,

Bio-Serv) after surgery.

For fiber photometry experiments, DG injections were performed unilaterally, followed by
fiber implantation in the same procedure. The left or right hemisphere was randomly chosen for
unilateral surgeries. Fiber implants were made of multimode fiber (400 pm core, 0.48 NA,
Thorlabs) with plastic ferrules (2.5 mm, Thorlabs). Implants were placed unilaterally in the DG

0.20 mm above the injection site (AP -1.90 mm, ML £1.30 mm, DV -1.80 mm).

For optogenetics experiments, viral injections into the MEC were followed by fiber
implantation in the DG. Fiber implants were made of multimode fiber (200 pm core, 0.22 NA,
Thorlabs) with plastic ferrules (1.25 mm, Thorlabs). Implants were placed bilaterally in the DG

(AP -1.90 mm, ML +1.30 mm, DV -1.80 mm).

For DG injections, only animals with viral infection of more than 80% of the dorsal DG
and less than 20% of the CA3 were included in behavioral analyses. For MEC or LEC injections,
only animals with selective infection of MEC or LEC axonal terminals in either the middle
(MML) or outer (OML) third of the DG molecular layers were included. These histological
analyses were performed in a blinded manner by investigators that were unaware of the genotypes

or conditions.

Drug injections
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To induce seizure, kainic acid (KA, Sigma) was dissolved in saline (1 mg/mL, Teleflex
Medical) and injected intraperitoneally at 18 mg/kg. Animals were sacrificed 1.5 hours later to
check immediate early gene expression, or 24 hours later to check F-RAM and N-RAM

expression.

In experiments using Fos-Cre™® mice, tamoxifen (Sigma) was dissolved in corn oil (Sigma)
overnight at 37 °C (15 mg/mL) and injected (i.p) at 150 mg/kg 24 hours prior to the behavioral

experiments. Tamoxifen solution was stored at 4 °C for no more than 24 hours before use.

Clozapine N-oxide (CNO, Tocris) was dissolved in DMSO (Sigma) at 20 mM and stored at
-20 °C. Before experiments, stock CNO was diluted in saline to the desired concentration, 0.4
mg/mL (for hM4Di) or 0.05 mg/mL (for hM3Dq). The same amount of DMSO was diluted in
saline as vehicle (Veh) control. Fresh CNO was injected (i.p.) at the dose of 4 mg/kg (for hM4Di)
or 0.5 mg/kg (for hM3Dq) 30 minutes before memory recall. The doses of CNO were determined
by pilot experiments, and are similar to published studies. For the control experiment testing the
effects of CNO injection alone (without DREADD expression), a dose of 4 mg/kg was used.

Diluted CNO solution was kept at 4 °C for up to 24 hours before use.

Contextual fear conditioning (CFC)

Prior to CFC, mice were handled daily in a holding room for 3 days. For experiments with
Dox-dependent ensemble labeling, on the third handling day Dox diet was replaced by regular
diet (off Dox) after the last handling session. In the control experiments testing reporter
expression in the presence of Dox (CFC + Dox), animals were kept on Dox diet throughout the
experiments. The behavioral training was typically carried out 48 hours after the last handling

session.

45



On the training day, mice were first transported into the holding room and allowed to
acclimatize for at least 30 minutes. Mice were then transported into the behavioral room and
placed in context A: 24 cm (L) X 19 cm (W) x 17.5 cm (H), with steel grid floors and 1% acetic
acid (Sigma). Mice were conditioned with the following protocol: animals were allowed to
explore the conditioned chamber freely for 4 minutes and received 2 second 0.55 mA foot shock
at 1 minute intervals 3 times, starting at the 58th second. After each experiment, the chamber was
cleaned with 70% ethanol and then with water. In experiments to examine whether synaptic
features of ensemble neurons depend on memory strength, no foot shock, weak foot shocks (0.35
mA), or strong foot shocks (0.55 mA, the same as other CFC experiments) were delivered. For
experiments with Dox-dependent ensemble labeling, animals were switched back to Dox diet 24

hours after CFC if subsequent behavioral experiments were needed.

To test contextual fear memory discrimination-generalization, 24-48 hours after CFC fear
conditioned mice were brought back to the same behavioral room and placed in the conditioned
context (A), a similar context (B) or a distinct context (C) for memory recall for 4 minutes.
Context B shares all features with context A except that a soft pad insert is used as the floor.
Context C uses a different chamber that has white opaque walls, 32 cm (L) x 25 cm (W) X 32 cm
(H), a soft padded floor, and is scented with 0.25% benzaldehyde (Sigma). In some of the
experiments, animals were tested for memory recall in only one context, either A, B or C, and
sacrificed 1.5 hours later for immunohistochemistry. In chemogenetics and fiber photometry
experiments, the same animals were tested in multiple contexts in order to examine their
discrimination between contexts. In those cases, fear conditioned animals were tested in contexts
B and A on the first day (with at least 6 hours in between), and contexts C and A on the following

day.

Contextual fear memory expression was measured by manually scoring freezing behavior

over the 4 minute recall period, sampling every 5 seconds, with freezing defined as absence of
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movement for at least 1 second. Discrimination indices (DIs) are calculated as Freezingja.gy(a+s)
when comparing freezing levels in contexts A and B, or Freezingja.cya+cy when comparing
freezing levels in contexts A and C.  Scorers were blind to the experimental conditions. For
example, for chemogenetics experiments researcher 1 would randomly assign CNO or Veh
conditions to the animals and perform the drug injection; researcher 2 would carry out the

behavioral testing and quantify the freezing behaviors without knowing the conditions.

Immunohistochemistry and confocal imaging

Animals were either perfused or drop fixed with 4% paraformaldehyde (PFA, Sigma) in
PBS. For experiments examining immediate-early gene expression, animals were sacrificed 1.5
hours after the last behavioral test. Coronal sections were cut at 50 pm thickness. For typical
immunohistochemistry experiments, brain slices were washed in PBS for 10 minutes 3 times, and
blocked for 2 hours at room temperature with blocking solution: 1% Triton X-100 (Sigma) and 10%
goat serum (Invitrogen) in PBS. Slices were then incubated with the primary antibodies overnight
at 4 °C in the antibody solution: 0.1% Triton X-100 and 5% goat serum in PBS. Next day slices
were washed in PBS for 10 minutes 3 times and then incubated with the secondary antibodies for
2 hours at room temperature in the antibody solution. Finally, slices were washed in PBS for 10
minutes another 3 times and mounted with DAPI Fluoromount-G (Southern Biotech). Note that
for experiments staining for GAD67, a minimum-detergent protocol was adopted from a previous
study (Dimidschstein et al., 2016): after initial washing with PBS following PFA fixation, brain
slices were permeabilized with 0.1% Triton X-100 for 30 minutes. Slices were then blocked and
stained in a detergent-free solution: 3% bovine serum albumin (Sigma) and 5% goat serum in
PBS. In this case slices were incubated with anti-GAD67 primary antibody for 48 hours at room

temperature.
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Antibodies used and dilutions are as follows: rabbit anti-Npas4 (1:10,000, homemade),
rabbit anti-Fos (1:1,000, Santa Cruz), rabbit anti-Fos (1:1,000, Synaptic Systems), guinea pig
anti-Arc (1:1,000, Synaptic Systems), rabbit anti-mGIluR2/3(1:500, Millipore), mouse IgG2a anti-

GADG67 (1:500, Millipore) and Alexa 488, 555, 647 secondary antibodies (1:500, Invitrogen).

All images were acquired using an Olympus Fluoview FV1000 confocal microscope. For
most of the cell counting experiments, high-resolution z-stack images of the DG were acquired
using either a 20% or a 60x oil-immersion objective. Numbers of positive cells were determined
manually from 6-12 images per animal as previously described (Serensen et al., 2016). Analyses
were performed in a blind manner by investigators who were unaware of the experimental

conditions.

Fiber photometry

A customized fiber photometry system was used. A 473 nm diode laser (OEM Laser
Systems) was controlled by a function generator (Agilent, 33599B Series, 400 Hz, square wave).
The light was coupled to a 400 pm 0.48 NA optical fiber (Thorlabs) using a 40x 0.65 NA
microscope objective (Olympus) and a fiber launch (Thorlabs). Optical fiber with the same
diameter was glued to a ceramic ferrule (Thorlabs) and implanted into the mice. Before
experiments, implants were connected to the laser setup with ceramic split mating sleeves
(Thorlabs). The laser intensity was set to a level that generates fluorescence signals around 50%
of the maximum detectable values. The GCaMP6f fluorescence signal was collected by the
implanted optical fiber and passed through the objective and dichroic mirror. The signal was then
transmitted through a longpass filter (Semrock) onto a NewFocus 2151 femtowatt silicon
photoreceiver (Newport, DC High mode). The photoreceiver was connected to a lock-in amplifier
(SR830 DSP, Stanford Research Systems, 8 ms time constant) and recorded by customized

LabVIEW software (National Instruments).
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Fear conditioned animals were subjected to fiber photometry experiments 48 hours after
training. On the testing day, after connecting the fiber implants to the fiber photometry rig,
animals were allowed 10-20 minutes to recover in their home cages. Animals were then gently
transferred from the home cage to context A, B or C and allowed free exploration for 4 minutes.
Animals were then transferred back to the home cage and allowed to recover for 30 minutes
before being transferred to the next context. The order of context exposure was randomized. The

GCaMPo6f signal was collected throughout the experiments.

Fiber photometry data were analyzed with a custom MATLAB (MathWorks) program.
Average AF/F signals over the entire 4-minute recall session were used to reflect neural activity.
Signals were calculated as AF/F by normalizing the measured values during recall to the baseline
fluorescence values. Baseline values were calculated as the median of the signals during the 60
seconds in the home cage prior to each context exposure. The signals recorded during physical

transfer from the home cage to the contexts (30 seconds) were removed from the analysis.
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Chapter 3

Synaptic and Circuit Changes Associated with Distinct Ensembles
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Chapter 3 - Synaptic and Circuit Changes Associated with

Distinct Ensembles

3.1. Abstract

Synaptic plasticity is thought to underlie the formation of long-term memories. However, how
neurons within the engram undergo experience-dependent synaptic modifications remains unclear.
Here, we test the hypothesis that functionally distinct neuronal ensembles undergo different
synaptic and circuit changes after contextual fear conditioning. We found that the Fos-dependent
ensemble in the mouse dentate gyrus (DG) received enhanced excitatory synaptic inputs
selectively from the medial entorhinal cortex (MEC). On the contrary, the Npas4-dependent
ensemble recruited stronger inhibitory synaptic inputs from the local cholecystokinin—expressing
(CCK") interneurons. Importantly, optogenetic inhibition of the MEC-DG pathway impaired
memory generalization, recapitulating the effects of inhibiting the Fos-dependent ensemble;
chemogenetic inhibition of the CCK " interneurons abolished memory discrimination,
recapitulating the phenotype when the Npas4-dependent ensemble was silenced. These suggest
that MEC and DG CCK" interneurons respectively promote generalization and discrimination,
likely through Fos- and Npas4-dependent ensembles. Taken together, our findings reveal synaptic
and circuit mechanisms associated with Fos- and Npas4-dependent ensembles that regulate the

discrimination-generalization balance.
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3.2. Introduction

How are memories encoded in the engram? It has been postulated that modifications of synaptic
connections between neurons underlying the formation of long-term memories, known as the
synaptic plasticity and memory hypothesis (Lynch, 2004; Martin et al., 2000; Morris, 2003).
Long-term potentiation (LTP), arguably best-known form of synaptic plasticity, is believed to a
key mechanism for memory formation (Bliss and Lemo, 1973; Morris, 2003). LTP in the
hippocampal circuits was found to be correlated with hippocampus-dependent learning (Bliss and
Lemo, 1973; Whitlock et al., 2006). Moreover, preventing LTP by blocking the NMDA-
dependent signaling pathway impaired memory formation (Cain et al., 1996; Nakazawa et al.,
2004). Recent studies further demonstrate the causal links between synaptic plasticity and
memory: encoded associative memories can be artificially inactivated and reactivated by
optogenetic potentiation (optical LTP) and depression (optical LTD) of synapses, respectively
(Nabavi et al., 2014). These results strongly support that learning-induced synaptic plasticity is
crucial for the formation of new memories.

