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ABSTRACT

Being able to flexibly remember aversive events is a critical neural function for
mammals. However, aversive memories can have a negative impact on animal well-being if they
are not restricted to the appropriate context, or not updated with new information over time. The
hippocampus is a key brain region for both forming and updating aversive memories
—specifically, the dorsal section of hippocampal area CA1l is crucial for integrating spatial and
non-spatial information into coherent contextual memories. My doctoral work focuses on
understanding the hippocampal circuits underlying the formation, recall, and extinction of
aversive memories.

In Chapter 2, I reveal the contextual fear-suppressive role of the projection from the
thalamic subregion nucleus reuniens (NR) to dorsal CA1. I implemented a novel head-restrained
virtual reality contextual fear conditioning paradigm (VR-CFC) where 1 administered mild tail
shocks in one context (shocked) but not the other (neutral). I showed that inactivation of the
NR-CA1 pathway following VR-CFC increases fearful freezing, induces fear generalization to a
neutral context, and delays extinction of fearful responses. Using in vivo sub-cellular calcium
imaging, I found that NR-axons become selectively tuned to fearful freezing only after VR-CFC.

In Chapter 3, I demonstrate how the NR-CA1 pathway impacts population dynamics in
excitatory pyramidal neuron somata in dorsal CA1l throughout VR-CFC. I reveal that with the
NR-CA1 pathway intact, CAl somata are preferentially active in the shocked context after
shocks, globally remap their place fields to more flexible post-fear extinction maps, tune to both
shocks and to freezing epochs, and increase both the frequency and scale of simultaneous neural

activations. In contrast, I show that inhibiting the NR-CA1 pathway prevents preferential activity
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in the shocked context post-shocks by over-activating somata, interferes with global remapping
by retaining more stable post-extinction maps, increases freeze-tuning, and disrupts simultaneous
neural activations. Lastly, in Chapter 4, I investigated the differential activity of the basal and
apical dendritic arbors through novelty and reward manipulation. I reveal functional segregation
between predominantly spatial representations in the basal dendrites and predominantly
non-spatial reward and novelty-modulated representations in the apical dendrites, paving the way
for future investigations of dendritic mechanisms underlying somatic activity changes in
VR-CFC.

Overall, this dissertation provides both methodological and experimental leaps forward in
our understanding of how the hippocampus flexibly encodes aversive experiences by
highlighting the critical role of projections from thalamic nucleus reuniens to hippocampal dorsal
CAl. I pioneered a novel contextual fear conditioning paradigm in virtual reality that reliably
elicits context-dependent freezing behaviors similar to non-head-fixed behavior. I imaged two
distal subcellular components for the first time — NR axons and dorsal CA1 distal apical tuft
dendrites — and developed a new technique for identifying population-level synchronized activity
in dorsal CA1 somata. Our findings paint a picture of hippocampal dorsal CA1 as a critical
region for memory that both encodes a variety of salient features to aversive contextual
memories and flexibly updates fear memories to extinguish fear responses through modulating

inputs from thalamic nucleus reuniens.
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CHAPTER 1

INTRODUCTION

Learning, remembering, and flexibly altering memories of threatening experiences is a
critical evolutionarily-conserved behavior. An organism's survival often depends on
appropriately responding to threats in its environment, a behavior heavily reliant on accessing
and correctly applying underlying neural encodings of previously negative experiences. These
memories need to be stable enough to be recalled across the organism's lifetime, but also be
flexible enough to incorporate new information and generalize to non-identical but similarly
threatening situations, all while not occupying too much space in the brain. Understanding this
process of how the brain transforms disparate sensory information into flexible, stable, and

compact memories has been a focus of neuroscience research for decades.

One form of memory that is essential for recollecting aversive events is episodic memory,
in which key components of event timing, location, and context combine into a singular memory.
These episodic memories are, by partial definition, contextual memories, as they require
encoding contextual representation. Several brain regions are necessary to form contextual
memories, perhaps chief among them the hippocampal formation (HPC). However, the recall and
modification of aversive memories requires the activation of a widespread, coordinated network
of brain regions, including but by no means limited to the amygdala (AMY), medial prefrontal

cortex (mPFC), and nucleus reuniens of the thalamus (NR).

This dissertation will focus on how these regions interact to shape hippocampal activity
throughout context-dependent aversive memory formation, retrieval, and suppression via

subcellular and population-level processes. Since the experiments conducted in this dissertation



are entirely on mice, the work reviewed and discussed here will be primarily, albeit not

exclusively, focused on studies conducted in rodent models.

What is Contextual Fear?

Understanding contextual fear requires first defining the term 'context.' A context is a set
of continuous experienced conditions that define an event'. Contexts are typically composed of
individual multisensory cues that the brain combines to create a singular, abstract representation
of the surroundings involved in a salient event. It is important to note that the working definition
of context here is a neural representation, not a representation in physical space. Forming a
context requires the brain to combine incoming information about shapes, colors, smells, and
textures with more abstract physical information about spatial location and temporal properties?.
These aspects of a context rooted more firmly in the physical world are further imbued with
internal information, such as psychological state and prior knowledge®. All contexts do not
necessarily contain each of these components, and some contexts include additional components
such as social, cultural, or further multi-sensory representations. However, all contexts are
critically more than the sum of their parts. Despite being made of many specific elements, the
context itself is represented distinctly from the representation of individual elements. This

distinct encoding keeps contextual representations intact even if specific elements are changed'.

As a more concrete example, let us examine a context in which a person approaches a red
light at an intersection while driving a car on their way home from work. This experience's
physical features include the car's location at an abstract level (country, city, cross-streets) and a
sensory-detectable level (the location of this traffic signal compared to a block ahead). It includes
the time in which the driver is approaching at an abstract level (time on the clock, day of the

week, month, year), a sensory-detectable level (environmental luminance of the sun setting), and
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an internal relativistic level (after work, before dinner). They include the smell of asphalt and
exhaust, the sounds of honking and the car radio, objects made of various colors and shapes that
form into cars, people, the signal light, street poles, sidewalks, and other details. Internal features
include if the person driving is tired and stressed from a long work day, causing sensory
information to be less clearly encoded than it otherwise might be. It includes learned cues, such
as the knowledge that 'green' on the signal means they should continue through the intersection
and 'red' to stop, while those colors in other contexts have other meanings. It includes learned
responses, such as a loud honk, indicating that the light changed while the tired driver was
inattentive. It is also a flexible representation; a sign could be removed, or a new house could be
built on the corner, without fundamentally changing the contextual representation of the

intersection. These features all combine to create the context against which a memory forms.

A key question then becomes why does the brain create these contexts? Contexts are
critical to remember previous experiences, guide present behavior, and make decisions impacting
the future. Contexts enable organisms to flexibly situate experiences by creating succinct,
semi-abstract recollections. In the example above, the reader likely pictured a 'generic'
intersection containing all the described features. However, each specific context pictured will
vary from reader to reader based on different learned experiences - for example, the driver in this
example would be on the left side of the car and the right side of the street for an American
reader, while a British reader would reverse these details. The brain's capacity to form specific
yet flexible contexts is how both readers can readily access a gestalt of this intersection context

despite each individual's precise context containing different elements.

What information is meaningful is a question of great importance to the brain and those

studying its processes. Organisms have a limited capacity to remember each experience in their



lifetimes and must prioritize memories of behaviorally salient experiences over more mundane
experiences®. Therefore, we remember surprising, positive, and negative events more vibrantly
than ordinary events’. Of particular relevance to survival are aversive experiences. To return to
the intersection example, if the driver stops at the red light and then goes through again at the

green light, the particular context surrounding this intersection will likely be forgotten.

However, suppose the driver stops at the red light, accelerates at the green light, and is hit
by a car. In that case, the context suddenly gains salience as a location where a dangerous event
happened. Imbuing this context with salience might guide future behavior in helpful ways, such
as slowing down at this intersection and looking carefully at oncoming traffic before accelerating
the next time the driver passes through. In real-world situations for humans and other organisms,

correctly embedding fearful memories in their appropriate contexts is a crucial survival skill.

Fear Conditioning: A Brief History

To study how fearful experiences embed into a context, the two are linked together
through 'conditioning.! The earliest examples of conditioning come from Ivan Pavlov in the
1920s, whose contributions to the field were so notable that certain forms of conditioning are still
termed 'Pavlovian' today®. His paradigm trained dogs to pair a conditioned stimulus (CS) that
was intrinsically meaningless, like a ringing bell, with an unconditioned stimulus, like food, that
had a positive salience. After ringing the bell and then presenting food, dogs quickly learned to
salivate after the presentation of the bell but before the presentation of food, showing that they

had associated the US with the CS’.

Researchers quickly applied the same principle to an aversive US, eliciting fear responses
from creatures after CS presentation but before US presentation. The most infamous early

example of fear conditioning is found in the 'Little Albert' study in 1920, in which a human
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toddler with no innate fear of rats (the CS) but a substantial innate fear of loud noises (the US)
was presented with a rat and a loud noise simultaneously, resulting in a long-lasting conditioned
fear response (CR) to rat presentation alone®. It is important to note that while this experiment
yielded a strong case of fear conditioning, its replication would not meet modern ethical

standards.

A full discussion of what defines fear and the conscious experience of fear in non-human
animals is outside this dissertation's scope. However, I will use a working definition of fear as a
negative internal state that orchestrates psychological and behavioral defense responses to
threats, real or perceived™'’. Following the 'Little Albert' experiment, researchers designed a
paradigm pairing a context as the CS with the US of mild foot-shocks in rodent models' .
Animals can acquire contextual fear memory in as little as a single shock, although they encode
it more reliably through a series of shocks'*. Fear memory retrieval is measured by subsequent

elicitation of a CR in the CS in the absence of the US, most commonly freezing, defined as a

complete cessation of bodily movement except breathing'’.

Through repeated re-exposure of subjects to the conditioned context, fear CRs can be

71516 - Fear extinction is a learned

extinguished, with freezing returning to pre-shock levels
behavior that does not erase or overwrite the underlying fear memory. Instead, fear extinction is
a newly-formed memory that competes with and, when successful, suppresses the original fear
memory for control of animal behavior'”'8, Evolutionarily, extinction is a critical component of
the fear-learning process. To return to the intersection car accident example, if the driver never

extinguished their fear memory of that accident, they would be paralyzed with fear and

potentially unable to drive through that intersection in perpetuity. This fear memory would
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interfere with their ability to successfully navigate to and from work, impairing their normal

functioning.

Another modification of the fear memory retrieval process is generalization, a process
through which a CR is linked to a context similar to, but not the same as, the CS™"°2!
Generalization enables fear learning to be flexible and apply to situations where defensively
enacting fear behavior may be an appropriate response. For example, driving carefully through
intersections that share some features with an intersection where a crash occurred may be an
appropriate enactment of defensive fear behavior. In the face of a potential threat, it is generally
evolutionarily advantageous to have high 'false positive' rates of fear expression, as the

downsides of excess CR in a threatening situation are often lower - although not zero - when

contrasted with the downsides of fearlessness.

However, every context should not induce a fear response, just as getting in a car alone
should not induce a severe fear response after a fender-bender. Organisms must be able to
constantly find a delicate balance, discriminating between fearful and safe contexts, to exhibit
fear responses as long as they are salient and still extinguish them once they lose their utility,
while regularly updating fear memories in a constantly-evolving, often-threatening world.
Failure to find this balance can be catastrophic, as demonstrated by the devastation experienced
by sufferers of neurological disorders that have inappropriate responses to perceived threats as
their core pathology, chief among them post-traumatic stress disorder but also including a variety

of anxiety disorders, bipolar disorder, and trauma-induced emotional dysregulation®.
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Figure 1.1: Schematic of Contextual Fear Conditioning.
A) Legend of components important in contextual fear conditioning. B) Contextual fear
conditioning working in a typical sense. After pairing the context and shock, mice freeze in
response to being placed back in the context. Over re-exposures to the context, mice extinguish
the fear memory, stop freezing, and resume normal exploration. C) The mouse is placed in an
unconditioned neutral context and freezes, an example of fear memory generalization. D) The
mouse fails to extinguish the CR, even on repeated exposures. E) The mouse fails to encode the
CS-US pairing, never exhibiting appropriate CRs. Made with BioRender®.

The Contextual Fear Regulation Network

Over the years, dozens of cortical and subcortical brain regions have been identified as

playing a role in forming, recalling, and regulating contextual fear memories''***>°. Factors such
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as the organism studied, the type of fear memory, and the stage of memory processing impact
which of these dozens of brain regions are engaged in contextual fear memory. However, in the
interest of brevity and a discussion of work with the highest relevance to the experimental work
presented in this dissertation, I will focus on just four significant regions at the center of
contextual fear research: the amygdala, medial prefrontal cortex, nucleus reuniens, and the

hippocampus.

Amygdala: Fear Encoding

The amygdala is an integrated network of over a dozen distinct nuclei, categorized
broadly into the central (CeA), medial (MeA), cortical (CoA), basomedial (BMA), and
basolateral (BLA) regions, with excitatory glutamatergic neurons primarily located in the BLA®'.
In both early bilateral amygdala ablation studies in monkeys and later studies of amygdaloid
complex damage in humans, subjects show a remarkable lack of fear of innately fearful stimuli,
such as a loud abrupt tone or a snake-shaped object’* . While the amygdala is implicated in a
broader range of behaviors than fear and threat assessment, including in an increasing body of
work on the amygdala's role in reward, its critical role in fear responses is still its best
understood*”**. During classical fear conditioning, information about the CS - most frequently an
auditory tone - and the US -most frequently a shock - directly converge on the BLA, sometimes
onto the same neuron, altering its synaptic plasticity and forming the CS-US association®. It is
generally accepted that NMDA-receptor-dependent long-term potentiation underlies this

plasticity**.

Contextual fear conditioning requires integrating cues into a contextual
representation outside the BLA, which is then associated with the US within the BLA***, While
often discussed together, the basal amygdala (BA) and lateral amygdala (LA) are

morphologically and functionally distinct substructures, with the BA, in particular, necessary for
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contextual fear encoding, mainly due to BA receiving preferential hippocampal input®.
Following contextual fear memory encoding, subsequent presentation of the CS elicits robust
reactivation of BA neurons. This response is subsequently modified by the CeA and routed
onwards to output regions elsewhere in the brain*®. While the amygdaloid complex generally and
BA specifically are critical for contextual fear encoding and fear CR behaviors, it does not act
alone. Inputs encoding the CS come to the amygdala through the hippocampal formation, and
amygdalar activity is strongly regulated by the medial prefrontal cortex and by the nucleus

reuniens, with both regions possessing strong bilateral connections to the BLA**%7,

Figure 1.2: Amygdala circuits Cortical
involved in fear learning. Input
Fear-related sensory signals are
delivered from cortical and PAG (Freezing)
thalamic inputs to the LA by

Thalamic
input

monosynaptic  excitation and lTCf/ """" . SOM

disynaptic inhibition. Projection \

neurons in the' LA send ITCl‘ A P ok

fear-related signals : LA

downstream areas, such as the \ CeL

lateral central amygdala (CeL) J 2,

or BA. CeL and medial central Ce
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periaqueductal gray (PAG), a BA — mPFC

brain  region that elicits a

conditioned fear response. CelL .
projects to  CeM. Dorsal 4—‘ Glutamatergic neuron
intercalated cells (ITC) receive P——@ GABAergic neuron

neural signals from the LA, thalamus, and medial prefrontal cortex. Dorsal ITC neurons are
known to project to the CeL. Ventral ITC neurons receive inhibitory inputs from dorsal ITC, and
mainly inhibit CeM neurons. Excitatory inputs from mPFC can activate both projection neurons
and interneurons in the BA, as well as the neurons in the dorsal ITC. Adapted from Lee et al.

2017,

mPFC: Emotion Regulation

The rodent medial prefrontal cortex (mPFC) is a midline frontal cortical region

comprised of three subdivisions: the anterior cingulate cortex (ACC), the prelimbic cortex (PL),
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and the infralimbic cortex (IL)*. Unlike more strongly conserved regions in the brain, there is
substantial discussion about whether rodent PFC generally can be considered analogous to
non-human primate and human PFC and whether or not anatomical boundaries and general
functions of rodent PFC subregions transfer adequately®®*'. One aspect of PFC architecture that
adds confusion is its lack of singular functional definition, with its excitatory activity exhibiting
a wide diversity of responses to stereotyped inputs and a tendency towards multimodal
high-dimensional neural responses over straightforward behavior-linked, easily-interpretable
activity>>>,
Since the role of mPFC in contextual fear conditioning is of particular relevance to this
discussion, I will focus there, which also means a focus on PL and IL. Both regions receive
varied excitatory inputs, most strongly from the mediodorsal nucleus of the thalamus (MD),
BLA, HPC, and NR**%, Both IL and PL strongly output to AMY, although these projections
target different regions, with PL outputs centering more strongly on BA and IL outputs centering
more strongly on LA, MeA, and CeA®. Both regions additionally project reciprocally to
thalamic regions, including large projections to MD and NR, primarily from layers 1, 5, and 6,
although we do not yet know if IL and PL target the same neurons within NR®. Interestingly,
despite major innervation from the hippocampal formation in its inputs, neither IL nor PL project
back to the hippocampal formation directly?’. Both regions have bilateral connectivity with each
other and their contralateral partners® %,

Overall evidence for mPFC's involvement in fear processing came first from ablation
studies, in which rats with mPFC lesions showed typical conditional fear acquisition and formed

long-lasting fear memories with normal CRs but showed deficits in extinction learning and

prolonged timelines for fear extinction®®®’. More selective PL lesions yielded outsized cued and
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contextual fear CRs and extinction deficits®®. Individual neurons in PL increase their spiking
during aversive CSs in a way that is highly correlated with ongoing CRs, specifically freezing,
and microstimulation of PL increases fear expression levels®’°. Consistent with lesion studies,
pharmacological or optogenetic inactivation during contextual fear learning or memory retrieval
also impairs CRs”'. PL seems to play a much less important role during extinction, as
inactivation of PL during extinction learning or retrieval does not impact the rodent's ability to
learn to extinguish fear’.