However, how synaptic plasticity shapes the neurons within the memory engram remains
largely unknown. Most of the previous studies on synaptic plasticity focused on drastic learning-
induced synaptic changes that were detectable at the population level, but not the fine changes
specifically occurred onto the engram populations (Bear and Abraham, 1996; Bliss and Lemo,
1973; Whitlock et al., 2006). This is largely due to the lack of approach to pin down the engram-
specific neuronal and synaptic sites. Recent studies using activity-dependent genetic reporters,
however, were able to tag engram neurons and reveal synaptic changes associated with them
(Choi et al., 2018; Ryan et al., 2015; Sun et al., 2020; Zhou et al., 2019). Neuronal ensembles
identified by Fos-dependent reporters in both the DG and CA1 received stronger excitatory
synaptic inputs compared with the unlabeled neighboring neurons (Choi et al., 2018; Ryan et al.,

2015). Arc-expressing cells in the basolateral amygdala (BLA) showed enhanced learning-
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induced presynaptic potentiation (Nonaka et al., 2014). Moreover, engram neurons between
upstream and downstream regions are found to be preferentially connected. Fos-dependent
ensembles between CA3 and CA1, and between ventral CA1 and nucleus accumbens, are
strongly connected after aversive and reward learning, respectively (Choi et al., 2018; Ryan et al.,
2015; Zhou et al., 2019). These findings together indicate that synapses between neurons within
the engram undergo LTP-like potentiation, consistent with the essential roles of LTP in memory
formation (Lynch, 2004; Morris, 2003).

Besides plasticity at the excitatory synapses, recent studies also suggest underappreciated
roles of inhibitory synaptic plasticity in learning and memory (Barron et al., 2017; Hennequin et
al., 2017). Correlated changes of excitatory and inhibitory synapses in the circuit are needed to
maintain the excitatory-inhibitory balance of the network and prevent run-away activity (Vogels
etal., 2011; Xue et al., 2014a). Besides, the strengthening of inhibitory synapses is believed to
increases the specificity of memory by suppressing unspecific activities (Ball et al., 2012;
Ruediger et al., 2011). Perturbing inhibitory interneurons, or even particular subtypes of
interneurons, disrupted the engram (Stefanelli et al., 2016) and memory expression (Lovett-
Barron et al., 2014; Turi et al., 2019). These results together support the emerging view that the
inhibitory circuit plays essential roles in long-term memories (Barron et al., 2017). Nevertheless,
how inhibitory plasticity modifies neurons in the memory engram remains unstudied. It’s yet to
know how the inhibitory interneurons interact with the engram to support memory-guided
adaptive behaviors.

Here, we systematically examine the synaptic changes onto two functionally distinct
neuronal ensembles within the memory engram: #-RAM and N-RAM. We have previously
shown that the F~-RAM and N-RAM ensembles oppositely regulate the balance between memory
discrimination and generalization (Chapter 2), which implies their distinct cellular and synaptic
features. Besides, Fos has been shown to mediate long-term potentiation of excitatory synapses

(Fleischmann et al., 2003), whereas Npas4 preferentially recruits inhibitory synapses (Lin et al.,

53



2008; Weng et al., 2018). It’s thus conceivable that Fos and Npas4 may lead to different synaptic
changes onto the /-RAM and N-RAM ensembles, respectively. Therefore, we hypothesize that
the F~-RAM and N-RAM ensembles undergo different learning-induced synaptic modifications,

which potentially give rise to the distinct functions of these two ensembles.

3.3. Results

3.3.1. Distinct Synaptic Properties of F-RAM" and N-RAM" Cells

To understand the synaptic and circuit mechanisms underlying the distinct functions of F-RAM
and N-RAM ensembles, we first compared the synaptic properties of dentate granule cells (DGCs)
in each ensemble. Whole-cell patch-clamp recordings were carried out on F-RAM" or N-RAM"
cells 24 hours after CFC (Figure 3.1A), measuring spontaneous miniature excitatory and
inhibitory postsynaptic currents (mEPSCs and mIPSCs). Compared to their neighboring
unlabeled (F-RAM or N-RAM’) neurons, F~-RAM" neurons received stronger excitatory inputs,
specifically higher mEPSC frequencies (Figure 3.1B), while N-RAM " neurons received stronger
inhibitory inputs, with increased mIPSC frequencies (Figure 3.1C). mIPSCs of F~-RAM" neurons
and mEPSCs of N-RAM " neurons were indistinguishable from those of their unlabeled neighbors.
F-RAM" and N-RAM" neurons were rarely seen in the inner granule cell layer, and did not show
the high intrinsic excitability typical of adult new-born DGCs (Kuhn et al., 1996; Mongiat et al.,
2009) (Figure 3.2A-C), suggesting that they are mature granule cells. Together these data indicate
that the F-RAM and N-RAM ensembles are mostly composed of two groups of mature granule
cells with distinct synaptic properties.

In addition, DGCs labeled by either F~-RAM or Fos-Cre™ alone, or both, all had similar
electrophysiological properties: increased mEPSC frequencies compared to unlabeled neurons
(Figure 3.2D). In contrast, the N-RAM and Fos-Cre™ ensembles were electrophysiologically
distinct: DGCs labeled by N-RAM, including the small population labeled by both N-RAM and

Fos-Cre™®, had higher mIPSC frequencies than unlabeled DGCs and those labeled only by Fos-
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Figure 3.1. The F-RAM and N-RAM Ensembles Show Distinct Synaptic Properties.

(A) Experimental scheme to measure mEPSCs and mIPSCs on labeled F-RAM " or N-RAM"
neurons and unlabeled neighboring neurons.

(B) F-RAM " neurons showed increased mEPSC frequency (Mann-Whitney test; F-RAM ", n = 17;
F-RAM", n = 17) but unchanged mIPSCs (n = 18, 19).

(C) N-RAM" neurons showed unchanged mEPSCs (N-RAM’, n = 20; N-RAM', n = 20), but
increased mIPSC frequency (n = 25, 26).
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Figure 3.2. Intrinsic Excitability of F-RAM" and N-RAM" Neurons.

(A) Example traces showing membrane potentials of F~RAM" and N-RAM " neurons compared to
their unlabeled neighbors, in response to -20, 0, 20, 100 and 200 pA current injections.

(B) Input-output curves of firing rates versus injected currents for F-RAM" and F~-RAM neurons
(left), or N-RAM " and N-RAM neurons (right). F~-RAM " neurons show comparable excitability to
F-RAM neurons (F-RAM’, n = 19; F-RAM", n = 23). N-RAM" neurons show decreased
excitability compared to N-RAM  neurons (n = 16, 16). Two-way mixed ANOVA, Sidak’s test.

(C) F-RAM" neurons (F-RAM’, n = 19; F-RAM", n = 23) and N-RAM "neurons (n = 16, 16)
show similar resting membrane potentials and action potential (AP) thresholds to their
neighboring unlabeled cells. Mann-Whitney test.

(D) Whole-cell patch-clamp recordings were carried out on hippocampal slices from animals in
which the F-RAM and Fos-Cre™ ensembles were co-labeled. Neurons labeled by F-RAM, Fos-
Cre™ or both showed increased mEPSC frequencies. One-way ANOVA, Dunnett’s test
comparing to the F-RAM Fos-CreER™ group, n = 17, 15, 11, 16 (from left to right). mIPSC
frequencies were similar for all groups (n =13, 12, 12, 10, from left to right).

(E) Whole-cell patch-clamp recordings were catried out on hippocampal slices from animals in
which the N-RAM and Fos-Cre™ ensembles were co-labeled. Neurons labeled by Fos-Cre™, but
not those labeled by N-RAM, showed increased mEPSC frequencies (n = 12, 11, 13, 17 from left
to right). Neurons labeled by N-RAM, including the small population labeled by both N-RAM
and Fos-Cre™®, showed increased mIPSC frequencies (n =19, 17, 14, 25 from left to right).

Data are shown as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Cre™ (Figure 3.2E). These data further indicate that the F-RAM and N-RAM reporters likely

capture distinct neuronal populations.

3.3.2. The F-RAM Ensemble Receives Increased Excitatory Inputs from the MEC

How might two ensembles within the same memory engram mediate distinct functions? We
hypothesized that each neuronal ensemble undergoes distinct circuit modifications that allow
them to differentially modulate memory expression. Since F-RAM™ DGCs receive stronger
excitatory inputs than neighboring neurons (Figure 3.3B), we asked which of the three major
afferent pathways of the DG provide this increased excitatory drive: the lateral perforant path
(LPP) from the lateral entorhinal cortex (LEC), the medial perforant path (MPP) from the medial
entorhinal cortex (MEC), or the mossy cell fibers (MCF) from the dentate hilus (Amaral and
Witter, 1989) (Figure 3.3A). We electrically stimulated the axonal fibers of the LPP, MPP or
MCF, which respectively target the outer, middle or inner molecular layers (OML, MML, IML)
of the DG (Scharfman and Myers, 2013; Witter, 2007), and simultaneously measured evoked
excitatory postsynaptic currents (eEPSCs) of F-RAM" and unlabeled neighboring neurons in
pairs. Selective stimulation of the input pathways was confirmed by observation of their
characteristic short-term plasticity: paired-pulse facilitation for the LPP and MCF and paired-
pulse depression for the MPP (Hashimotodani et al., 2017; Petersen et al., 2013), and by selective
reduction of the MPP response in the presence of the mGluR2/3 agonist DCG-IV (Macek et al.,
1996) (Figure 3.3B). We found that the amplitude of eEPSCs originating from the MPP only was
significantly larger on F-RAM" than F-RAM cells (Figure 3.3C). In contrast, eEPSCs from all
three pathways were similar in N-RAM" neurons and their unlabeled neighbors (Figure 3.3F).
Additionally, paired-pulse ratios (PPRs) and AMPA/NMDA ratios were comparable in F-RAM"
and F-RAM’ neurons (Figure 3.3D-E). We confirmed these findings using optogenetic

stimulation, which confirmed that inputs to /~-RAM " neurons from the MPP, but not the LPP or
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(A) Left, experimental scheme for simultaneous recording of eEPSCs, elicited by stimulating the
LPP, MPP or MCF, on pairs of F-RAM" or N-RAM " neurons and nearby unlabeled neurons.
Right, representative image of MPP stimulation.

(B) Representative traces of eEPSCs during LPP, MPP and MCF stimulation. Grey traces denote
eEPSCs in the presence of DCG-IV.

(C-E) Bar graphs comparing eEPSC amplitudes (C, Wilcoxon signed-rank test, n = 15, 18, 21
pairs for LPP, MPP and MCEF, respectively), paired-pulse ratios (D, n = 18, 20, 13) and
AMPA/NMDA ratios (E, n =15, 19, 13) between pairs of F: _RAM" and F-RAM  neurons.

(F) Bar graph comparing eEPSC amplitudes between pairs of N-RAM " and N-RAM  neurons (n =
10,13, 11).

(G) Experimental scheme for simultaneous recording of oIPSCs on pairs of N-RAM" or F-RAM"
and nearby unlabeled neurons. oIPSCs were elicited by optogenetically stimulating ChR2-
expressing GABAergic interneurons in Gad2-Cre mice.

(H) Representative image showing N-RAM and ChR2 expression.

() Representative traces showing oIPSCs recorded in pairs of nearby N-RAM " and N-RAM"
neurons.

(J) Comparison of oIPSC amplitudes (left; two-way repeated measures ANOVA, Sidak’s test, n =
10 pairs) and paired-pulse ratios (right; 200 ms interval, 0.50 mW/mm?, Wilcoxon signed-rank
test, n = 10) between N-RAM " and N-RAM neurons.

(K) Representative traces showing that o[PSC amplitudes were reduced with bath application of
AgTx, CnTx and WIN.
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(L) Left, oIPSC amplitudes in N-RAM" and N-RAM neurons with and without blockers (two-
way mixed ANOVA, Sidak’s test, n = 16, 10, 12, 13 pairs for control, AgTx, CnTx and WIN).
Right, paired-pulse ratios in the presence of AgTx (n = 12).

Data are shown as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3.4. F-RAM" Neurons Showed Increased oEPSC Amplitudes upon Optogenetic
Stimulation of the MPP, but Unchanged oIPSCs upon Optogenetic Stimulation of Local
Interneurons.

(A) Experimental scheme. To target the LPP and MPP pathways, animals were co-injected with
AAV-CaMKII-Cre and AAV- EF1a-DIO-ChR2-EYFP to express ChR2 in the LEC or MEC, and
also injected with AAV-F-RAM-mKate2 in the DG. To target the MCF pathway, AAV-CaMKII-
Cre and AAV- EF1a-DIO-ChR2-EYFP were co-injected unilaterally into the contralateral DG,
which labeled the hilar mossy cells that send axonal projections to the ipsilateral DG through
MCFs. AAV-F-RAM-mKate2 was injected unilaterally into the ipsilateral DG, where whole-cell
patch-clamp recordings were carried out.

(B) Representative images showing ChR2 and F-RAM expression.

(C) F-RAM " neurons had increased optically evoked EPSC (oEPSC) amplitudes upon MPP but

not LPP or MCF stimulation (Wilcoxon signed-rank test, n =16, 11, 10 pairs for LPP, MPP and

MCF). Tetrodotoxin (TTX, 0.5 uM) and 4-aminopyridine (4-AP, 100 uM) were added to isolate
monosynaptic inputs. Picrotoxin (50 uM) was added to block GABA 4 receptors. Data are shown
as mean = SEM. **p < 0.01.

(D) Example traces showing oIPSCs recorded simultaneously in F-RAM " and F-RAM neurons
stimulated by 2 ms of 0.10, 0.25, 0.50, 0.75, 1.00, 1.50 mW/mm? 470 nm LED light pulses.
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oIPSCs were elicited by optogenetically stimulating ChR2-expressing GABAergic interneurons
in Gad2-Cre mice.