Meanwhile, early work targeting specifically IL showed that while contextual fear
extinction learning was not impaired, its consolidation was, although subsequent work has shown
mixed effects of IL inhibition before extinction™ . Consistently, IL inactivation after extinction
learning impairs both consolidation and retrieval *""7® IL neurons burst fire during extinction
memory formation and fire preferentially to extinction memory retrieval’®®’. Despite a focus here
on differences, it is noteworthy that not all evidence agrees that PL and IL are performing strictly
separate roles. Some studies have shown similar patterns of activity and decreased function in
both regions during fear memory encoding, expression, extinction, and renewal, potentially due
in part to similarities in their inputs, strong cross-regional connectivity, or more nuanced
processing roles for these regions than present studies have captured®. Generally, mPFC is
important for top-down regulation of contextual fear memory acquisition, expression, and
extinction, with a segregation of roles between PL for contextual fear memory acquisition and

expression and IL for contextual fear extinction consolidation and expression.
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Figure 1.3: The prefrontal cortex

Left: Approximate regions with the three major segments of the prefrontal cortex (PFC) are
shown in humans: the ventromedial PFC (vmPFC), orbitofrontal cortex (OFC), and dorsolateral
PFC (dIPFC). Middle: Sagittal section of the mouse brain with medial PFC (mPFC) highlighted
in red. Right: Coronal section through mPFC with the anterior cingulate cortex (aCg, labeled
ACC elsewhere in this discussion, prelimbic cortex (PL), and infralimbic cortex (IL) labeled.
The orbitofrontal cortex is shown in blue. No accepted mouse analog of dIPFC exists. Adapted
from Eichenbaum 2017%,

Nucleus Reuniens: mPFC-CA1 Communication Hub

The role of thalamic nuclei in contextual fear processing has received significantly less
attention than many of the other brain regions discussed in this chapter due in large part to a
persistent belief that the thalamus's main purpose is to 'relay' sensory and motor information
between subcortical and cortical areas®®!. Historically, the thalamus is described as having
specific and nonspecific nuclei, i.e., regions that serve a clear 'relay' function and nuclei whose
function are unclear from basic anatomical explorations®*. Those nonspecific nuclei are further
divided roughly into two groups. First, nuclei that receive primary inputs from layer 5 pyramidal
neurons in sensorimotor cortices and send that information elsewhere, often largely to the cortex,

which are often associated with primary nuclei. Second are the midline and intralaminar nuclei,
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largely defined by their anatomical location along the midline and their lack of anatomically
clear directional connectivity between subcortical and/or cortical regions ®¢.

Nucleus reuniens is the largest of the midline ventral thalamic nuclei, located directly
dorsal to the third ventricle and along the majority of the rostral-caudal axis of the thalamus ¥
Its makeup is entirely glutamatergic, with GABAergic modulation coming largely from the
thalamic reticular nucleus (TRN) ¥, Within these glutamatergic neurons, subsets of neurons
express either the calcium-binding proteins calretinin, calbindin, or both***°. CB" neurons are
especially relevant to discussions of thalamic function as they are considered 'matrix' cells,
which generally lack the topographical sensory precision of 'core' cells found more frequently in
primary thalamic nuclei’’. Internal subdivisions are largely between the center of NR and its
lateral 'wings', sometimes termed peri-reuniens but often grouped with NR proper*’. Like
investigations into most thalamic nuclei, researchers first examined NR's inputs and outputs for
clues to its function. Herkenham's influential 1978 study was the first to unveil its massive
projections to the mPFC and hippocampus®’. Subsequent investigations found NR projections
targeted the stratum lacunosum-moleculare (SLM), roughly the hippocampal equivalent of
cortical layer 1, of the dorsoventral axis of hippocampal CA1 and lateral dorsoventral subiculum
(Sub) specifically while sparing CA2, CA3, and the dentate gyrus®*°***. The targets of these
projections seem to be both excitatory dendrites and inhibitory dendrites/somata in the SLM,
although there is some controversy on whether NR synapses only on inhibitory interneuron or
directly on excitatory pyramidal neuron distal apical tuft dendrites® %",

The second major site of NR projections investigated is the mPFC, where it terminates
densely in both layers 1 and layers 5/6 of all mPFC subregions, projections that further confirm

the 'matrix' status of NR'%>. More recent investigations have found a substantial subpopulation of
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5-10% of NR rostral pole neurons project both to CAl and to mPFC!*!'™  Other important
projections of note from NR are to the entorhinal cortex (EC) which is the major input region for
the hippocampus, retrosplenial cortex, and BLA'"'% Major inputs to NR are largely from
cortical and neocortical regions, arising from reciprocal connections with likely driving inputs
from mPFC and CA1/Sub, as well as with entorhinal, retrosplenial, orbitomedial, insular, and

perirhinal cortices'”’

. NR also receives inputs from a variety of subcortical regions, including
locus coeruleus, the dorsal raphe, lateral septum, the basal forebrain nuclei, and of particular
importance to this discussion, AMY. However, these subcortical inputs are sparser and weaker
than cortical inputs. They likely serve a modulatory function to NR processing, unlike the
function of primary thalamic nuclei, which are driven by their subcortical inputs'?’.

The unique placement of NR as the primary thalamic input to CA1l and as a massive
modulatory thalamic input to mPFC, as well as its reciprocal connectivity with many brain
regions crucial for processing contextual emotional memories, quickly drew interest to its
function’’. The circuit of connectivity between mPFC and CA1 is notable in particular, as these
regions need to synchronize for various complex cognitive functions but do not have a
bidirectional connection. Instead, both PL and IL receive projections from CAl, but do not
return them?’. Given this lack of bidirectional connectivity with each other alongside the strong
bidirectional connectivity of both mPFC and CA1 with NR, NR has been hypothesized to be the
communication hub altering and regulating cross-regional mPFC-CA1 communication®”!%,
Consistent with this idea, lesioning or inactivating NR impairs higher-order cognitive behaviors
that require both mPFC and CAT1 to be online and working together, including but not limited to

spatial navigation, task switching, spatial decision-making, goal-directed behavior, behavioral

flexibility, working memory, and - crucially - contextual fear conditioning, but not non-spatial
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Pavlovian fear conditioning*'®*"°  Another supporting piece of evidence for NR's role as a
mediator of mPFC-CAL1 activity is its well-documented functions in synchronizing oscillatory
activity critical for memory acquisition and consolidation, coupling delta activity between
regions, occurring directly before both CA1l and mPFC beta in non-spatial memory tasks,
phase-locking hippocampal theta during memory-dependent spatial tasks, and burst-firing prior
to CA1-mPFC gamma waves in anesthetized rodents'''!*,

While behavioral investigations of NR activity are still in their relative infancy, perhaps
the best-studied behavior that requires NR to be active and functional is contextual fear
conditioning (CFC). The first evidence for NR involvement in CFC comes from Xu and Siidof in
2013, where the authors showed that virally-expressing tetanus toxin in NR prevents
context-dependent learning during CFC in rodents. While both acquisition of contextual fear and
post-encoding freezing responses were unaffected, as well as tone-based Pavlovian fear
conditioning, NR ablation massively increased generalization to a novel, unpaired context’’.
They also showed that constitutive optogenetic activation of NR reduced generalization”. A
multitude of recent studies have confirmed and expanded NR's role in fear conditioning, with
optogenetic inactivation of either mPFC-NR projections or whole NR increasing the time mice
spend freezing after contextual fear encoding, impairing extinction learning, and inducing fear
generalization. Activation has the inverse effect''>'"®. Online optogenetic activation or
inactivation of whole NR or the NR-BLA during remote contextual fear memory retrieval also
respectively shortened or lengthened freezing epochs'®. Interestingly, while NR is critical for
acquiring contextual fear extinction, it is not necessary for later consolidation of extinction

memories'?'.
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The role of NR in fear response specificity and extinction is further supported by how NR
dysfunction manifests in neurological disorders and diseases. NR dysfunction is suggested in
Alzheimer's disease, anxiety, depression, schizophrenia, and post-traumatic stress disorder
(PTSD), all disorders with dysregulated contextual emotion processing *’. The human analog of
NR, the interthalamic adhesion (massa intermedia), shows hypoactivity in PTSD patients,
neurofibrillary tangles that increase with severity in Alzheimer's disease, decreased connectivity
in major depressive disorder, and selective cell death during Korsokoff's syndrome that correlates
with increased emotional dysregulation and memory confabulation '*73°, Overall, much work
remains before a full picture of NR will emerge, but existing research indicates NR is the critical

intersection of information synchrony across the contextual fear encoding network.

Figure 1.4 The Thalamic Nucleus Reuniens in Mice

A) Sagittal section of the mouse brain through the midline, with Nucleus reuniens (NR)
highlighted purple. B) Coronal section of the anterior mouse brain with NR highlighted in
purple. Adapted from the Allen Brain Atlas'".
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Figure 1.5: The Thalamic Nucleus Reuniens in Humans

A) Using K-means connectivity clustering, a region with similar connectivity to nucleus reuniens
was identified in humans. When extracting the cluster with high connectivity to MTL,
mPFC and nACC, and not control regions, a mask was obtained of the midline thalamus
with over 80% overlap among all participants. B) Midline thalamus has high connectivity
with mPFC, nACC and MTL, but little connectivity with other regions such as motor

and somatosensory cortex (e.g., postcentral and precentral gyrus in the human brain.
Adapted from Reeders 2023,

The Hippocampal Formation: Memories in Context

The hippocampal formation is one of the best-studied regions of the brain. Early
investigations of the hippocampus came from the 'father of neuroscience' himself, Ramon y
Cajal, who beautifully illustrated the largely self-contained significant connections within the
hippocampal formation >, The hippocampus is an archicortical structure in the medial temporal
lobe that is evolutionarily conserved in species as diverse as reptiles, birds, and mammals'®*.
Unlike the classically six-layered neocortex, the evolutionarily-older mammalian hippocampus
has only three layers. It receives its most impactful input from the medial entorhinal cortex
(MEC) into the dentate gyrus (DG), which next travels through the cornus ammonis (CA) and
finally outputs to other brain regions from the Sub. CA is further subdivided into CA3, which

sends densely packed axons, i.e. the Schaffer collateral, to CA1. CA1 then sends information out

via Sub™*. A small zone, CA2, also exists between CA3 and CAl, which is important for
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contextual social behavior encoding, but is not included in the traditional view of hippocampal
information routing'*. The general structure of the hippocampal information loop persists along
the dorsal-ventral axis, although considerable heterogeneity exists between these regions'*®. Most
research has been on excitatory neurons, either granule cells within DG or pyramidal neurons in

137

CA/Sub, each forming a densely packed layer'”’. Quite unlike the neocortex, the hippocampus is
a somewhat self-contained unidirectional 'loop,' a feature that has proved helpful in anatomic,

physiologic, and behavioral investigations into the hippocampus.