(E) oIPSC amplitudes were similar in the two groups (two-way repeated measures ANOVA,
Sidak’s test, n = 12 pairs).
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MCF, were strengthened (Figure 3.4A-C). These results indicate that the strengthened excitatory

inputs to F~RAM" DGCs originate from the MEC and not the LEC or dentate hilus.

3.3.3. The N-RAM Ensemble Receives Enhanced Inhibitory Inputs from CCK"
Interneurons

We next aimed to identify the source of the inhibitory inputs that were recruited onto N-RAM"
DGCs (Figure 3.1C). We expressed light-activated channelrhodopsin, ChR2, in DG GABAergic
neurons by delivering AAV-EF1a-DIO-ChR2-EYFP into Gad2-Cre mice (Figure 3.3G).
Optically evoked inhibitory postsynaptic currents (oIPSCs) were then measured on N-RAM " or F-
RAM" DGCs and their unlabeled neighbors in pairs (Figure 3.3I). Consistent with our previous
finding that the N-RAM" neurons had higher mIPSC frequencies, robustly larger oIPSC
amplitudes were observed on N-RAM" cells, with PPRs being similar in N-RAM" and N-RAM"
cells (Figure 3.3J). In contrast, oIPSCs on F-RAM" neurons were similar to those of their
unlabeled neighbors (Figure 3.4D-E).

The three major subtypes of GABAergic interneuron in DG are parvalbumin- (PV"),
somatostatin- (SST") and cholecystokinin-expressing (CCK") cells (Freund and Buzsaki, 1996;
Pelkey et al., 2017). To determine whether inputs from some of these interneuron subtypes were
selectively recruited to N-RAM" DGCs, oIPSCs were measured on pairs of N-RAM" and N-
RAM cells in the presence of the P/Q-type Ca>" channel blocker w-agatoxin IVa (AgTx), which
selectively inhibits transmission from PV interneurons, or the N-type Ca>" channel antagonist o-
conotoxin GVIa (CnTx), which selectively inhibits transmission from CCK" interneurons (Hefft
and Jonas, 2005) (Figure 3.3K). The difference in oIPSC amplitudes between N-RAM" and N-
RAM' neurons was abolished in the presence of CnTx, but not AgTx (Figure 3.3L), suggesting
that the increased inhibition on N-RAM' neurons comes mainly from CCK' interneurons.

Consistently, the increase in oIlPSC amplitudes on N-RAM" neurons was also abolished by the
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CB R agonist WIN 55,212-2 (WIN), which selectively inhibits CCK" interneurons via the
endocannabinoid pathway (Tsou et al., 1999). These results suggest that N-RAM" neurons recruit

enhanced inhibitory drive selectively from CCK" interneurons.

3.3.4 The Distinct Synaptic Properties of Ensemble Neurons are Induced by
Learning

Are the distinct synaptic properties of F-RAM" and N-RAM" neurons intrinsic features of the
cells or acquired through learning? We hypothesized that these synaptic properties were triggered
by contextual fear learning, through the activation of the Fos- and Npas4-dependent pathways.
We first tested if these synaptic properties can be created merely by the expression of Fos or
Npas4. We artificially induced Fos and Npas4 expression (FOS;,q and NPAS4,,4) in sparse and
randomly selected DGCs (Figure 3.5A-B), and subsequently compared mEPSCs and mIPSCs on
those neurons to their un-manipulated neighbors. Fos expression led to an increase in mEPSC
frequencies (Figure 3.5C), recapitulating this synaptic feature of F-RAM' neurons. Npas4
expression resulted in elevated mIPSC frequencies (Figure 3.5D), mimicking the synaptic
changes observed on N-RAM" cells. Neither mIPSCs of FOS;,y neurons nor mEPSCs of
NPAS4;,q neurons were altered (Figure 3.6A-B). These results suggest that activations of Fos-
and Npas4-dependent pathways are sufficient to induce the synaptic properties observed in F-
RAM" and N-RAM " neurons, respectively.

Since expression levels of Fos and Npas4 are very low at baseline and highly activated
by learning (Ramamoorthi et al., 2011), we predicted that the synaptic properties of the ensemble
neurons are not pre-existing, but rather are induced by learning. Like all other activity reporters,
F-RAM and N-RAM can only label ensembles after learning, and thus do not allow us to
compare ensemble neurons before and after CFC. However, if the synaptic properties of interest

are indeed induced by learning, we reasoned that a stronger learning experience that results in a
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Figure 3.5. Synaptic Changes on Ensemble Neurons Are Correlated with the Strength of
Learning.

(A) Experimental scheme for inducing FOS or NPAS4 expression in sparse and randomly
selected DG neurons.

(B) Representative images showing induced FOS or NPAS4 expression (FOS;,q or NPAS4,,4) in
randomly selected neurons (EYFP", white arrows).

(C) FOS;q increased mEPSC frequency (Mann-Whitney test; EYFP", n = 19; EYFP", n = 20).
(D) NPAS4,,4 increased mIPSC frequency (n = 19, 20).

(E and F) Experimental scheme (E) showing that training of animals in context A with no shock,
weak (0.35 mA) or strong shock (0.55 mA) resulted in different memory strengths, as indicated
by levels of freezing (F; one-way ANOVA, Tukey’s test, n = 7-9).



(G and H) Experimental scheme (G) and representative traces (H) showing simultaneous
recording of oEPSCs on F-RAM" and F-RAM cells with optogenetic stimulation of the MEC
inputs.

(I) F-RAM cells showed the largest oEPSC amplitudes in the strong shock group (two-way
mixed ANOVA, Tukey’s test, n = 24, 28, 21 pairs for no shock, weak shock and strong shock,
respectively).

(J and K) Experimental scheme (J) and representative traces (K) showing simultaneous recording
of oIPSCs on N-RAM" and N-RAM' cells with optogenetic stimulation of the CCK" interneurons.

(L) N-RAM " cells showed the largest oIPSC amplitudes in the strong shock group (n = 19, 15, 9).
Data are shown as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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stronger memory will induce stronger synaptic modifications on the ensemble neurons (Choi et
al., 2018). We therefore trained mice in a novel context with no foot shocks, weak foot shocks
(0.35 mA) or strong foot shocks (0.55 mA, the strength used in other experiments in this paper)
(Figure 3.5E). These 3 treatments resulted in correspondingly different strengths of contextual
fear memory, since the animals displayed freezing levels that were closely correlated with the
intensity of shocks they received (Figure 3.5F). The numbers of labeled F-RAM"™ and N-RAM"
neurons were comparable in the three groups (Figure 3.6C-D). Measuring oEPSCs from the MEC
onto paired F-RAM" and F-RAM™ DGCs and oIPSCs from CCK" interneurons onto paired N-
RAM" and N-RAM™ DGCs, we found that MEC input to F~-RAM" and CCK inhibition on N-
RAM" cells were strongest in mice that received strong foot shocks, followed by animals that
received weak foot shocks and then those that received no foot shocks (Figure 3.5G-L; CCK"
interneurons were labeled using a genetic intersection strategy described in Figure 3.71).
Altogether, our data so far support a working model in which the distinct synaptic
properties of the ensemble neurons arise from learning-induced synaptic modification as a result

of activation of distinct activity-dependent pathways.

3.3.5. The MEC and Its Inputs to the DG Mediate Memory Generalization, whereas
DG CCK' Interneurons Mediate Memory Discrimination

The learning-induced circuit modifications on the F-RAM and N-RAM ensembles
suggest previously unknown roles for the MEC and DG CCK' interneurons in memory
discrimination-generalization. We first directly examined whether the MEC, like the F-RAM
ensemble, promotes memory generalization. MEC activity was inhibited during memory recall by
virally delivering hM4Di to MEC projection neurons. MEC axonal projections to the MML were
strongly labeled (Figure 3.7A), indicating precise viral targeting. CNO injection robustly

suppressed, although did not completely abolish, the activity of MEC neurons (Figure 3.8A-C).
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Figure 3.6. Induced FOS Expression Does Not Affect mIPSCs and Induced NPAS4
Expression Does Not Affect mEPSCs.

(A) mIPSC frequencies and amplitudes were similar in neurons with (EYFP") and without
(EYFP") induced FOS expression (FOS;,q). Mann-Whitney test; EYFP", n=18; EYFP', n = 16.

(B) mEPSC frequencies and amplitudes were similar in neurons with (EYFP") and without
(EYFP") induced NPAS4 expression (NPAS4;,4, n =17, 19).

(C) There is no significant difference in the number of F~-RAM" cells under no shock, weak shock
and strong shock conditions (one-way ANOVA, n = 3-4).

(D) There is no significant difference in the number of N-RAM" cells under no shock, weak
shock and strong shock conditions (n = 4 per condition).

Data are shown as mean = SEM.
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Using the same memory discrimination-generalization assay described above (Figure 3.7B), we
found that inhibiting the MEC suppressed memory generalization and enhanced discrimination
between contexts A and B (Figure 3.7C), recapitulating the behavioral effect seen with inhibition
of the F-RAM ensemble. As a control, viral delivery to the LEC labeled axonal projections to the
OML (Figure 3.7A) and inhibiting the LEC in this manner did not affect memory generalization
(Figure 3.7D).

To further demonstrate that the MEC-DG pathway promotes memory generalization, we
sought to inhibit MEC terminals within the DG optogenetically (Figure 3.7E-F). Illumination of
the DG with 561 nm light in animals expressing the inhibitory opsin eNpHR3.0 in the MEC
significantly reduced the number of FOS" cells in DG, but not in the nearby CA1 that also
receives MEC inputs, indicating selective inhibition of the MEC-DG pathway (Figure 3.8E).
Inhibiting the MEC-DG projections in this way enhanced memory discrimination between
contexts A and B (Figure 3.7G-H), similar to what was observed when the F~-RAM ensemble was
inhibited. In control experiments without light stimulation mice injected with NpHR were
indistinguishable from those injected with EYFP (Figure 3.8G). These results reveal a critical role
for the MEC-DG pathway in mediating memory generalization, likely involving the F-RAM"
ensemble neurons.

Our finding that the N-RAM ensemble receives enhanced inputs from CCK" interneurons
implies a role for these interneurons in mediating memory discrimination, which we next
examined by chemogenetically inhibiting DG CCK" interneurons during memory recall. CCK is
expressed in both GABAergic and some glutamatergic neurons (Dimidschstein et al., 2016;
Taniguchi et al., 2011), so we adopted a genetic intersection strategy to label only the GABAergic
CCK" cells: using AAV-DIx5/6-DIO-hM4Di-mCherry to drive Cre-dependent expression of
hM4Di from an interneuron-specific promoter, DIx5/6 (Dimidschstein et al., 2016; Kohwi et al.,
2007; Potter et al., 2009), in CCK-Cre mice (Figure 3.71). The majority of labeled neurons were

GAD67", indicating successful intersectional labeling (Figure 3.7J-K). Labeled neurons also
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Figure 3.7. The MEC-DG Pathway Mediates Memory Generalization and DG CCK"
Interneurons Mediate Memory Discrimination.
(A) Schematics and representative images showing selective expression of hM4Di in MEC and
LEC projection neurons, which send their axonal terminals to the DG MML or OML,

respectively.

(B) Experimental scheme for inhibition of MEC or LEC during memory discrimination-

generalization.

(C) Inhibiting the MEC enhanced discrimination between contexts A and B (Veh, n=12; CNO, n

=10), butnot Aand C (n=12, 9).

(D) Inhibiting the LEC did not affect generalization between contexts A and B (n=12, 11) or A

and C (n= 12, 10).

(E and F) Schematic (E) and representative image (F) for selective expression of NpHR in MEC
projection neurons, which project to the MML of the DG.
(G) Experimental scheme to optogenetically inhibit the MEC-DG pathway during memory recall

with 561 nm constant light.

(H) Inhibition of the MEC-DG pathway enhanced discrimination between contexts A and B
(EYFP, n = 12; NpHR, n = 13), but not between contexts A and C (n =10, 13).

(I) Genetic intersection strategy to target CCK" GABAergic interneurons in DG.
(J) Representative images showing co-localization (white arrows) of labeled cells (mCherry ")

with GADG67.

(K) Quantifications showing that labeled neurons were mostly GABAergic (GAD67") and made
up 28% of the GABAergic interneurons in the DG (n = 3).
(L) Experimental scheme to determine which interneuron subtypes are involved in memory

discrimination-generalization.
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(M) Inhibiting CCK" interneurons in the DG reduced discrimination between contexts A and B
(Veh,n=17; CNO, n =20), and between A and C (n=17, 19).

(N and O) Discrimination was not affected by inhibiting PV" interneurons (N, A and B: n = 16,
14; A and C: n =13, 11) or SST" interneurons (O, A and B: n =14, 15; A and C: n= 13, 14).
Two-way mixed ANOVA with Sidak’s test was used for freezing levels, Mann-Whitney test for
comparing discrimination indices, and one-sample t-test to compare discrimination indices with
zero. Data are shown as mean £ SEM. *p < 0.05, **p <0.01, ***p < 0.001.
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Figure 3.8. Validation Experiments for Manipulating the MEC and CCK" Interneurons.
(A) Experimental scheme. Mice were co-injected with AAV-CaMKII-Cre and AAV-hSyn-DIO-
hM4Di-mCherry to express the inhibitory DREADD hM4Di in MEC excitatory neurons
(CaMKII"). Mice were fear conditioned in context A, memory was recalled 24 hours later and

animals sacrificed 1.5 hours after recall. CNO (4 mg/kg) or vehicle (Veh) was injected i.p. 30
minutes before recall. Neuronal activity was examined by FOS staining.

(B) Representative images of the MEC (dashed lines) showing hM4Di and FOS expression.
White arrows indicate double-positive cells.
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(C) Chemogenetic inhibition robustly suppressed, but did not completely abolish, the activity of
MEC projection neurons. Percentages of hM4Di-mCherry” cells that were also FOS” were
quantified (Mann-Whitney test, n = 4 per group).

(D) Representative images showing FOS™ cells (white arrows) in the DG GCL (dashed lines)
after recall in context A.

(E) Optogenetic inhibition of the MEC-DG pathway reduced the number of FOS cells in DG but
not in CA1 after recall (Mann-Whitney test, n = 4 per group).

(F) Experimental scheme. Memory discrimination-generalization was examined in the absence of
561 nm laser stimulation (light OFF). Animals were injected with NpHR or EYFP in the MEC
and implanted with optical fibers in the DG.

(G) In the absence of laser stimulation, NpHR and EYFP groups showed comparable
discrimination between the similar contexts A and B (two-way mixed ANOVA with Sidak’s test
was used for freezing levels, Mann-Whitney test for comparing discrimination indices, and one-
sample t-test to compare discrimination indices with zero; EYFP, n = 11; NpHR, n = 13).

(H) Experimental scheme. Putative CCK", PV" and SST" interneurons were identified by
injecting a reporter virus (AAV-DIx5/6-DIO-ChR2-EYFP) into CCK-Cre, PV-Cre and SST-Cre
mice. Whole-cell patch-clamp recordings were carried out on labeled cells to examine their firing
properties.

(I) CCK" interneurons (identified by EYFP expression) showed the strongest firing adaptation
among the three interneuron subtypes. Example traces showing the membrane potentials of CCK",
PV' and SST" interneurons in response to -50, 0, 50, and 500 pA current injections.

(J) Schematic for measurement of depolarization-induced suppression of inhibition (DSI). ChR2
(AAV-DIx5/6-DIO-ChR2-EYFP) was expressed in CCK', PV" or SST" interneurons to induce
optically evoked IPSCs (oIPSCs).

(K) DSI was observed in the CCK" interneuron (CCK) to granule cell (GC) synapses. oIPSCs
were induced by 2 ms 470 nm LED light stimulation and recorded in GCs voltage clamped at -70
mV, with high-CI" internal solution, in the presence of APV (50 pM) and DNQX (20 uM). DSI
was induced by elevating the holding potential of GCs to 0 mV for 5 s. 0IPSCs recorded before
(oIPSC;) and 200 ms after (oIPSC,) depolarization, averaged from ten sweeps, were compared to
calculate DSI.

(L) Quantification of DSI (one-way ANOVA, one-sample t-test for individual columns, n = 6 per
group).

(M) Asynchronous releases were observed in the CCK to GC synapses, and were blocked by bath
application of WIN 55,212-2 (WIN, 10 uM). Paired whole-cell patch-clamp recordings targeting
presynaptic CCK" interneurons and postsynaptic GCs were carried out. Superimposed traces
(black) from 15 sweeps are shown. Trains of ten action potentials (50 Hz) were evoked in the
presynaptic CCK " interneurons, and unitary IPSCs (uIPSCs) were recorded in the postsynaptic
GCs voltage clamped at -70 mV. ulPSCs were recorded with high-Cl" internal solution in the
presence of APV (50 uM) and DNQX (20 pM). Red traces show superimposed traces of 15
sweeps after bath application of WIN.

Data are shown as mean = SEM. *p < 0.05, **p < 0.01.
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displayed the electrophysiological properties reported for CCK" interneurons, including adaptive
firing, depolarization-induced suppression of inhibition (DSI), and asynchronous synaptic
transmission (Bartos and Elgueta, 2012) (Figures 3.8H-M). Using the same behavioral assay
(Figure 3.7L), we then found that inhibiting DG CCK' interneurons abolished memory
discrimination between contexts A and B, and also significantly reduced discrimination between
A and C (Figure 3.7M). In contrast, inhibiting PV" or SST" interneurons in the DG did not affect
memory discrimination (Figures 3.7N-O). These results suggest that DG CCK" interneurons are

involved in memory discrimination.

3.4. Discussion

In this study, we describe synaptic mechanisms underlying the functional heterogeneity of
memory engrams. The F-RAM and N-RAM ensembles show “heterogeneous plasticity” (Grewe
et al., 2017) after learning: they selectively recruit excitatory and inhibitory inputs, respectively,
from different upstream circuits. Besides, we uncover circuit components that are selectively
associated with each ensemble and regulate the discrimination-generalization balance: the MEC
is required for memory generalization and DG CCK" interneurons for memory discrimination.
The synaptic properties observed in F~-RAM" and N-RAM" neurons (Figure 3.1A-C) are
most likely the results of neuronal activity triggered during contextual fear learning, because
these synaptic properties correlate with memory strength and can be induced by the expression of
FOS and NPASA4, respectively (Fleischmann et al., 2003; Lin et al., 2008; Sun and Lin, 2016). It’s
consistent with previous findings that synaptic changes onto Fos-expressing cells were blocked
by protein-synthesis inhibitor administrated immediately after training (Ryan et al., 2015).
However, since the ensembles can only be labeled after they have been activated, we cannot
exclude the possibility that subtle differences between these two neuronal ensembles already pre-

exist before the experience.
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In addition to the potentiation of excitatory inputs, which have been the primary focus of
mechanisms for memory encoding, our data support the emerging view that the plasticity of
inhibitory inputs is also heavily involved in the process (Litwin-Kumar and Doiron, 2014; Vogels
et al., 2011; Xue et al., 2014b). Furthermore, the strengthening of excitatory and inhibitory inputs
occurs on two different neuronal ensembles within the memory engram. This could provide a
mechanism for a neural system to balance the behavioral output (discrimination vs. generalization)
through the “push and pull” of different neuronal ensembles. It remains to be seen whether the F-

RAM and N-RAM ensembles interact with each other.

Our data strongly support a role for the MEC-DG pathway in memory generalization, in
line with observations that grid cells in the MEC maintain relatively stable spatial firing patterns
across similar contexts (Fyhn et al., 2007; Leutgeb et al., 2007). In our study, memory retrieval
(in context A) was not impaired by suppressing MEC activity (Figure 3.7C). This observation,
though consistent with a number of published studies (Hales et al., 2014; Kanter et al., 2017), is
contradictory to some others (Kitamura et al., 2015; Miao et al., 2015; Zhao et al., 2016). The
discrepancy may be explained by the different MEC cell populations being targeted and the
different manners they are being inhibited (e.g. via lesion, optogenetics or chemogenetics). Future
work is needed to pinpoint which MEC subpopulations (Diehl et al., 2017) relay the

generalization signals to the DG.

Of the three major subtypes of interneurons providing inhibitory inputs to DG granule cells,
CCK" and not PV" or SST" interneurons are important for memory discrimination. The reason
behind this specific requirement for CCK" neurons is unknown at the moment. In fact, the roles
of CCK' interneurons in learning and memory haven’t been extensively studied. CCK"
interneurons are known to have unique synaptic outputs, such as endocannabinoid-dependent
short-term and long-term synaptic plasticity (Castillo et al., 2012; Hartzell et al., 2018) and

asynchronous synaptic release (Hefft and Jonas, 2005), which may be related to their unique role
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in memory discrimination. Our findings open exciting opportunities for future work to identify

specific synaptic mechanisms provided by CCK" interneurons to regulate memory discrimination.

3.5. Methods
Mice

C57BL/6 male and female mice 7-11 weeks old were used for all experiments. Wildtype

flx/flx

mice were purchased from the Charles River Laboratory. Npas4 (Npas4 conditional knockout)

mice were generated previously (Lin et al., 2008) and Fos™™

(Fos conditional knockout) mice
were generously provided by Dr. Ming Xu at the University of Chicago. Gad2-Cre
(Gad2™* %" |1), CCK-Cre (Cck™" 94"y, PV-Cre (Pvalb™ “9*"/Y), SST-Cre (Sst™* 4" 3)
and Fos-Cre™ (Fos™!(ERT2Lw 1y mice were purchased from the Jackson Laboratory. To
produce Cre-expressing animals, heterozygous or homozygous mice carrying the Cre allele were
bred with wildtype animals from the Charles River Laboratory. All mice were housed with a 12
hour light-dark cycle. Animal protocols were performed in accordance with NIH guidelines and

approved by the Massachusetts Institute of Technology Committees on Animal Care and the

Institutional Animal Care and Use Committee at SUNY Upstate Medical University.

Viral vectors

AAVI1-hSyn-GFP, AAV1-hSyn-GFP-Cre, AAV1-EF1a-DIO-ChR2-EYFP were obtained
from the University of Pennsylvania Vector Core via Addgene. All other AAVs were produced in
house. AAVs were generated in HEK293T cells and purified using an adapted h gradient
purification protocol as previously described (Serensen et al., 2016). Viral dilutions were

determined for individual experiments through pilot injections.

In experiments to label the F-RAM and N-RAM ensembles in vitro and in vivo,

AAV2/AAVE-F-RAM-d2tTA-TRE-mKate2 or AAV2/AAV8-N-RAM-d2tTA-TRE-mKate2
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virus was used. AAV2/AAVS8s were mixtures of AAV2/2 (rep/cap) and AAV2/8 serotypes at a
1:1 ratio (Serensen et al., 2016). In most experiments a control virus (AAV2/AAVSE-EF1a-EGFP)

was co-injected to determine the injection accuracy and infection efficiency.

To examine optically evoked IPSCs (oIPSCs) from DG interneurons, AAV2/AAVS8-F-
RAM-d2tTA-TRE-mKate2 or AAV2/AAVE-N-RAM-d2tTA-TRE-mKate2 virus was co-injected
with AAV2/AAV8-EF1a-DIO-ChR2-EYFP virus into Gad2-Cre mice. To examine oIPSCs from
DG CCK' interneurons, AAV9-F-RAM-d2tTA-TRE-mKate2 or AAV9-N-RAM-d2tTA-TRE-
mKate2 virus was co-injected with AAV9-DIx5/6-DIO-ChR2-EYFP virus into CCK-Cre mice.
To examine optically evoked EPSCs (0EPSCs) that originate from the medial entorhinal cortex
(MEC) and the lateral entorhinal cortex (LEC), AAV9-EF1a-DIO-ChR2-EYFP and AAVI-
CaMKII-Cre-GFP were co-injected into these regions, and AAV9-F-RAM-d2tTA-TRE-mKate2
was injected into the DG. To examine oEPSCs that originate from the dentate hilus, AAV9-
EF1a-DIO-ChR2-EYFP and AAV1-CaMKII-Cre-GFP were co-injected into the contralateral DG,
and AAV9-F-RAM-d2tTA-TRE-mKate2 was injected into the ipsilateral DG, where whole-cell

patch-clamp recordings were carried out.

To over-express FOS or NPAS4 in sparse populations of DG neurons, animals were
injected with the following viral cocktail: AAV9-CAG-tTA, AAV1-TRE-Cre (1:1,000 dilution),

AAV9-hSyn-DIO-FOS/NPAS4, and AAV1-EF1a-DIO-EYFP.

In experiments to suppress the activity of MEC or LEC projection neurons, AAVI1-
CaMKII-Cre-GFP and AAV9-hSyn-DIO-hM4Di-mCherry were co-injected into the MEC or
LEC. In experiments to optogenetically inhibit the MEC-DG pathway, AAV9-EF1a-DIO-
eNpHR3.0-EYFP or AAV9-EF1a-DIO-EYFP was co-injected with AAV1-CaMKII-Cre-GFP
into the MEC. To manipulate the activity of DG interneurons with DREADD, AAV9-DIx5/6-

DIO-hM4Di-mCherry was injected into CCK-Cre, PV-Cre or SST-Cre mice.
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Electrophysiology

Mice were subjected to electrophysiology 24-48 hours after CFC. Mice were anesthetized
and perfused with carbogenated (95% O,, 5% CO,) ice-cold cutting solution containing (in mM):
210 sucrose, 2.5 KCI, 1.24 NaH,PO,, 8 MgCl,, 1 CaCl,, 26 NaHCO;, 20 Glucose and 1.3
sodium-L-ascorbate, ~340 mOsm osmolarity, pH 7.3. Brains were then immediately dissected out.
300 pm transverse slices were cut using a vibratome (VT1200, Leica). Slices were transferred to
warm (32 °C) carbogenated recovery solution, containing 50% cutting solution and 50% ACSF.
ACSF contains (in mM): 119 NaCl, 2.5 KCl, 1.24 NaH,PO,, 1.3 MgCl,, 2.5 CaCl,, 26 NaHCO3,
and 10 glucose, 305 mOsm osmolarity, pH 7.3. Sliced were recovered at 32 °C for 15 minutes,
then transferred to another chamber filled with room temperature (~23 °C) ACSF. Slices were

kept in ACSF for at least 30 minutes before recording.