Figure 1.6: The Hippocampal Formation as Drawn by Ramén Y Cajal

An anatomical drawing of some major cell types, their connection, and the general anatomy in
the hippocampus based on a silver stain. Arrows denote the at the time theorized direction of
information transfer. Note especially drawings of pyramidal neurons labeled i, h, and k in CA1l.
Adapted from Cajal, 1911 '
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Role in Place Encoding

The first evidence of HPC's role in memory came from patient H.M (Henry Molaison),
whose severe temporal lobe epilepsy was 'treated' by the bilateral removal of a large segment of
the medial temporal lobe - one containing the amygdala, some multimodal association cortical
regions, and the entirety of the hippocampus - after which H.M. could no longer form new

138 Further research revealed the critical role

memories of events or learn declarative information
of the hippocampus in encoding memories in spatial context with the discovery of place cells,
hippocampal neurons that regularly fire at a specific location in a spatial context, which tile to
form 'place maps'*'*°, This work later shared the Nobel Prize in Medicine in 2014 with the
discovery of space-encoding 'grid cells' in the medial entorhinal cortex'*'. These early
hippocampal researchers argued that grid and place cells underlie the 'cognitive map,' memory
representations that record routes, paths, and abstract maps of space first proposed as a cognitive
model decades earlier by Tolman in 19484144,

Substantial subsequent research has characterized the properties of hippocampal
cognitive maps and, more broadly, the role of the hippocampus in spatial memory. Place maps
rapidly form when mammals enter a novel context, stabilize over several minutes of exploration,
and persist semi-stably across days to months'**"'*, Individual hippocampal neurons, as well as
hippocampal populations, additionally encode a wide range of non-spatial cues relevant to
contextual memory, including encoding the location of physical objects, sensory information
such as sound, odor, and texture, and more abstract concepts like time, social valence, reward,

reward expectation, and punishment'**'*, Place cells also encode information about the past and

future locations of both the subject themselves and of others. Tasks that require spatial
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navigation based on previous experience rely critically on the hippocampus in ways simplistic
spatial exploration does not'®.

Further reinforcing the mnemonic and predictive role of place cells is the phenomenon of
hippocampal replay, the rapid reactivation of a sequence of past place cells in a trajectory'®. First
discovered during sleep and rest, replay has since been demonstrated as important during active
behavioral tasks, especially those requiring animal decision-making'®'%*, Replays happen at
about ~20x speed of actual experience and preferentially encode behaviorally relevant regions of
a spatial environment. Replay events that occur while the subject is resting or sleeping, i.e.
'offline', are necessary for memory consolidation of new experiences'%*'%"1%° Not just the locale
of the 'brain's GPS,' as the 2014 Nobel prize announcement asserts, the hippocampus seems to be

broadly involved in encoding contextual representations crucial for episodic memory formation

and consolidation.
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—CA3

Figure 1.7: The Hippocampal Formation is conserved across species
Top: The hippocampus is shown in red and the entorhinal cortex shown in blue, outlined in the
brains of mice, macaque monkeys and humans. Bottom: Subregions of the hippocampal

formation across species are demonstrated in coronal sections. Figure is adapted from Strange et
al., 2014 '°,
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Figure 1.8: Place Cells and Maps

A) Schematic of O'Keefe et al. 1971 experiment. Top: rat navigated a 2D round open field freely
while tetrodes recorded from hippocampal CA1. Their trajectory is shown in bright purple, firing
of an example place cell in beige dots. Bottom: Schematic of an idealized average session of
activity of a single neuron within CA1 with a stable place field, color-coded by Hz (see upper
right corner for scale). B) Schematic of Harvey et al. 2009. Top: mouse running along a 1D
virtual track. Their trajectory is shown in bright purple; the firing of an example place cell in
beige dots. Bottom: Schematic of idealized lap-by-lap activity of a single neuron within CA1l
with a stable place field color-coded by Hz. Below the lap-by-lap average is a mean place field
for that session. C) Mean place field is joined with other place fields, showing place fields tiling
the length of the track'!",

Role in Contextual Fear

Despite the 'contextual' core of contextual fear conditioning, extensive investigations into
the hippocampus's role in CFC are largely removed from investigations of place maps. Lesioning
or temporarily inactivating the hippocampus prevents the association of the contextual CS with
the US?*!7>7175 " Generally speaking, non-spatial Pavlovian fear associations do not need the
hippocampus, while contextual fear associations do need hippocampal involvement in encoding,

but there is some contention in the literature?®!”>!”*!" The point at which the hippocampus is
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taken offline during a contextual fear conditioning paradigm impacts the resulting encoding
deficit. Pre-training temporary inactivation or plasticity impairment will impair CS-US pairing,
but permanent lesions with time for recovery yield no such impairment, indicating the existence
of an alternate, non-hippocampal-dependent strategy for contextual CS-US pairing®!77 183,
However, non-hippocampally encoded contextual CS-US fear memories show severe deficits in
contextual discrimination, with significantly higher fear memory generalization to safe

177,184

contexts The hippocampus is also critically involved in the extinction process, as

inactivation prior to extinction learning prevents context-dependent fear memory
extinction!™ 185187,

How, exactly, the hippocampus is encoding contextual fear has been a subject of great
interest. Most research in this area has focused on the concept of hippocampal engrams - a sparse
subset of neurons that are activated by an experience, modified by that experience, and then
reactivated on recall'®®. The concept of engrams was first proposed by Richard Semon in the
1920s, with early behaviorist Karl Lashley then searching and failing to find evidence of
engrams'®*'?° Confirmation of synaptic changes strengthening between co-active neurons gave
evidence to Donald Hebb's 'fire together, wire together' doctrine and supported engram theory. H
owever, it took the discovery of immediate early genes (IEGs) for true engrams to finally be
identified"”''**. IEGs, such as c-Fos, Arc, and Zif/268, are genes that only express after a neuron
fires intensely'** .

By post-hoc staining or, later, by in vivo tagging and activating/silencing IEG-expressing
neurons, researchers were able to find small subsets of hippocampal neurons - in the dozens to

hundreds scale - that reliably activated in response to a specific context or task?** %, Subsequent

optogenetic activation of these IEG-tagged neurons alone during CFC CS-US pairing can induce
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contextual CSs without mice being in the conditioned context, and optogenetic inactivation of
this population can cause early extinction 2%, 'False' context-specific fear memories can even
be induced in DG and CA1 by artificially activating fear engrams from one context in another,

t*°. Curiously, the neurons that causally trigger freezing are found

unshocked safe contex
throughout the hippocampal formation, indicating a role for all hippocampal subregions in CFC
encoding. Using the same techniques, separate ensembles for fear extinction learning were also

identified in the hippocampus, indicating that typical contextual fear extinction learning exists as

a semi-independent phenomenon from fear engram suppression®”’.

Integrating Place and Memory

A key question is what relationship, if any, exists between these IEG-tagged hippocampal
engrams and between hippocampal neurons that activate as place cells or in response to specific
context clues. While these research avenues have largely existed independently, recent work has
attempted to bridge the theoretical and experimental gap 2. Researchers originally thought there
would be a large overlap between a context-tuned place cell and an IEG-tagged engram cell.
However, recent evidence has shown that these groups arise from at least partially different
subpopulations, raising questions about using one method exclusively for identifying memory
formation and storage neural mechanisms in the hippocampus®”2!". While the hippocampal CFC
literature has near-exclusively focused on IEG-tagging as the method of choice, a few recent
studies have attempted to reconcile the place field (PF) literature with CFC engram findings.

Recordings in vivo have shown populations of synchronized co-active CAl neurons
emerge after contextual fear memory acquisition, activate during active navigation, and only
partially are made up of place cells*'*?'*. These non-place activated neurons identified in active
navigation may overlap with IEG-tagged engram neurons found in previous work. Two recent
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studies have also examined PF remapping and activity throughout CFC ***'4, Kinsky et al 2023
found that lower levels of overlap between a neutral and shocked context in active dorsal CA1
pyramidal neurons of freely-behaving mice that had undergone CFC correlated with better
context-selective CFC CRs, and that mice that associated the CR-US pairing without
generalizing demonstrated higher levels of PF remapping and co-varying freezing-tuned neural
activity. Arresting protein synthesis impaired this remapping, prevented context-selective CRs,
and decreased co-variance of shock-selective neurons®'*. Similarly, Blair et al. 2023 showed that
CA1l place cells in freely-behaving rats remapped following avoidance learning, and
preferentially remapped when aversive experiences were remembered rather than artificially
forgotten'”. These results suggest that place cells, co-active ensembles, and engrams all play
important, semi-overlapping roles in the encoding, expression, and extinction of contextual fear.
However, much unknown information remains to untangle the relationships among these

memory mechanisms.

Hippocampal CA1: What makes it special?

While engram and place cell analysis have been conducted across the hippocampus, the
place cell literature has largely focused on the dorsal section of the hippocampal region CAl
(dCA1). Some of this preferential focus is attributable to the technical ease of recording and
manipulating dCA1 in rodents compared to other subregions, with place cells first identified in
dCA1'". Another region for the concentrated interest is that CA1, as well as Sub, serves as the
primary output region of the hippocampus. In contrast, DG and CA3 serve as important
pre-processing structures, but are less important for communication with the rest of the brain'**.