All experiments were performed in a recording chamber perfused with carbogenated ACSF
maintained at room temperature at a flow rate of 2 mL/min. Whole-cell patch-clamp recordings
were performed using borosilicate glass pipettes (3-6 MQ tip resistance). mEPSCs were
pharmacologically isolated with 0.5 pM tetrodotoxin (TTX, Tocris) and 50 pM picrotoxin
(Tocris), and recorded from cells voltage clamped at -70 mV using Cs-based internal solution
containing (in mM): 130 CsMeSOs, 10 phosphocreatine, 1 MgCl,, 10 HEPES, 0.2 EGTA, 4 Mg-
ATP, 0.5 Na-GFP, pH adjusted to 7.25 with CsOH, 295 mOsm osmolarity. mIPSCs were isolated
with 0.5 uM TTX, 50 puM APV (Tocris) and 20 uM DNQX (Tocris), and recorded from cells
voltage clamped at -70 mV using high-Cl internal solution containing (in mM): 103 CsCl, 12
CsMeSOs, 5 TEA-CI, 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP, 0.5 EGTA, 1 MgCI2, pH adjusted to
7.25 with CsOH, 295 mOsm osmolarity. Intrinsic excitability and passive membrane properties
were recorded in the current clamp mode with the following internal solution (in mM): 130 K'-D-
gluconate, 10 KCI1, 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP, 0.2 EGTA, 1 MgCI2, pH adjusted to

7.25 with CsOH, 295 mOsm osmolarity. To determine the excitability of cells, membrane
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potentials were measured in response to intracellular injection of step currents (500 ms duration,
magnitudes ranging from -20 to 200 pA in steps of 20 pA). Data were collected using a
Multiclamp 700B (Molecular Devices), filtered at 3 kHz and digitized at 10 kHz using a Digidata
1440A and Clampex 10.2 software (Molecular Devices). Recordings with access resistance

greater than 30 MQ or changes exceeding 15% were discarded.

To record evoked EPSCs (eEPSCs) from different excitatory pathways to the DG,
stimulating theta glass pipettes (World Precision Instruments) with broken tips (~10-20 pum) were
filled with ACSF and placed in the inner molecular layer (IML, <40um from the border of the
granule cell layer), middle molecular layer (MML, middle third of the molecular layer) or outer
molecular layer (OML, outer third of the molecular layer) to stimulate different excitatory inputs
onto DG granule cells (GCs). Bipolar square-wave voltage pulses (100-200 ps, 5-25 V) were
delivered through a stimulus isolator (ISO-Flex, AMPI). Stimulation intensity was adjusted to
obtain comparable amplitudes of AMPA eEPSCs (50-150 pA) across conditions. Paired whole-
cell recordings were carried out on labeled (F-RAM" or N-RAM") and unlabeled neighboring
neurons. Cells were first voltage clamped at -70 mV to record AMPA currents, and paired pulses
with a 100 ms interval were stimulated. The peak amplitude of the first pulse was used to
calculate the eEPSC amplitudes. The cells were subsequently voltage clamped at +40 mV and a
single pulse was stimulated. NMDA currents were measured at 100 ms after the onset of the
stimulation. Values were averaged from 10 sweeps that were repeated every 20-30 seconds.
Picrotoxin (50 pM) was added throughout the recording to block GABA4 receptors. To confirm
the specificity of stimulations, the mGluR2/3 agonist DCG-IV (1 uM) was routinely bath applied
at the end of experiments, which reduced the amplitudes of eEPSCs selectively evoked by

stimulating the MEC-DG pathway (medial perforant path, MPP).

To record optically evoked IPSCs (oIPSCs) or optically evoked EPSCs (oEPSCs) in the

DG, 2 ms 470 nm LED stimulations at 0.1, 0.25, 0.50, 0.75, 1.00, 1.50 rnW/mmZ, generated from
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a mounted LED (Thorlabs), were controlled by TTL input and delivered through the 40x%
objective. Paired whole-cell recordings were carried out on labeled (F-RAM" or N-RAM") and
unlabeled neighboring neurons. oIPSCs were recorded, in the presence of DNQX (20 uM) and
APV (50 pM), from cells voltage clamped at 0 mV with Cs-based internal solution. In the
experiments where CCK" interneurons were specifically stimulated, oIPSCs were recorded from
cells voltage clamped at -70 mV with high-Cl internal solutions to minimize the effects of
depolarization-induced suppression of inhibition (DSI) from CCK" interneurons. Average peak
responses were calculated from 10 sweeps, stimulated every 10-15 seconds. Paired light pulses
with an interval of 200 ms were given at 0.50 mW/mm”to measure paired-pulse ratios. To block
transmission from individual interneuron subtypes, m-agatoxin IVa (AgTx, 0.5 uM, Bachem), ®-
conotoxin GVIa (CnTx, 1 pM, Bachem) and WIN 55,212-2 (WIN, 10 uM, Tocris) were bath
applied in the ACSF during oIPSC recordings. oEPSCs were recorded in the presence of
picrotoxin (50 uM), TTX (0.5 uM) and 4-aminopyridine (100 pM) from cells voltage clamped at

-70 mV with Cs-based internal solution.

To characterize the CCK" interneurons, depolarization-induced suppression of inhibition
(DSI) was induced by elevating the holding potential of the postsynaptic GCs from -70 mV to 0
mV for 5 seconds. oIPSCs were measured in GCs voltage clamped at -70 mV and recorded with
high-CI internal solution in the presence of APV (50 uM) and DNQX (20 uM). oIPSCs recorded
before and 200 ms after the depolarization, averaged from 10 sweeps, were compared to calculate
the DSI. To examine asynchronous release from CCK' interneurons, trains of ten action
potentials (50 Hz) were evoked in the presynaptic CCK " interneurons, and unitary IPSCs (uIPSCs)
recorded in the postsynaptic GCs voltage clamped at -70 mV. uIPSCs were also measured in the

presence of WIN (10 uM) in the ACSF.

Data were analyzed using MiniAnalysis (Synaptosoft) and Clampfit 10.2 (Molecular

Devices) by investigators that were blind to the experimental conditions.
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Optogenetics

To optogenetically inhibit the MEC-DG pathway, animals were bilaterally implanted with
optical fibers (Thorlabs) in the DG after viral injection into the MEC. After CFC, animals were
recalled in different contexts with optogenetic inhibition. Laser stimulation (561 nm, constant, 10
mW) was generated using a 561 nm DPSS laser (Opto Engine LLC) and delivered bilaterally to
the DG through 200 um 0.22 NA optical fibers (Thorlabs). A rotatory joint (Thorlabs) was used
to allow animals to move freely. The laser was constantly on during the entire 4-minute recall

session.
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Chapter 4

The Roles of Activity-dependent Pathways in Engrams
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Chapter 4 — The Roles of Activity-dependent Pathways in

Engrams

4.1. Abstract

Activity-dependent pathways are wildly used to define neuronal ensembles within the
memory engram. However, it remains unclear how these activity-dependent pathways
contribute to the formation of memory engrams. Our previous works demonstrated that
the Npas4-dependent ensembles received enhanced inhibitory synaptic inputs. Here we
test if Npas4-dependent pathway is directly involved in the regulation of inhibition. We
found that deletion of Npas4 in the hippocampal dentate gyrus (DG) reduced inhibitory
synaptic inputs and abolished contextual fear memory discrimination, recapitulating the
functions of the Npas4-dependent ensemble. Consistently, deletion of Npas4 in the
primary visual cortex (V1) also selectively decreased inhibitory drive. Moreover, the loss
of Npas4 in V1 led to impaired orientation-selective habituation (OSH), a form of visual
recognition memory. These results together suggest that Npas4 regulates an activity-
dependent pathway that controls inhibitory synapses and are indispensable for multiple

forms of memories.
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4.2, Introduction

Neuronal ensembles defined by the induction of activity-dependent pathways undergo
experience-dependent plasticity and drive memory-guided behavioral outputs (Chapter 2&3).
However, it remains unknown whether activity-dependent pathways merely serve as the markers
for the ensembles, or they play causal roles in determining the plasticity and functionality of the
memory engram. Activity-dependent pathways are known to mediate long-lasting synaptic
changes and memory formation (Flavell and Greenberg, 2008; Fleischmann et al., 2003; Korte et
al., 1995; Sun and Lin, 2016). Disruption of learning-related gene transcription or translation
prevented synaptic plasticity and the formation of long-term memory (Meiri and Rosenblum,
1998; Schafe and LeDoux, 2000). Furthermore, synaptic modifications onto the Fos-expressing
engram neurons were abolished by blocking de novo protein synthesis triggered by learning
(Ryan et al., 2015). These results together suggest a key role of activity-dependent pathways in
the formation of memory engram. However, further investigations are needed to pinpoint the
specific contribution of each activity-dependent pathway. Such investigations have profound
translational implications, as they may reveal new therapeutic targets for memory-related
disorders such as amnesia and Alzheimer’s disease (Burns and Iliffe, 2009; Morris and Kopelman,
1986).

Among the genes that are required for learning and memory, we have focused on Npas4,
an immediate early gene (IEG) that is unique in the following aspect: 1) unlike most activity-
dependent genes, Npas4 is only expressed in neurons; 2) Npas4 is unique in that it is activated
selectively by neuronal activity, and not by extracellular stimuli such as growth factors and
neurotrophins; 3) Npas4 protein appears to directly control the expression of a very large number
of important activity-dependent genes, including BDNF, Nptx2, and Plk2; 4) Npas4 preferentially
regulate inhibitory circuits (Bloodgood et al., 2013; Lin et al., 2008; Ramamoorthi et al., 2011;

Spiegel et al., 2014; Sun and Lin, 2016; Weng et al., 2018). Studying the functions of Npas4
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therefore provides a unique opportunity to understand the related molecular and synaptic
processes mediate by Npas4 during memory formation.

Our previous works demonstrated that the Npas4-dependent ensembles in the DG
received enhanced inhibitory inputs (Figure 2.7). However, it remains unclear if Npas4 is directly
involved in the regulation of inhibition in the DG. Initial studies on Npas4 demonstrated that it
selectively up-regulated inhibitory synapses in the hippocampal CA1 region (Bloodgood et al.,
2013; Lin et al., 2008). However, a recent study revealed that Npas4 did not regulate inhibitory
synapses in the hippocampal CA3, but selectively down-regulated excitatory inputs from the
mossy fiber pathway (Weng et al., 2018). Besides, Npas4 in the primary visual cortex (V1)
selectively recruited excitatory inputs onto SST-expressing interneuron (Spiegel et al., 2014).
These date together suggest that Npas4 seems to either increase the inhibitory tone or reduce the
excitatory tone in the network, reducing the excitatory-inhibitory (E-I) ratio (Sun and Lin, 2016;
Vogels et al., 2011; Xue et al., 2014b). However, the region-specific synaptic functions of Npas4
remain to be further explored. Therefore, we study the synaptic functions of Npas4 in two brain
regions, the DG and V1. To also understand how the Npas4-dependent pathway contributes to
memory formation, we examine the necessity of Npas4 in the DG for contextual fear memory
(Ramamoorthi et al., 2011; Rudy et al., 2004), and in V1 for visual recognition memory (Cooke

etal., 2015; Fong et al., 2019; Kim et al., 2020).

4.3. Results

4.3.1. Npas4 in the DG Regulates Inhibitory Synapses and Memory Discrimination
The Npas4-dependent ensemble in the DG received enhanced inhibitory inputs (Figure 3.1), but
it’s unclear if this synaptic phenotype was mediated by Npas4 per se. To study the role of Npas4

in regulating inhibitory synapses, we examined the synaptic properties of dentate granule cells
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Figure 4.1. Acute Deletion of Npas4 in the DG Reduced Inhibitory Synaptic Transmission.

(A) Schematics and representative imaging showing acute deletion of Npas4 by injecting Cre-
expressing viruses into Npas4 conditional knockout mice (Npas4™™). Npas4 expression was
induced by KA-induced seizure (20 mg/kg).

(B) Experimental scheme to measure mEPSCs and mIPSCs with acute deletion of Npas4 in the
DG.

(C) Animals with acute deletion of Npas4 showed normal mEPSCs (GFP, n=13; Cre,n=17).
Mann-Whitney test.