While PFs are found across the hippocampus, differences have emerged in how these PFs
are formed, their stability, and how they encode the environment, with an important caveat that
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PF research in CAl is massively more developed than in DG or CA3. DG is largely considered a
pattern separation region, which helps to form orthogonal representations of different
contexts*'3 2%, It contains two major cell types: granule cells that fire sparsely - with fewer than
10% forming singular PFs in any given spatial context - and mossy cells that fire more

commonly in multiple locations across a context*!’

. One study that tracked the same granule cells
across days found DG PFs to be highly stable?*'. Place cells in CA3 are very common, at ~50%
of the active pyramidal population, and have been shown to shift backward with experience,
emerge relatively late during exposure to an environment with a low level of 'instant' forming
place cells, and show medium levels of remapping?' 2%,

Meanwhile, in CAl, place cells represent ~30% of active pyramidal neurons, but emerge
instantly, 'shift' their representation backward, and experience representational drift - partial
remapping in familiar contexts - far more often than place cells in CA3 or DG*'%%, Pyramidal
neurons in CA1l are especially dynamic in novel environments and have a higher frequency of

co-active ensemble events during CFC than in CA3*"**

. The instability of PF encoding,
especially in CA1l, has been a topic of much discussion, as one might think that the more stable a
place map is, the moer stable a memory it forms of a context.

However, one major clue as to why this instability might be a feature and not a bug
comes from the unique inputs to hippocampal CA1. Unlike CA3, which is largely self-contained
to glutamatergic inputs from itself, contralateral CA3, and DG, CA1l receives not only
contralateral CA1 and the major Schaffer collateral input from CA3 to its basal and somatic
dendrites, but also receives major glutamatergic input from medial entorhinal cortex, lateral
entorhinal cortex, and nucleus reuniens to its apical tuft dendrites, with ventral CA1 additionally

225,226

receiving inputs from the BLA and olfactory regions In concert with various
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neuromodulatory inputs, these additional major glutamatergic inputs to the apical tuft may serve
as a significant modulator on valence, making CA1 the ideal place to form representations of

especially salient novel, rewarding, or aversive experiences.

Dendrites in CA1 Computation

While somatic firing has been the best-studied principle of individual neurons, it is the
subcellular input region of dendrites that enables individual neurons to massively multiply their
computational power through spatial and electrical compartmentalization, leading some to

227 Dendrites

propose dendritic segments as the foundational computational unit of the brain
contain multiple ion channels that produce different types of dendritic spikes (dSpikes) that vary
from a millisecond to hundreds of milliseconds in duration, with the most influential being
sodium, NMDA, and calcium (Ca*") spikes*** !, Dendrites possess both passive cable properties
that enable attenuation of the signal based on distance from the soma and active signal boosting
or attenuating processes that can lead to super and sublinear signal transforms, effectively
modulating the importance of inputs to the somatic decision to fire?*****#22% After firing takes
place, information about that decision is then 'back-propagated' to the dendritic branches,
imbuing individual dendrites with the knowledge of if their contributions were relevant to the
spike, increasing the computational capacity of single neurons to include coincidence detection,
gain modulation, and memory formation®'233240-242,

At a synaptic level, evidence for long-term potentiation and depression, synaptic
plasticity mechanisms essential for memory formation, modification, and storage, was

discovered initially in the Schaffer collateral CA3-CAl connection, and NMDA-dependent

modulation of the postsynaptic, i.e., dendritic, side is critical for a wide variety of learning
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mechanisms'**?*2%_ At a circuitry level, many pathways in the brain are specifically oriented to
synapse at precise points of the dendritic arbor, perhaps most strikingly in the archicortical
six-layered neocortex and three-layered hippocampus, which precisely orient their pyramidal
neurons to receive specified inputs in different layers®'. Despite some species variation, the
dendritic arbor of excitatory pyramidal neurons spans all layers of a hippocampal region and is
largely made of three categories: basal dendrites branching out dorsally from the base of the
soma, a long trunk dendrite extending ventrally that branches repeatedly into intermediate apical
dendrites, and the distal apical tuft dendrites branching laterally from the trunk endpoints®®.
Single pyramidal neurons receive over 10,000 inputs along this dendritic arbor and often receive
extraordinarily different inputs to its apical tuft region than to its basal**¢*¥’,

The properties of dendritic events in dorsal CA1 pyramidal neurons have long been a
subject of great interest, partially due to the region's importance in memory formation. Early
evidence showed robust dendritic regenerative, i.e., supralinear, Ca** dSpikes in CA1 dendrites
and spontaneous shorter sodium spikes®*** 2%, Interestingly, early dCA1 dSpikes in vivo found
evidence for Ca?* dSpikes in the apical tuft to coincide with sharp-wave ripples indicative of
hippocampal replay, indicating that they were contributing to the greater memory functions of
the hippocampal network®". Inducing Ca** dSpikes in these distal dendrites in vitro can trigger

robust burst spiking at the soma®'?%

. In particular, the dendritic-mediated integration of
information from the SLM, where CA1 distal apical tuft dendrites receive modulatory inputs
from a variety of brain regions, and the Schaffer collateral inputs from CA3, which largely carry

spatial PF information, may hold the key to understanding the unique role CA1l plays in

contextual memory.
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To link dendritic activity to contextual memory requires in vivo investigations of
hippocampal dendritic activity during navigation and learning behaviors, which until recently
proved technically challenging due to the tiny 1-3uM wide structures of dendritic segments. The
first evidence for in vivo branch spiking events cleverly used somatic plateaus to infer dSpikes in
the arbor and found evidence that these dSpikes may be the foundation for PF formation®*. The
advent of high-quality Ca®' sensors enabled directly in vivo dendritic recordings during
navigation of familiar and novel environments in virtual reality, showing the critical role of basal

147 Despite the importance of distal apical tuft dendritic spiking

dendritic spiking in PF formation
to coincidence detection and learning in vivo in neocortex, and the critical nature of distal Ca**
dSpikes for CA1 burst to fire in vitro, to our knowledge, no investigation of these dendrites has
been carried out in dCA1 in vivo, likely due to technical difficulties accessing these deep
segments®> 2% How spatial and non-spatial information is processed by and reflected in these

distal apical tuft dendrites is of great interest to understanding the dendritic computational

mechanisms underlying contextual memory.
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Figure 1.9: Dendritic Arbors of Mouse CA1 Pyramidal Neurons

Different colors denote different pyramidal neurons traced from mouse CA1 hippocampus. Lines
indicate major sectioning of the arbor, the basal versus apical distinction at the soma (top), and
the trunk apical versus the distal apical tuft distinction in the apical arbor (bottom). Adapted from
Basak et al., 2020%°".
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In Summary: Interconnected Circuits for Contextual Fear Memory

This section has discussed contextual fear, highlighting important brain regions necessary
for contextual fear memory, including the amygdala, prefrontal cortex, nucleus reuniens of the
thalamus, and the hippocampal formation with a particular focus on hippocampal CAl and its
dendritic computations. Of course, no brain region exists in a vacuum, and the fear regulation
network is no exception. Because of the highly plastic nature of the brain, fear conditioning can
activate, strengthen, or weaken the connections among these brain regions. Fear conditioning
will strengthen the connection between the prelimbic cortex and amygdala, a projection

necessary for fear expression?®*2%

. In contrast, the connection from IL to the amygdala is
essential for encoding fear extinction’****?%%, Evidence also supports that strengthening of the
reciprocal pathway from the amygdala back to mPFC occurs after fear conditioning®®. The IL
additionally has a well-documented projection to GABAergic inhibitory neurons in CeA that
directly inactivate BLA neurons involved in fear memory retrieval®*>*"*?72, Adding to the
contextual component of contextual fear conditioning is information from the hippocampus, as
CALl and Sub directly project strongly to both PL and IL with CAI-PL inputs shown to be
critical to prevent fear memory generalization between contexts*”**™. Hippocampal projections
to the amygdala have a different role, one that is seemingly necessary to renew previously
extinguished fear memories #2727,

The lack of a return pathway from IL or PL to CA1 is largely ameliorated by the indirect
pathway through NR, in which individual neurons receiving IL or PL driving input directly
project into CA1*. The mPFC-NR pathway itself is critical for fear extinction learning and

preventing fear memory generalization, while the NR-CA1 pathway of the circuit has not been

elucidated in vivo®®?”. In vitro, this pathway seems well-positioned to exert modulatory effects
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on CAl during CFC, as it induces strong excitatory depolarizations on pyramidal dendrites in the
distal apical tuft while inducing robust firing in interneuron populations, positioning NR inputs
to CAl to modulate both feed-forward excitation and inhibition of CAl activity®>'. The
existence of co-projecting NR neurons to both CA1 and mPFC simultaneously suggest that this
collateral pathway may be critical to regional synchrony, and further work on this subpopulation
may yield insights into their role in CFC®1%1% Another NR-mediated parallel pathway in the
fear inhibition circuitry comes from the IL to NR to BLA pathway, each component critical for
extinguishing remote fear memories'?. Interestingly, while NR projects to both dorsal and
ventral CA1 and Sub - albeit with stronger projections to vCA1 than dCA1 - the BLA seems to
exclusively project to vCA1, which is differentially heavily-wired with other subcortical emotion

processing regions %,
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Figure 1.10: The mPFC-RE-HC System

A) Excitatory RE (purple lines) and EC (green lines) inputs in CAl, and a closed CAl—
subiculum — RE — CAI circuit, including the thalamic reticular nucleus (TRN). The direct RE
— CALI input in SLM originates from the rostral part of RE; only a minor contribution arises
from the caudal part. The output of CA1 (red lines) via the subiculum can be relayed back to
caudal RE. In turn, caudal RE projects to rostral RE, which results in a di-synaptic (cCRE — rRE
— CALl) input in slm, thereby closing the loop. The direct EC — CA1 pathway, arising from EC
layer III cells, overlaps with the RE input in SLM. RE — EC input may have the ability to
modulate the activity level of EC layer III cells. Electrophysiological data support the view that
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RE and EC inputs converge (at least partly) onto the same dendritic branch of a pyramidal cell in
proximal SLM. RE has been shown to drive presumed Schaffer collaterals-associated cells (1)
which are thought to inhibit pyramidal cells and other (unidentified) interneurons, and vertical
oriens/alveus cells (2), mediating feedforward perisomatic inhibition of CAl cells. EC is
assumed to drive parvalbumin- positive basket cells (5) and chandelier or axo-axonic cells (6)
providing feedforward somatic and axonal inhibition, respectively, of pyramidal cells; EC also
drives neurogliaform cells in SLM (3). RE and EC inputs are proposed to converge on
slm-neurogliaform cells (3) providing feedforward inhibition of pyramidal cells and other
interneurons in SLM, and on a subclass of (presumed CCK/VIP) basket cells (4) located at the
slm/radiatum border, providing (peri)somatic inhibition of CA1 cells. B) mPFC layers 1 and 5/6
contain a high density of RE fibers onto mostly unidentified pyramidal cells and interneurons.
They overlap with fibers from CAl/subiculum (red lines); it is not known whether RE and
CAl/subiculum inputs converge onto single neurons in mPFC. RE input drives presumed
neurogliaform cells in layer 1, providing feedforward inhibition of pyramidal cells in layers 2/3
and other unidentified layer 1 interneurons. mPFC (light blue lines) provides direct excitatory
input to RE as well as an indirect, pre-sumed inhibitory input via the TRN (black arrow); RE
reciprocates the TRN input (purple arrow). C) Schematic representation of the connectivity in
the mPFC—RE— HC system. The HC projects directly to the mPFC, but there are no direct return
projections. RE (including periRE) thus serves as the main link completing an HC—mPFC loop
as follows: HC — mPFC— RE— HC. Abbreviations: (al) alveus, (c) caudal, (EC3) entorhinal
cortex layer III, (or) stratum oriens, (pyr) pyramidal cell layer, (1) rostral, (rad) stratum radiatum,
(SLM) stratum lacunosum moleculare,(TRN) thalamic reticular nucleus (HC) hippocampus,
(mPFC) medial prefrontal cortex, (periRE) peri-reuniens nucleus, (RE) the nucleus reuniens of
the thalamus. Adapted from Dolleman-van der Weel et al., 2019*.

While further research is critical on all aspects of this interconnected circuitry, I will
focus much of this dissertation on further understanding the role of the NR-CA1 pathway in
mediating contextual fear conditioning. Whether this pathway is involved in aversive learning,
what information it sends to CAl apical tuft dendrites, how this activity is reflected in the
dendritic arbor, and how that translates to changes in CA1 population activity are all direct areas
of investigation. In Chapter 2, I discuss the role of the NR-CA1l pathway in contextual fear
memory suppression, extinction, and discrimination by using modern pathway-selective
chemogenetic techniques to inactivate, or using 2-photon imaging to record from, the NR-CA1
pathway in dCA1l during a novel virtual reality contextual fear conditioning paradigm

(VR-CFC). In Chapter 3, I discuss the role of the NR-CAl pathway in modulating dCA1
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excitatory pyramidal neuron population dynamics throughout CFC by imaging these populations
across days with NR-CA1 intact, with NR-CA1 inactivation and without induction of contextual
fear through shock delivery. In Chapter 4, I discuss the differential role of the dCA1 distal apical
tuft dendrites, which to our knowledge have never been recorded from in vivo before, and dCA1
basal dendrites in encoding both neutral and aversive contextual information in a novelty and
reward manipulation task. Altogether, this dissertation contributes significantly to our
understanding of the role of dorsal CA1 hippocampal encoding of aversive experiences, with a

significant focus on the understudied role of the NR-CA1 pathway.

basal

CAl /dendrites

ML distal apical
GL tuft dendrites _

H S
excitatory
NR axons neuron /| interneuron

Figure 1.11: NR-axonal circuit interactions in CA1

Schematic representation of NR axonal input (blue) to the SLM of hippocampal CAl.
Representative excitatory pyramidal neuron (green) and inhibitory interneurons with dendrites in
SLM (purple) are shown. NR axons putatively synapse on all neurons with dendritic processes in
SLM. Abbreviations: (CAl) Cornus Ammonis 1, (CA3) Cornus Ammonis 3, (DG) Dentate
Gyrus, (NR) Nucleus Reuniens, (SO) Stratum Oriens, (SP) stratum pyramidale, (SR) stratum
radiatum, (SLM) stratum lacunosum moleculare, (ML) molecular level, (GL) granular level, (H)
hilus, (SL) stratum lucidum. Adapted from Ludkiewicz et al., 20022,
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CHAPTER 2

A THALAMIC-HIPPOCAMPAL CA1 SIGNAL FOR CONTEXTUAL
FEAR MEMORY SUPPRESSION, EXTINCTION, AND
DISCRIMINATION

This chapter is reprinted with minor modifications for dissertation formatting continuity from
"A Thalamic-Hippocampal CA1 Signal for Contextual Fear Memory Suppression,
Extinction, and Discrimination " (Heather C. Ratigan, Seetha Krishnan, Shai Smith, Mark E.J.
Sheftield, Accepted in Principle at Nature Communications, 2023), in which I was first author.

The work is included with permission from all authors.

Abstract

Adaptive memory of fearful experiences is a conserved survival skill. To prevent
excessive or inappropriate fear expression, fear memories must be suppressed and updated. If
this does not occur, it can result in post-traumatic-stress-disorder or other anxiety disorders. Fear
memories can be acquired through contextual fear conditioning (CFC) which relies on the
hippocampus. The thalamic subregion nucleus reuniens (NR) is necessary for the extinction of
contextual fear, and projects to hippocampal CA1. However, the NR-CA1 pathway has not been
investigated during behavior, leaving its role in contextual fear memory unknown. We implement
a novel head-restrained virtual reality (VR) CFC paradigm, demonstrating that male mice can
acquire and extinguish context-dependent fear responses in virtual contexts. We show that
inactivation of the NR-CA1 pathway following CFC increases fear responses. This was observed
through longer freezing epochs, fear generalization to other contexts, and delayed fear extinction.
Using in vivo sub-cellular imaging, we recorded from NR-axons innervating CA1 before and

after VR-CFC. We found NR-axons become selectively tuned to freezing only after VR-CFC,
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and this activity was well-predicted by an encoding model. We conclude that the NR-CAI
pathway actively suppresses fear by disrupting contextual fear memory retrieval in CA1 during

fearful freezing behavior - a process that also limits fear generalization and promotes extinction.

Introduction

Flexibly encoding and retrieving memories of fearful events is a critically conserved
survival behavior, as a single failure can be deadly. However, failing to suppress inappropriate
fear responses can also have devastating consequences, manifesting as negative affective states
in generalized anxiety disorder and post-traumatic stress disorder®'**2, One way in which fear
memories can be studied in the laboratory is through contextual fear conditioning (CFC), in
which a spatial context, the conditioned stimulus (CS), is repeatedly paired with a noxious
unconditioned stimulus (US), generally a mild shock®?***!. Freezing is a species-specific fear
response, and a quantifiable readout of contextual fear memory retrieval (CFMR) of the learned
association'**, With continued exposure to the CS in the absence of the US, freezing generally
decreases and exploratory behavior increases - a process termed fear extinction. Fear extinction
occurs as animals learn that the context no longer predicts shocks**> 2%,

Contextual fear in both mice and humans relies on coordinated brain regions including
the medial prefrontal cortex (mPFC), thalamus, amygdala, and hippocampus*”. The contextual
component of these memories relies on the hippocampus, which retrieves and updates contextual

LI77.198209.221290.591 © Rollowing CFC, experimental inhibition of a subset of

fear memories
hippocampal neurons tagged using immediate early genes active during CFC is sufficient to

suppress CFMR?*2!"2%2_ This suggests that natural suppression of ongoing CFMR must involve a

circuit that can modulate hippocampal activity. One potential source of this modulation is the
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ventral midline thalamic subregion, nucleus reuniens (NR). Sometimes termed 'limbic thalamus'
for its diverse set of inputs from limbic-related regions in the brainstem, hypothalamus,
amygdala, basal forebrain, mPFC, entorhinal cortex (EC), and hippocampal subregion CA1, NR
sits at the nexus of emotional regulation and serves as a major communication hub among these
limbic-activated areas?->10%107.1082%3 ‘\While mPFC does not have a direct excitatory projection to
CALl, it does send a strong excitatory projection to NR'%197,

The mPFC-NR projection and NR itself is necessary for both fear extinction and for
preventing fear generalization to a neutral context, a process in which animals associate a

O7.115-118279.294 * R stimulation reduces contextual fear-induced

non-shocked context with fear
immediate early gene expression in both mPFC and CA1%%?°, While the roles of the mPFC-NR
pathway and NR itself have been explored during CFMR, the role of the NR-CA1 pathway is
unknown. We hypothesize that NR transmits a signal to CAl to suppress ongoing CFMR,
thereby reducing fear responses (freezing) and promoting exploratory behavior (movement).