(D) Animals with acute deletion of Npas4 showed reduced mIPSC frequency and amplitude (n =
16, 20). Mann-Whitney test, ***p < 0.001.
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(DGCs) after Npas4 acute deletion. We delivered Cre-expressing viruses (AAV-hSyn-Cre) in the

DG of adult Npas4 conditional knockout animals (Npas4™™

) to acutely deleted Npas4. Cre
expression was selectively detected in the DG, but not CA3 or CA1 of the hippocampus, which
blocked the seizure-induced Npas4 expression in the DG (Figure 4.1A). Whole-cell patch-clamp
recordings were then carried out to compare mEPSC and mIPSC between Npas4 knockout
animals with control animals (Figure 4.1B). Npas4 acute deletion did not affect mEPSCs (Figure
4.1C). However, mIPSC frequencies and amplitudes were substantially reduced in the Npas4
knockout animals (Figure 4.1D). These results suggest that Npas4 up-regulates inhibitory
synapses in the DG, recapitulating our previous finding that the Npas4-dependent ensembles
receive enhanced inhibitory inputs (Figure 3.1). The observed role of Npas4 in regulating
inhibitory synapses is also consistent with previous studies on the synaptic function of Npas4 in
CA1 (Bloodgood et al., 2013; Hartzell et al., 2018).

The Npas4-dependent ensemble in the DG mediates contextual fear memory
discrimination (Figure 2.7). However, the causal role of Npas4 in memory discrimination remains
unclear. Therefore, animals with Npas4 deletion in the DG were tested in the contextual fear
memory discrimination-generalization assay as described before (Figure 4.2A). We found that
acute deletion of Npas4 abolished the discrimination between similar contexts A and B (Figure
4.2B). Freezing levels in context A were not significantly changed, suggesting that memory
expression towards the original stimuli was normal. In addition, discrimination between distinct
contexts A and C was not affected, suggesting that Npas4 deletion did not cause general motor or

anxiety deficit. Together, these results suggest that Npas4 in the DG, similar to the Npas4-

dependent ensemble, mediates memory discrimination.
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Figure 4.2. Acute Deletion of Npas4 in the DG Impaired Memory Discrimination.

(A) Experimental scheme to examine the causal roles of Npas4 in contextual fear memory
discrimination-generalization.

(B) Animals wih acute deletion of Npas4 showed impaired discrimination between contexts A
and B (GFP,n=19; Cre,n=17), but not A and C (n =11, 10). Two-way mixed ANOVA with
Sidak’s test was used for freezing levels, Mann-Whitney test for comparing discrimination

indices, and one-sample t-test to compare discrimination indices with zero. Data are shown as
mean = SEM. *p < 0.05, ***p < 0.001.
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4.3.2. Deleting Npas4 in the V1 Selectively Reduces Inhibitory Inputs from PV"
Interneurons

How general is the role of Npas4 in regulating inhibitory synapses? Which subtypes of inhibitory
synapses does it control? We further study how Npas4 deletion affects the inhibitory microcircuit
in another brain region, the V1. We decided to focus on the V1 because it has been shown that
Npas4 is robustly induced in the V1 in response to visual stimulation (Lin et al., 2008; Mardinly
et al., 2016; Spiegel et al., 2014). We acutely deleted Npas4 from the V1 by delivering Cre-
expressing viruses (AAV-hSyn-Cre) in adult Npas4 conditional knockout animals (Npas4ﬂ"/ﬂx)
(Figure 4.3A). Seizure-induced expression of Npas4 in the V1 was largely abolished in animals
injected with Cre-expressing viruses, suggesting effective gene knockout (Figure 4.3B). Whole-
cell patch-clamp recordings were carried out to measure mEPSC and mIPSC from randomly
selected layer 4 neurons in the V1 binocular region (Figure 4.3C). We found that Npas4 deletion
substantially reduced the inhibitory synaptic drive onto layer 4 neurons (Figure 4.3E), but leave
the excitatory transmission unaffected (Figure 4.3D). We also confirmed these findings by
measure SEPSC and sIPSC. Npas4 deletion substantially reduced the sIPSC frequency, but did
not affect sSEPSCs (Figure 4.53-G).

Neurons in the cortex receive inhibitory synaptic inputs mainly from PV" and SST"
interneurons (Isaacson and Scanziani, 2011; Jiang et al., 2015; Kullmann et al., 2012). To
pinpoint which subtypes of interneurons were affected by Npas4 deletion, we measured inhibitory
inputs onto V1 layer 4 neurons from either PV" or SST" interneurons. Dual patch-clamp
recordings were carried out on parried presynaptic PV" or SST' neurons and postsynaptic
pyramidal cells (PCs). PV" and SST" interneurons were identified and distinguished by their
characteristic firing patterns (non-adaptive vs. adaptive) and short-term plasticity (depression vs.

non-depression) (Isaacson and Scanziani, 2011; Jiang et al., 2015; Miao et al., 2016). Unitary
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Figure 4.3. Acute Deletion of Npas4 in the V1 Reduced Inhibitory Synaptic Inputs onto
Layer 4 Pyramidal Cells.

(A and B) Schematics (A) and representative imaging (B) showing acute deletion of Npas4 by
injecting Cre-expressing viruses into Npas4 conditional knockout mice (Npas4™™). Npas4
expression was induced by PTZ-induced seizure (50 mg/kg).

(C) Experimental scheme to measure mEPSCs and mIPSCs in V1 layer neurons with acute
deletion of Npas4.

(D) Animals with acute deletion of Npas4 showed normal mEPSCs (GFP, n = 18; Cre, n = 14).
Mann-Whitney test.

(E) Animals with acute deletion of Npas4 showed reduced mIPSC frequency and amplitude (n =
30, 22). Mann-Whitney test, *p < 0.05, **p < 0.01.

(F) Animals with acute deletion of Npas4 showed normal SEPSCs (GFP, n = 14; Cre, n = 15).
Mann-Whitney test.

(G) Animals with acute deletion of Npas4 showed reduced sIPSC frequency (n= 17, 17). Mann-
Whitney test, **p < 0.01.
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IPSCs (uIPSCs) were measured on postsynaptic PCs during the simulations of presynaptic PV or
SST" neurons (Figure 4.4A and Figure 4.4D). We found that amplitudes of uIlPSC from PV-PC
synapses were significantly reduced in Npas4 deleted animals, suggesting the Npas4 in the V1
regulates inhibitory inputs from PV+ interneurons (Figure 4.4B). Consistently, the probability
that the recorded pairs of presynaptic PV" cells and postsynaptic PC were connected was also
lower in the knockout group. Short-term plasticity was not affected, suggesting that presynaptic
release properties were unchanged (Figure 4.4C). On the contrary, SST-PC synapses were not
affected by Npas4 deletion (Figure 4.4D-E). Taken together, these findings suggest that Npas4 in

the V1 selectively regulates the inhibitory inputs from PV" interneurons.

4.3.3. Npas4 in the V1 Is Required for Visual Recognition Memory
How does the loss of Npas4 in the V1 affect learning and memory? To this end, we have
examined the role of Npas4 in a form of V1-dependent visual recognition memory.
Familiarization of phase-reversing grating stimuli leads to the formation of long-term visual
recognition memory in mice, manifested as orientation-selective habituation (OSH) (Cooke et al.,
2015). As a result, animals showed reduced visually-induced fidget (Vidget) behaviors to the
familiar, but not a novel, stimulus (Figure 4.5A). In addition, the grating stimuli that elicit OSH
also induces stimulus-selective response potentiation (SRP) of visually evoked potentials (VEPs)
recorded in the layer 4 of the V1 (Cooke and Bear, 2010; Cooke et al., 2015; Frenkel et al., 2006).
Importantly, inhibitory circuits are believed to be essential for the normal expression of SRP and
OSH (Kaplan et al., 2016; Kim et al., 2020). This implies that the Npas4-dependent pathway,
which regulates inhibitory synapses, may be involved in SRP and OSH.

Here, we directly examine how the disruption of the Npas4-dependent pathway affects
SRP and OSH. We first examined SRP and OSH in Npas4 total knockout mice (Npas4™). During

training, animals were exposed daily to oriented grating stimuli (45 degrees) for 6 days, and were
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Figure 4.4. Acute Deletion of Npas4 Reduced Inhibitory Synaptic Transmission from PV",
but not SST”, Interneurons.

(A) Experimental scheme to measure ulPSCs from PV" interneurons. Paired whole-cell patch-
clamp recordings targeting presynaptic PV interneurons and postsynaptic pyramidal cells (PC)
were carried out. Trains of five action potentials (100 Hz) were evoked in the presynaptic PV"
interneurons, and unitary IPSCs (uIPSCs) were recorded in the postsynaptic cells voltage
clamped at -70 mV. ulPSCs were recorded with high-CI internal solution.

(B) Animals with acute deletion of Npas4 showed reduced ulPSC amplitudes and connection
probability at the PV-PC synapses (GFP, n = 15; Cre, n = 9). Mann-Whitney test, *p < 0.05.

(C) Short-term plasticity at the PV-PC synapses was normal with Npas4 deletion (GFP, n = 15;
Cre,n=9).

(D) Experimental scheme to measure ulPSCs from SST" interneurons. Paired whole-cell patch-
clamp recordings targeting presynaptic SST" interneurons and postsynaptic pyramidal cells were
carried out. Trains of five action potentials (100 Hz) were evoked in the presynaptic SST"
interneurons, and unitary IPSCs (uIPSCs) were recorded in the postsynaptic cells.

(E) Animals with acute deletion of Npas4 showed normal ulPSC amplitudes and connection
probability at the SST-PC synapses (GFP, n = 5; Cre, n =9).

(F) Short-term plasticity at the SST-PC synapses was normal with Npas4 deletion (GFP, n=5;
Cre,n=9).
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Figure 4.5. Npas4-/- Animals Showed Defective SRP and OSH.

(A) Animals were exposed to phase-reversing grating stimulus, while their visually induced
fidget (Vidget) and visually evoked potentials (VEPs) in the V1 layer 4 were recorded.

(B) Aniamls were habituated to the setup and grey screen for two days. During the training,
animals were daily exposed to oriented grating stimulus (X, 45 degree) for 6 days, and were
tested for on the 7 days with both a familiar (X, 45 degree) and a novel stimulus (X+90, 135
degree).

(C) Npas4-/- animals and their wild-type littermates were tested for SRP and OSH.

(D) VEPs during daily exposure to the familiar stimulus (WT, n=17; KO, n = 13). Two-way
mixed ANOVA with Sidak’s test.

(E) Npas4-/- animals showed reduced SRP comparing with their wild-type littermates (WT, n =
17; KO, n = 13). Two-way mixed ANOVA with Sidak’s test was used for compare VEP
magnitudes, Mann-Whitney test for comparing discrimination ratio. Data are shown as mean +
SEM. *p <0.05, ***p <0.001.

(F) Npas4-/- animals showed impaired OSH comparing with their wild-type littermates (WT,n =
17; KO, n = 13). Two-way mixed ANOVA with Sidak’s test was used for compare vidget
magnitudes, Mann-Whitney test for comparing discrimination ratio. Data are shown as mean +
SEM. *p < 0.05.
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tested for on the 7 days with both a familiar (45 degrees) and a novel stimulus (135 degrees)
(Figure 4.5A). Comparing to their wild-type littermates, Npas4” animals showed a higher
baseline of VEPs (Figure 4.5C-D). As a result, the animals exhibited reduced SRP and less
discriminative VEPs towards the familiar versus the novel stimuli (Figure 4.5E). At the
behavioral level, OSH was significantly disrupted in Npas4” animals (Figure 4.5F). Npas4"
animals showed similar vidget magnitudes towards the familiar versus novel stimuli. Taken
together, these results suggest that Npas4 is required for both SRP and OSH.

The V1 is required for visual recognition memory, as blocking synaptic plasticity in the
V1 prevented the formation of OSH (Cooke et al., 2015; Fong et al., 2019; Kaplan et al., 2016).
To test if OSH requires Npas4 specifically in the V1, we acutely deleted Npas4 in the V1 in adult
Npas4ﬂ"/ﬂx animals (Figure 4.6A). Comparing with the control group, animals with Npas4
deletion showed reduced potentiation of VEPs during training (Figure 4.6B), and did not show
differential responses to the familiar and novel stimuli (Figure 4.6C). At the behavioral level,
animals with Npas4 acute deletion showed substantially impaired OSH, and they could not
distinguish the familiar versus novel stimuli (Figure 4.6D). Importantly, these effects were not
due to visual perceptual deficits, as animals with deleted Npas4 showed normal contrast
sensitivity and spatial acuity (Figure 4.6E-F). Together, these results suggest that SRP and OSH

require Npas4 specifically in the V1.
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Figure 4.6. Acute Deletion of Npas4 in the V1 Impaired SRP and OSH.

(A) Npas4™"™ animals injected with Cre-expressing (conditional knockout, cKO) of GFP-
expressing control viruses (wild-type, WT) were tested for SRP and OSH.

(B) VEPs during daily exposure to the familiar stimulus WT, n = 13; cKO, n = 10). Two-way
mixed ANOVA with Sidak’s test.