To test our hypothesis, we used a chemogenetic approach to directly inhibit the NR-CA1
pathway, and 2-photon calcium imaging in head-restrained male mice to record NR-axons in
CAl, before and after CFC. While CFC induction in head-restrained mice in virtual reality (VR)
has been attempted, none to our knowledge have replicated the characteristic 'freezing' behavior
of freely-moving mice in real-world CFC***%, We therefore developed a new VR-based CFC
paradigm (VR-CFC), using a conductive fabric to deliver mild tail shocks that induces
context-dependent freezing. By combining VR-CFC, targeted chemogenetic NR-CA1 inhibition,

and 2-photon NR-axonal calcium imaging, we were able to determine the role of the NR-CA1

pathway in CFMR, generalization, and extinction.

37


https://paperpile.com/c/eWRhkD/OprA+ewWm+trPf+HAFA+X7yGz+552D
https://paperpile.com/c/eWRhkD/OprA+ewWm
https://paperpile.com/c/eWRhkD/VQTH+VAGc+TRmuc+CCU3+hUU9+nsEh+cJUh
https://paperpile.com/c/eWRhkD/vf4N+cJUh
https://paperpile.com/c/eWRhkD/DBjWZ+chMfH

Results

Contextual Fear Conditioning and Extinction in Virtual Contexts

To ensure mice were comfortable with the VR setup before shocks were delivered, we
trained water-restricted mice to run in a VR context for water rewards until they reached ~4
traversals of the context per minute, as previously discussed”**’. To avoid confounds from the
water reward during CFC, these trained mice were then introduced to two novel VR contexts
without a water reward. At this stage, the custom-designed conductive tailcoat was fitted to their
tails (Fig. 2.1a, Methods: Behavior). Mice then spent ~5 minutes in each novel VR context,
which allowed them to habituate to running with the tailcoat (Fig. 2.1b; Methods: Behavior).

Mice in all experimental conditions that continued to meet the criterion for movement
(i.e. >4 traversals per minute) were advanced to the next stage the following day (46/79 mice),
where they were re-exposed to both novel contexts for ~5 minutes each. During this period, mice
demonstrated low levels of spontaneous freezing behavior (Supplementary Fig. 2.1f). Mice were
then administered 6 mild 0.6 mA tail shocks through the tailcoat for a duration of 1 s each, 20-26
s apart, (Fig. 2.1b: day 0). These shocks were delivered at pseudorandom locations throughout
one of the contexts ('shocked'), but not the other ('control'; Fig. 2.1h). Mice responded to each tail
shock with an abrupt stereotyped increase in running speed, a behavioral validation of successful
shock delivery (Fig. 2.1c). To test for CFMR and subsequent fear memory extinction, mice were
then re-exposed for ~5 minutes each, in a pseudorandom order, to both the shocked and control
contexts while wearing the tailcoat for the following three retrieval days (Fig. 2.1b: day 1-3).
Elevated freezing behavior on post-shock days was interpreted as an expression of CFMR

(Methods: Behavioral Parameters - Freezing).
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In the shocked context on retrieval day 1, mice (N = 20) froze 32.7 + 9.4% (95% CI)
more than the pre-shocks baseline day, a statistically significant increase, while mice froze in the
control context on average 8.7 = 4.6% more than the baseline day, a non-significant increase
(Fig. 2.1e). Comparing across contexts, mice increased their freezing significantly more in the
shocked context compared to the control context, showing context specificity in CFMR
(Supplementary Fig. 2.1d). This remained true on retrieval day 2, as mice continued to freeze at
significantly elevated levels above baseline in the shocked context and compared to the control
context (Fig. 2.1e and Supplementary Fig. 2.1d). By the third day of retrieval, mice froze at
comparable levels between contexts (Supplementary Fig. 2.1d), although remained slightly
elevated above baseline in the shocked context (Fig. 2.1¢).

While freezing levels differed between contexts and days of retrieval, freezing position
was distributed evenly across all track locations in both contexts on all retrieval days. This shows
that mice associated fear with the entire context, and not specific locations along the track or
near specific VR objects (Fig. 2.1i). As an additional control, a separate group of mice went
through the same process but were never shocked in either context. These mice had similar
baseline freezing levels to the VR-CFC mice, but did not have any significant differences in
freezing levels on subsequent days compared to baseline or compared across contexts (Fig. 2.1f;
Supplementary Fig. 2.1f). The low level of spontaneous freezing epochs in both the non-shocked
control group and the pre-shocked contexts (i.e. before the delivery of any shocks) could
potentially be caused by the lack of water reinforcement, the presence of the tail coat itself, or a
temporary disinterest in running, and provides a useful within-mouse comparison to post-shock

fear-evoked freezing.
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To further quantify freezing behavior, we measured the duration of each individual
freezing event (freezing epoch) and found that freezing epochs were longer in the shocked
context at an average of 5.9 s compared to 4.6 s in the control context per freezing epoch on
retrieval day 1 (Fig. 2.1g). Freezing epochs also remained significantly longer on day 2 in the
shocked compared to the control context, however, they became similar by day 3
(Supplementary. Fig. 2.2b-d), corresponding with trends in the total time spent freezing. We
additionally examined if VR-CFC impacted non-freezing running behavior, and showed that
average non-freezing velocity in either context compared to baseline or between contexts was
not statistically impacted by VR-CFC, indicating that VR-CFC selectively impacts freezing
behavior (Fig. 2.1j). Our results show that VR-CFC produces robust CFMR that can be measured
via context-specific increases in freezing, which is extinguished following ~3 days of

re-exposure to the shocked context in the absence of additional shocks.
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Figure 2.1. Virtual reality contextual fear conditioning induces fearful freezing responses

a, Schematic of tailcoat apparatus. Left: Tailcoat is custom-made out of conductive cloth with
two metal snaps that secure the cloth around the tail. Right: The tail coat is wrapped around the
mouse's tail and suspended using lightweight alligator clips forming a supportive 'Thammock'
structure connected to a device that generates electric shocks. The apparatus weighs less than 1.8
g, the weight of which is supported by the 'hammock' structure. b, After training, head-restrained
mice were put in two unrewarded contexts. They received mild tail shocks in only one context
(shocked), and not the other (control). They were re-exposed to both contexts in pseudo-random
order for 3 retrieval days. ¢, Average animal velocity aligned to shock initiation and plotted
across all shocks shows immediate sprinting behavior in response to the shocks (red line = mean,
red shading = 95% CI). Grey shading indicates duration of shock. d, Example track position
from a mouse on day 0 pre-shocks (Top), and on retrieval day 1 (Bottom), in the shocked (left)
and control (right) contexts. Red shading indicates freezing epochs. e, Per mouse, we tested the
difference in percent freezing from baseline pre-shocks within each context (N = 20 mice; CI =
95% shaded area). Shocked mice froze significantly more in the shocked context post-shocks
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than pre-shocks on retrieval days 1-3 (Estimated Marginal Mean on ANOVA (EMM), P = day 1:
1.16e-8, day 2: 8.65e-8, day 3: 0.04). Shocked mice did not freeze more in the control context
post-shocks (EMM, P = day 1: 0.76, day 2: 0.07, day 3: 1.) f, A separate group of mice that were
not shocked on day 0 froze at baseline levels across all days in both conditions, (N = 7, EMM,
Shocked context: P = 1). g, Kernel density estimates and density histogram of the length of
individual freezing epochs show they were shorter in the control than the shocked context on day
1 (Mann-Whitney U, P = 1.20e-3). h, Density histogram of shock locations calculated from all
mice show that shocks were administered evenly across the track (Kolmogorov-Smirnov, P =
0.91). i, Density histogram of locations where mice start individual freezing epochs across the
virtual track indicate that mice freeze indistinguishably at all locations (Kolmogorov-Smirnov, P
= 0.89), and at similar locations across contexts (Mann-Whitney U, P = 0.24). j, Mean running
velocity in each mouse when not freezing (dots). Boxplot indicates median, 25-75th interquartile
range, whiskers include all data points not determined to be outliers. We did not observe any
differences between contexts across days (Student's T, P = pre-shocks: 0.60, day 1: 0.60, day 2:
0.30, day 3: 0.57).

Inhibition of the NR-CA1 Pathway during CFMR

To test the involvement of NR-CA1 projecting neurons in CFMR, we developed a
designer receptor exclusively activated by designer drugs (DREADD) based inhibition
paradigm®®3% (Fig. 2.2a). We injected a Cre-expressing virus bilaterally in NR, and a retrograde
Cre-dependent virus carrying the inhibitory G(i)-coupled DREADD receptor, hM4Di-DREADD,
bilaterally in the SLM of dorsal CA1 where hippocampal-projecting NR-axons terminate. This
led to the expression of DREADDs selectively in NR neurons projecting to CA1 and can be seen
in NR axons in SLM of CA1 (Fig. 2.2b)*. This enabled us to intraperitoneally (IP) inject the
hM4Di agonist, deschloroclozapine dihydrochloride (DCZ), before the first post-shock
re-exposure to the contexts on retrieval day 1, therefore selectively inhibiting a subset of
NR-CA1 projecting neurons during CFMR. DCZ was selected over CNO for its comparatively
higher DREADD-selective binding at lower doses, reduced off-target effects due to reduced

conversion into clozapine, and rapid onset kinetics.**
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To ensure our injection paradigm and administration of DCZ did not alter
context-dependent fear behavior, we had two DREADD-control groups. One group (N = 4)
expressed mCherry in place of hM4Di, and received DCZ on retrieval day 1. A separate group
(N = 4) expressed the hM4Di receptor, and received saline instead of DCZ on retrieval day 1
(Supplementary Fig. 2.1g). In both control groups, freezing behavior was similar to the
experimental mice shown in Fig. 2.1e, and the groups were thus combined with other NR-CA 1
uninhibited mice and termed the NR-CAI intact group for analysis. We then examined the
behavioral impact of inhibiting the NR-CA1 pathway on day 1, and on subsequent retrieval days
2 and 3 (Fig. 2.2e).