(C) Acute deletion of Npas4 reduced SRP (WT, n=13; cKO, n = 10). Two-way mixed ANOVA
with Sidak’s test was used for compare VEP magnitudes, Mann-Whitney test for comparing
discrimination ratio. Data are shown as mean +£ SEM. *p < 0.05, ***p < 0.001.

(D) Acute deletion of Npas4 impaired OSH (WT, n = 15; cKO, n = 10). Two-way mixed
ANOVA with Sidak’s test was used for compare vidget magnitudes, Mann-Whitney test for
comparing discrimination ratio. Data are shown as mean + SEM. ***p < 0.001.

(E and F) Animals with Npas4 deletion showed normal contrast sensitivity (E) and spatial acuity
(F) (WT, n=3;cKO,n=3).
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4.4, Discussion

In the DG, the synaptic and memory functions of Npas4 are consistent with the ones of the
Npas4-dependent ensemble. At the behavioral level, both the Npas4-dependent ensemble and
Npas4 are required for memory discrimination. At the synaptic level, the finding that Npas4
regulates inhibitory synapses is consistent with the result that the Npas4-dependent ensemble
receives enhanced inhibitory synaptic inputs. Furthermore, a recent study found that Npas4 in the
hippocampus selectively regulates inhibitory drive from CCK", but not PV", interneurons
(Hartzell et al., 2018), which is consistent with our observation that Npas4-dependent ensemble
selectively recruits inputs CCK " interneurons. These results strongly imply that, at least in the DG,
the activation of Npas4-dependent pathway is likely to account for the synaptic property and
functionality of the Npas4-dependent ensemble. As Npas4 functions as a transcription factor and
regulates large-scale gene programs (Kim et al., 2010; Lin et al., 2008; Spiegel et al., 2014),
future studies are needed to further pinpoint the genes downstream of Npas4 that are critical for
the functions of the Npas4-dependent ensemble.

In the V1, how does Npas4 support visual cognition memory? We found that Npas4 in
the V1 preferentially regulates inhibitory synapses, suggesting that the loss of inhibition in the
network may contribute to the impairment of visual recognition memories (Kaplan et al., 2016;
Kim et al., 2020). Reducing inhibition in the network would disrupt the excitatory-inhibitory
balance and impaired circuit functions (Froemke, 2015; Lim and Goldman, 2013; Xue et al.,
2014b). Alternatively, the disruption of the Npas4-dependent pathway may disrupt inhibitory
synaptic plasticity, which has been postulated to play essential roles in recognition memory
(Barron et al., 2017; Hamm and Yuste, 2016; Ramaswami, 2014; Sadanandappa et al., 2013). It’s
currently unknown how other cellular and circuit processes are disrupted in the absence of Npas4.
Notably, both Npas4”™ and Npas4 conditional knockout mice showed reduced vidget magnitude

to the novel stimuli, similar to a level when control animals respond to the familiar stimulus
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(Figure 4.5 & Figure 4.6). This implies that neural processes related to novelty detection and
motivation may be affected by Npas4 deletion (Olarte[]Sanchez et al., 2015; Warburton and
Brown, 2015). In addition, Npas4 may also regulate other cellular processes such as intrinsic
excitability, firing patterns, and neural oscillation (Meeter et al., 2004; Spiegel et al., 2014).

We found that Npas4 regulates inhibitory circuits in a cell-type-specific manner. Npas4
in the V1 selectively regulates inhibitory synapses from PV", but not SST", interneurons. It’s
consistent with other works suggesting that PV interneurons are required for visual learning
(Kaplan et al., 2016; Lee et al., 2012; Pfeffer et al., 2013). However, this is different from what
was reported in the CA1, where Npas4 regulates inhibitory synapses from CCK", but not PV",
interneurons (Hartzell et al., 2018). The difference may be potentially explained by that Npas4 is
known to be able to initiate distinct downstream gene programs by interacting with different co-
activators (Brigidi et al., 2019). Future studies are needed to study how Npas4 regulates subtypes
of interneurons in different brain regions.

Using Npas4 as an example, we showed that activity-dependent genes participate in a
various types of learning. Contextual fear conditioning is a form of associative learning (Curzon
et al., 2009; Rudy et al., 2004), and acute deletion of Npas4 in the DG impaired contextual fear
memory discrimination. Npas4 in the V1, on the other hand, supports visual recognition memory,
a type of non-associative learning (Barron et al., 2017; Cooke et al., 2015; Eichenbaum et al.,
2007). The two types of memories likely involve different circuit and synaptic mechanisms
(Barco et al., 2006; Gluck et al., 2016; Wilson et al., 2013). However, the requirement of Npas4
in both forms of memories suggests that activity-dependent genes like Npas4 likely mediate
fundamental activity-dependent cellular and synaptic processes that are essential for multiple

types of experience-dependent learning.
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4.5. Methods
Mice

C57BL/6 male and female mice 7-11 weeks old were used for all experiments. Wildtype

mice were purchased from the Charles River Laboratory. Npas4™"™

(Npas4 conditional knockout)
mice were generated previously (Lin et al., 2008). All mice were housed with a 12 hour light-dark
cycle. Animal protocols were performed in accordance with NIH guidelines and approved by the

Massachusetts Institute of Technology Committees on Animal Care and the Institutional Animal

Care and Use Committee at SUNY Upstate Medical University.

Viral vectors

AAVI1-hSyn-GFP, AAV1-hSyn-GFP-Cre, AAV1-EF1a-DIO-ChR2-EYFP were obtained
from the University of Pennsylvania Vector Core via Addgene. All other AAVs were produced in
house. AAVs were generated in HEK293T cells and purified using an adapted h gradient
purification protocol as previously described (Serensen et al., 2016). Viral dilutions were

determined for individual experiments through pilot injections.

Stereotaxic viral injection and electrode implantation

C57BL/6 mice 7-11 weeks old were anesthetized with 1.5-2% isoflurane in O,. To target the DG,
stereotaxic injections were performed bilaterally into the dorsal hippocampal dentate gyrus with
the following coordinates (relative to bregma) and volumes: DG (AP -1.90 mm, ML +1.30 mm,
DV -2.00 mm, 150-200 nL per hemisphere). Viruses were infused at a rate of 100 nL per minute,
and needles were kept at the injection site for 5 minutes.

To target the V1, stereotaxic injections were performed bilaterally into V1 binocular

areas with the following coordinates (relative to dura) and volumes: V1 (AP: same as lambda,
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ML £3.00 mm, DV -0.60/-0.45/-0.30/-0.15 mm, 100 nL per injection sites). Viruses were infused
at a rate of 50 nL per minutes, and needles were kept at the injection site for 5 minutes.
Following viral injection in the V1, a steel headpost was affixed to the skull anterior to
bregma using cyanoacrylate glue. Tungsten electrodes (FHC) 75 pm in diameter at the widest
point were implanted in each hemisphere, 450 um below the cortical surface. Silver wire (A-M
Systems) reference electrodes were placed over the right prefrontal cortex. All implants were
secured in place using cyanoacrylate glue. Finally, dental cement was applied to form a stable,

protective head cap.

Contextual fear conditioning (CFC)

Prior to CFC, mice were handled daily in a holding room for 3 days. The behavioral

training was typically carried out 48 hours after the last handling session.

On the training day, mice were first transported into the holding room and allowed to
acclimatize for at least 30 minutes. Mice were then transported into the behavioral room and
placed in context A: 24 cm (L) X 19 cm (W) x 17.5 cm (H), with steel grid floors and 1% acetic
acid (Sigma). Mice were conditioned with the following protocol: animals were allowed to
explore the conditioned chamber freely for 4 minutes and received 2 second 0.55 mA foot shock
at 1 minute intervals 3 times, starting at the 58th second. After each experiment, the chamber was
cleaned with 70% ethanol and then with water. In experiments to examine whether synaptic
features of ensemble neurons depend on memory strength, no foot shock, weak foot shocks (0.35
mA), or strong foot shocks (0.55 mA, the same as other CFC experiments) were delivered. For
experiments with Dox-dependent ensemble labeling, animals were switched back to Dox diet 24

hours after CFC if subsequent behavioral experiments were needed.

To test contextual fear memory discrimination-generalization, 24-48 hours after CFC fear

conditioned mice were brought back to the same behavioral room and placed in the conditioned
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context (A), a similar context (B) or a distinct context (C) for memory recall for 4 minutes.
Context B shares all features with context A except that a soft pad insert is used as the floor.
Context C uses a different chamber that has white opaque walls, 32 cm (L) x 25 cm (W) X 32 cm
(H), a soft padded floor, and is scented with 0.25% benzaldehyde (Sigma). In some of the
experiments, animals were tested for memory recall in only one context, either A, B or C, and
sacrificed 1.5 hours later for immunohistochemistry. In chemogenetics and fiber photometry
experiments, the same animals were tested in multiple contexts in order to examine their
discrimination between contexts. In those cases, fear conditioned animals were tested in contexts
B and A on the first day (with at least 6 hours in between), and contexts C and A on the following

day.

Contextual fear memory expression was measured by manually scoring freezing behavior
over the 4 minute recall period, sampling every 5 seconds, with freezing defined as absence of
movement for at least 1 second. Discrimination indices (DIs) are calculated as Freezingja.gy(a+s)
when comparing freezing levels in contexts A and B, or Freezingja.cya+cy when comparing

freezing levels in contexts A and C Scorers were blind to the experimental conditions.

Stimulus presentation

Visual stimuli were generated using custom software written in Matlab (MathWorks) using the
PsychToolbox extension (http:// psychtoolbox.org). To present the stimuli, a screen was
positioned 20 cm in front of the mouse, thereby occupying 92° x 66° of the visual field. Visual
stimuli consisted of full-field sinusoidal grating stimuli phase reversing at a frequency of 2 Hz.
Grating stimuli spanned the full range of monitor display values between black and white, with
gamma correction to ensure constant total luminance in both gray-screen and patterned stimulus
conditions. Each stimulus block consisted of 200 phase reversals with 30-s intervals between each

stimulus presentation, during which the screen was gray but of equivalent luminance. If more
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than one orientation was shown within a session (e.g., familiar vs. novel), stimuli were pseudo-
randomly interleaved such that three consecutive presentations of the same stimulus never
occurred. To test spatial acuity, stimuli ranged across 0.05, 0.15, 0.3, 0.45, 0.6 and 1 cycle per
degree (stimulus contrast was fixed at 100%). To test contrast sensitivity, stimuli ranged across
1.5%, 3.125%, 6.25%, 12.5%, 25%, 50% and 100% contrast (spatial frequency was fixed at 0.05

cycle per degree).

Head-fixed behavior

All behavioral experiments were performed during the mouse subject’s light cycle. A piezo-
electrical recording device (C.B. Gitty) was placed under the forepaws of head-restrained mice
during all sessions. Mice were habituated to the apparatus by sitting in front of a gray screen for 2
days. Mice underwent 5 min of gray-screen presentation before stimulus presentation. During the
test, a continuous voltage signal was recorded from the piezo for the entire session. Movements
were detected as a shift in the voltage signal. During the test sessions, white noise was played at

67 dB in order to mask outside noise.

To analyze the vidget, the continuous voltage signal was down-sampled to 100 Hz. The period of
interest in the experiments described here lasted from 2 s before stimulus onset until 5 s after
stimulus onset (which was the first ten phase reversals in a block). Quantification of movement
driven by the onset of the stimulus (the vidget) was calculated by taking the root mean square
(SQRT (X2)) of the voltage signal. The post-stimulus signal was then normalized to the average
magnitude during the 2-s period before stimulus onset. The average normalized magnitude across
the 5-s period subsequent to stimulus presentation was then used to quantify the degree of

stimulus-driven movement, and this is presented throughout in arbitrary units (a.u.).

Eelectrophysiological data acquisition
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All data were amplified and digitized using the Recorder-64 system (Plexon Inc.). Two recording
channels were dedicated to recording EEG and VEPs from V1 in each implanted hemisphere and
a third recording channel was reserved for the Piezo-electrical input carrying the behavioral
information for the majority of experiments. Fields were recorded with 1-kHz sampling and a
500-Hz low-pass filter. All data were extracted from the binary storage files and analyzed using
custom software written in Matlab. VEPs were averaged across all phase reversals within a block

and trough-peak difference measured during a 200-ms period from phase reversal.
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Chapter 5 - Discussion: A Working Model on the Emergence of

Functionally Distinct Neuronal Ensembles

5.1. Introduction

Recent studies on memory engram support the view that memories are stored by sparse
ensembles of neurons within engrams (Barth, 2007; Deng et al., 2013; Denny et al., 2017; Han et
al., 2009; Josselyn and Tonegawa, 2020; Kawashima et al., 2014; Liu et al., 2014; Reijmers et al.,
2007; Yokose et al., 2017). Our findings provide additional evidence for this idea, and further
reveal the functional heterogeneity within individual engrams (Sun et al., 2020). The existence of
functionally distinct neuronal ensembles is consistent with theoretical studies suggesting that
heterogeneous neural populations favor flexible memory expression in an ever-changing
environment (Eichenbaum, 2004; Thompson, 2005). Our findings provide causal evidence for
this idea by identifying two functionally distinct neuronal ensembles within the memory engram
that oppositely regulate the experience-dependent behavioral output. Furthermore, we reveal
synaptic and circuit mechanisms that are associated with each ensemble to support their distinct
roles in regulating the discrimination-generalization balance.

However, substantial works are needed in the future to fully understand the heterogeneity
within engrams. Our study focused on the fear memory engram in the DG, but it remains to be
studied if such functional heterogeneity is a general phenomenon across brain regions (Hardcastle
et al., 2017; Osborne et al., 2008; Tanaka and McHugh, 2018b). Besides, the computational
meaning of such heterogeneity needs further investigation. Therefore, in this chapter, we aim to
propose a hypothetical model of how functionally distinct neuronal ensembles emerge during
learning. This model provides potential explanations to our key experimental observations and

brings up important questions that need to be addressed moving forward.
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We hypothesize that there are three critical steps in how heterogeneity within memory

engrams arises:

1) Activity-dependent recruitment of neuronal ensembles: during learning, activity-
dependent pathways are induced in sparse populations of neurons; these neurons are
subsequently recruited into different neuronal subpopulations based on their activity-
dependent gene expression patterns.

2) Initiation of different learning-induced plasticity: activity-dependent pathways
triggered in each ensemble initiate different molecular, cellular, synaptic, and circuit
modifications.

3) Formation of functionally distinct ensembles: different learning-induced
modifications onto neuronal ensembles give rise to their distinct functionalities, and
these ensembles collectively fine-tune the memory output and support adaptive

behaviors.

This model though does not address how distinct neuronal ensembles interact with
downstream circuits to drive differential behavioral outputs. Each step of the model is discussed

further in detail in the following sections.

5.2. Step 1: Activity-dependent Recruitment of Neural Ensembles

As the first step, transient learning experience activates sparse populations of neurons in the
memory circuits (e.g., hippocampus, amygdala, entorhinal cortex) (Barth, 2007; de Sousa et al.,
2019; Kawashima et al., 2013; Reijmers et al., 2007; Zhou et al., 2019). As sensory stimuli

trigger complex neural responses in vivo, neurons within the engram are not activated in identical
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Step 1 Step 2 Step 3

Activity-dependent recruitment of Initiation of different Formation of functionally
neuronal ensembles learning-induced plasticity distinct ensembles

Activity

Generalization Discrimination

¥

QO Neuron

—q Excitatory synapses
—j Inhibitory synapses

Figure 5.1. A Working Model on the Emergence of Functionally Distinct Neuronal
Ensembles. First, different activity patterns induce activity-dependent pathways in different
neuronal ensembles. Second, activity-dependent pathways within individual ensembles initiate
different learning-induced molecular, cellular, synaptic, and circuit changes. Third, the learning-
induced modifications onto neuronal ensembles give rise to their distinct functionalities.

105



ways (Grewe et al., 2017; Hardcastle et al., 2017; Mallory and Giocomo, 2018). As a result,
different activity-dependent pathways are triggered in relatively discrete ensembles of neurons
(Renier et al., 2016; Sun and Lin, 2016).

It’s currently unknown how neurons are recruited into the memory engram. Early studies
suggest that neurons with higher intrinsic excitability are more likely to participate in memory
encoding (Han et al., 2007; Han et al., 2009). Artificially increasing the excitability of randomly
selected neurons increase the chance that these neurons are recruited into the memory trace (Yiu
et al., 2014; Zhou et al., 2009). Later studies suggest that the neurons may be selected to the
engram based on their connectivity (Ryan et al., 2015; Tonegawa et al., 2015b). Engram neurons
from upstream and downstream regions are preferentially connected even in the absence of
learning-induced plasticity (Choi et al., 2018; Ryan et al., 2015). Furthermore, neurons that
participate in stable memory representations tend to form interconnected local sub-network
(Gonzalez et al., 2019). Lastly, one recent study suggests that engram neurons may be selected
due to their unique temporal firing patterns (Tanaka et al., 2018). Fos-expressing neurons were
significantly more theta modulated than the neighboring neurons and they showed more theta-
burst events during learning. We speculate that all the above factors affect the formation of new
engrams. It will be interesting for future studies to investigate how these factors interact to
determine the recruitment of neurons into the memory engram.

How are neurons then “sorted” into the kinds of distinct neuronal ensembles we describe?
The neurons may be recruited into different subpopulations based on their unique activity patterns.
It has been shown that the activation of activity-dependent genes depends on the temporal
patterns of action potentials (Fields et al., 1997; Tyssowski et al., 2018). For example, acute and
prolonged stimulation triggered distinct activity-dependent gene programs (Tyssowski et al.,
2018). Future works are needed to quantitatively correlate diverse neuronal firing patterns with

the inductions of individual activity-dependent pathways.
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Besides, neuromodulators may also contribute to the recruitment of distinct neuronal
ensembles (Flavell and Greenberg, 2008; Guo et al., 2012; Radulovic et al., 2000; Sun and Lin,
2016). For example, activation of dopamine signaling through the dopamine D, receptors robustly
induced Fos expression (Radulovic et al., 2000). In contrast, repeated, but not acute,
administration of the psychostimulant amphetamine (AMPH) activated Npas4 in the nucleus
accumbens (Guo et al., 2012). Neurotrophic factors, such as BDNF, NT3, and NT4, activated Fos
but not Npas4 (Lin et al., 2008; Ramamoorthi et al., 2011). Besides, Npas4 expression was down-
regulated by stress-induced glucocorticoid signaling (Yun et al., 2010). It’s conceivable that
multiple signaling pathways would interact during learning, and they collectively determine the
activation of activity-dependent pathways. It’s therefore interesting to examine if the interaction

between multiple pathways has synergistic or antagonistic effects (Nadim and Bucher, 2014).

5.3. Step 2: Initiation of Different Learning-induced Plasticity

Once the neural ensembles express activity-dependent genes, these genes trigger learning-induced
plasticity through various types of activity-dependent cellular and synaptic mechanisms (Jones et
al., 2001; Shepherd and Bear, 2011; Sun and Lin, 2016). Activity-dependent transcription factors
such as Fos, Npas4, and Egrl activate downstream gene cascades (Flavell and Greenberg, 2008;
Kim et al., 2010; Malik et al., 2014), whereas synaptic proteins like Arc and Nptx2 could directly
modulate the strength of synapses (Chang et al., 2010; Gu et al., 2013; Park et al., 2008; Waung
et al., 2008). Most importantly, these genes trigger various forms of activity-dependent synaptic
plasticity, such as LTP (Fleischmann et al., 2003; Korte et al., 1995; Okuno and Miyashita, 1996),
LTD (Park et al., 2008), homeostatic plasticity (Gu et al., 2013; Shepherd et al., 2006), and
modifications of inhibitory synapses (Lin et al., 2008). These activity-dependent modifications

within engram neurons are likely the key processes underlying memory formation.
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What types of synaptic plasticity occur on individual neuronal ensembles? Recent studies
and our results together support the idea that neurons undergo heterogeneous plasticity during
learning (Grewe et al., 2017; Sun et al., 2020). The F-RAM ensemble received enhanced
excitation, whereas the N-RAM ensemble received enhanced inhibition (Figure 3.1). This
observation is consistent with computational studies arguing that efficient learning requires the
interaction between multiple forms of plasticity, such as Hebbian plasticity, homeostatic plasticity,
spike-timing-dependent plasticity (Litwin-Kumar and Doiron, 2014; Vogels et al., 2011). The
ability to genetically tag individual neural ensembles allows detailed characterization of various
types of synaptic changes in the circuit. An exciting future direction is to systematically examine
the synaptic changes on neuronal ensembles defined by other activity-dependent genes, such as
Arc and Egrl (Denny et al., 2014; Xie et al., 2014).

Although the current study focused on synaptic plasticity, other forms of activity-
dependent changes may also be important for the formation of memory engrams. Intrinsic
plasticity, the modification of a neuron’s intrinsic electrical properties, has been proposed to play
critical roles in learning and memory (Debanne et al., 2019; Sehgal et al., 2013). For example, it
has been shown that engram neurons change their intrinsic excitability during learning (Cai et al.,
2016; Pignatelli et al., 2018). Similarly, we found that N-RAM " neurons show reduced intrinsic
excitability, though it’s unclear whether such property is learning-induced or pre-existing.
Besides, structural plasticity may also contribute to the formation of neural ensembles. Fos-
dependent ensembles in the DG and nucleus accumbens show increased spine density (Roy et al.,
2016; Ryan et al., 2015; Zhou et al., 2019). Future investigations are needed to link these forms of
learning-induced plasticity with specific activity-dependent pathways and the ensembles they

define.
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5.4. Step 3: Formation of Functionally Distinct Ensembles

As the last step, the activity-dependent plasticity within individual ensembles eventually gives
rise to their functionality. F-RAM and N-RAM ensembles respectively promote memory
generalization and discrimination, and these behavioral functions are likely associated with the
specific activity-dependent plasticity that occurred on each ensemble. In support of this idea, we
have shown that the Npas4-dependent pathway is required for regulating inhibitory synapse and
memory discrimination (Chapter 4), consistent with the role of the Npas4-dependent ensemble.
However, these results did not demonstrate the causal roles of inhibitory synaptic plasticity in
memory discrimination. Future works need to develop perturbation tools that specifically disrupt
the synaptic changes within the ensembles neurons (Nabavi et al., 2014; Roy et al., 2016; Zhou et
al., 2019).

From an adaptive behavior point of view, a major advantage of having heterogeneous
neuronal ensembles in the engram is that these subpopulations can be individually modulated to
optimize situation-dependent behavioral output (Eichenbaum, 2004). It’s conceivable that, under
conditions where generalization is critically needed, the F~-RAM ensemble that regulates
generalization may play a dominant role over the N-RAM ensemble. Conversely, the N-RAM
ensemble may be critically needed when the animals have to carefully differentiate the stimuli.
These ideas can be experimentally tested by comparing the involvements of /-RAM and N-RAM
ensembles under: 1) normal physiological conditions; 2) stressed conditions where animals
typically show overgeneralization (Dymond et al., 2015; Ghirlanda and Enquist, 2003); 3)
conditions where animals show enhanced discrimination, for example, in some models of autism
spectrum disorder (ASD) (Brown and Bebko, 2012).

How do the neuronal ensembles differentially drive behavioral outputs? Neurons in the
DG send inputs mainly to the downstream CA3 neurons (Amaral and Witter, 1989). Functionally

distinct ensembles, such as F-RAM and N-RAM ensembles, may be either 1) connected with
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different CA3 neurons, or 2) connected to the same CA3 neurons but with different strengths or
input patterns. To directly tease these possibilities apart, novel activity-dependent labeling
systems are needed in order to simultaneously tag multiple ensembles and their downstream
targets in the same animals. Besides, it remains unclear how the ensembles interact or compete
with each other within the local circuits. Lateral inhibition in the DG mediated by the SST"

interneurons provides a potential mechanism for ensemble competition (Stefanelli et al., 2016).

5.5. Future Directions and Outstanding Questions

In summary, the model we proposed here summarizes the three key steps of how functionally
distinct neuronal ensembles may arise. The hypotheses mentioned above need to be
experimentally tested in the future. There are also major limitations about the model: 1) it does
not illustrate how distinct neurons ensembles differentially trigger behavior outputs; 2) the
molecular mechanisms that convert neuronal activation to the induction of distinct activity-
dependent pathways remain unclear. Futures studies are urgently needed to revise and extend the
current working model.

Lastly, we list a few outstanding questions that need to be addressed moving forward.

The questions are grouped according to Marr’s three levels of analysis.

At the computational level:
1) Is functional heterogeneity a general phenomenon for memory representations?
What’s the computational benefit of it?
2) What information do individual ensembles code? Can system-level approaches like
large-scale recording or calcium imaging be used to decode the information from

each ensemble?
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3)

Do these hippocampal ensembles mediate the discrimination-generalization balance
of remote memories, which are believed to become hippocampus-independent after

system consolidation?

At the representation/algorithm level:

)

2)

3)

How many ensembles are there in the memory engram? Could single-cell sequencing
be used to systematically study all neuronal ensembles together?

What’s the overall learning rule that determines the synaptic plasticity onto
individual neuronal ensembles? Is the observed “heterogeneous plasticity” a general
phenomenon?

How are memory engrams disrupted in diseased conditions such as PTSD?

At the hardware implementation level:

)

2)

3)

What intrinsic and extrinsic factors determine which neurons are recruited to the
memory engram?

What’s the role of inhibitory synaptic plasticity in learning? Why CCK" interneurons
are selectively required for memory discrimination?

What are the molecular players downstream of Fos and Npas4 that determine the

functionality of distinct neuronal ensembles?

With the development of advanced conceptual frameworks and novel technologies, we

hope that future studies will be able to address these questions and eventually provide a more

complete picture of the memory engram.
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