We found that in the shocked context on retrieval day 1, NR-CA1 inhibited mice (N = 9)
spent 58.5 + 10.4% more time freezing on day 1 under the influence of DCZ in the shocked
context when compared to their pre-shock baseline freezing levels, with every mouse increasing
their freezing level in amounts ranging from a minimum of 41.3% to a maximum of 84.6 (Fig.
2.2d). Freezing in the control context also significantly increased from baseline to 31.0 = 7.9%.
under the influence of DCZ (Fig. 2.2¢). Freezing levels on day 2 remained significantly elevated
in the shocked context on day 2 in the absence of DCZ at 48.3 + 9.0%, while freezing in the
control context fell to baseline levels at 14.8 = 11.1% (Fig. 2.2e). Freezing levels on day 3
remained slightly elevated in the shocked context, at 23.4 + 9.1% while remaining not
significantly different from baseline in the control context at 8.44 + 8.5%. Overall, NR-CAI
inhibition induced large increases in freezing levels in both contexts, which persisted beyond the

DCZ delivery day in the shocked context.
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NR-CAL1 Inhibition Elevates Freezing, Reduces Context Discrimination, and Delays
Extinction

To further test the impact of NR-CA1 inhibition, we directly compared freezing behavior
in NR-CA1 intact mice to NR-CAT1 inhibited mice (Fig. 2.3). We found that NR-CA1 inhibited
mice under DCZ froze ~78% more in the shocked context (Fig. 2.3a) and ~256% more in the
control context (Fig. 2.3b) compared to NR-CA1 intact mice on day 1. This elevated freezing
response remained true for the shocked context on day 2, with a ~65% increase compared to
intact mice, even though DCZ was no longer inhibiting the NR-CA1 pathway (Fig. 2.3a). Thus,
inhibiting the NR-CA1 pathway on day 1 reduces the amount of extinction on day 2. However,
in the control context on day 2, freezing levels returned to baseline and were not different
between the intact and inhibited groups (Fig. 2.3b). By day 3, freezing levels in both the the
shocked and control contexts in NR-CA1 inhibited mice were not statistically different from their
NR-CA1 intact counterparts (Fig. 2.3a and b).

We next compared the freeze length distributions between NR-CAI1 inhibited and
NR-CAL1 intact groups to see if an increase in average freeze length was driving the observed
increased time spent freezing (Fig. 2.3c-d). Indeed this was the case, as average freeze lengths
nearly tripled in NR-CA1 inhibited mice, increasing 173% from 5.9 s to 16.2 s in the shocked
context on day 1 (Fig. 2.3c). A similar increase was observed in the control context on day 1,
with average freeze lengths increasing 156% from 4.6 s to 11.8 s in NR-CAI1 inhibited mice.
These findings suggest that inhibiting the NR-CA1 pathway during CFMR increases the time
spent in an ongoing fearful state of freezing by the lengthening individual freezing epochs. This
suggests that the intact role of the NR-CA1 pathway suppresses CFMR in both appropriate

(shocked) and inappropriate (unshocked control) contexts, to reduce fearful freezing.
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Figure 2.2. Nucleus reuniens-CA1 pathway inhibition one day following CFC

a, The NR-CA1 pathway was inhibited by first injecting retrograde CRE-dependent DREADDs
in SLM of CAl and CRE in NR and then injecting DCZ systemically 2 weeks later. Bottom:
~30 minutes before context re-exposure on retrieval day 1 (one day after CFC), mice received
0.1 mg/kg of the HM4d agonist DCZ. b, Confocal imaging of HM4di+Cre expression in NR and
SLM of CA1 in a coronal section from an example mouse. HM4di expression is labeled in green,
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DAPI in red. Top left: Section with Nucleus Reuniens (orange) showing DREADD expression
selectivity to NR (green). Top right: NR section zoomed in to highlight expression in individual
neurons. Bottom: CA1 hippocampal section showing DREADD expression in NR axons in CA1
restricted to the SLM. ¢, Example track position from a mouse on day 0 pre-shocks (Top), and on
retrieval day 1 with NR-CAI inhibited (Bottom), in the shocked (left) and control (right)
contexts. Red shading indicates freezing epochs. d, Percent time freezing normalized to baseline
for each mouse plotted individually across days in the shocked context. DCZ administration is
shown highlighted in gray on retrieval day 1. e, Green line shows summary data of 2d showing
mean time spent freezing across days with NR-CAT1 inhibited on day 1. Red line shows time
spent freezing in the same mice but in the control context (N = 9 mice). Freezing levels stay
elevated in the shocked context on days 1-3, but are only elevated on day 1 in the control
context. (Estimated Marginal Mean on ANOVA, Shocked P = day 1: 4.15e-10, day 2: 2.34e-9,
day 3: 9.40e-3, Control P = day 1: 2.93e-4, day 2: 0.99, day 3: 1).

Given these findings, we asked if mice could still discriminate between the shocked and
the control context after NR-CA1 inhibition. To do so, we calculated a discrimination index
(DI)”” which revealed a significant decrease in discrimination between the shocked and control
contexts on day 1, going from 37.7 £+ 8.1% in NR-CA1 intact mice to 14.2 £ 7.25% with
NR-CAL inhibited (Fig. 2.3e). No significant difference in the DI was observed on any other day.
This result suggests that during inhibition of the NR-CAl pathway fear-induced contextual
discrimination is reduced (Fig. 2.3e).

We wanted to ensure that DCZ-induced increases in freezing were not due to a general
decrease in movement. To do so, we exposed NR-CA1 inhibited and intact mice to a 'dark’
context (devoid of any visual cues) for ~5 minutes after they were exposed to both the shocked
and control contexts on retrieval days 1-3. In this dark context, mice quickly recovered their
running behavior, with NR-CA1 inhibited mice freezing on average only 4.3 & 3.8% of the time
across all 3 days of retrieval. Both within and across-mice controls froze at comparably low
levels in the dark context (on average under 5%; Fig. 2.3f). Therefore, neither DREADD

inhibition, nor DCZ itself, impacted the mouse's ability to move, and the increase in freezing
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behavior is specific to when mice are navigating in VR contexts. Our results thus indicate that
the increase in freezing behavior in NR-CA1 inhibited mice is not due to motor impairment of
DCZ. Our results overall indicate that the intact NR-CA1l pathway sends a potent fear
suppression signal to CAl, critical for shortening the length of freezing epochs, limiting fear
generalization to other contexts, and speeding up extinction. Inhibiting this fear suppression
signal, therefore, induces a higher fear response by increasing the length of freezing epochs,

increasing fear generalization, and decreasing extinction.

47



a VR-CFC in the shocked context b VR-CFC in the control context

80% @ NR-CAL 80% @ NR-CAL
o inhibited| . - o inhibited
@ NR-CAl NR-CA1
N E 60%— intact ] * N = 60%—.intact =
g 3] Odcz = E 8
S & 40% \ S 2 40%
(] - (]
v o e ——— (T2 ns
£ 0 g
T Y 20%— \ T QL 20%— n.s.
w € | n £ P
_8 ) 8 - __e—1 \'
0% I I | 0%_i/ 1 l |
pre-shocks day 1 day 2 day 3 pre-shocks day1 day 2 day 3
C freeze lengths d freeze lengths
Bl in the shocked context — in the control context
> >
= - =
3 M 3
E —_ Fokk 8 Fokk
o AN T+ o
a 1 M/ _~§ il o N
£ 0.06 4 £ 0.06
[o)] | LY L] TN o
5 L TN 3 / h
» JATOTTTIEE TN © ' N
N - \ N \
(0] v N
v HN o \
Y Y Sy
0.00 T IIlIII I lllIIII 0.00 T I IIIIIII T I IIlIIII
1s 3s 10s 30s 100s 1s 3s 10s 30s 100s
length of freezed epoch (log scale) length of freezed epoch (log scale)
e discrimination index f VR-CFC in the dark
40% @ NR-CcAL [ 80% 1 @ NR-CA1
inhibited| inhibited
S g ONR-CAL |/ ) = ® £ 60%—| ®NR-CAL
) intact SN SN intact
o2 20%—qcz - S \15 G 3
Eg - 5 € & 40% - Odcz
© bt | ‘g g 4‘-:-'
g 8 // | Q % 200/0_' ns. n.s. n.s.
o2 0%y / =
Ly £ 2 E .
= |V 85 0w =i
-20% = T T | T L l
pre-shocks day 1 day 2 day 3 day 1 day 2 day 3

Figure 2.3. Nucleus reuniens-CA1l pathway inhibition increases freezing, reduces context
discrimination, and delays extinction

a, Direct comparison of freezing behavior in NR-CA1 inhibited (same data as Fig. 2.1e: shocked
context; blue) versus NR-CA1 intact (same data as Fig. 2.2e: shocked context; green) mice
(Estimated Marginal Mean on ANOVA (EMM), P = day 1: 0.027, day 2: 1.63e-3, day 3: 1). b,
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Same as a, but for the control context (EMM, P =day 1: 2.18e-3, day 2: 1, day 3: 1). ¢, The
length of individual Freeze epochs in the shocked context with NR inhibition skewed longer
compared to NR intact on day 1 (Mann-Whitney U, P = 2.49¢-15). d, Same analysis as c, but for
the control context (Mann-Whitney U, P = 5.49¢-12). e, Discrimination index was calculated per
day for both the NR-CA1 intact mice and NR-CA1 inhibited mice as (% time spent freezing in
shocked context - % time spent freezing in control context)/total % time spent freezing in both
contexts. NR-CAT1 inhibition caused mice to discriminate less between the two contexts
(Wilcoxon Rank Sum, P = pre-shocks: 0.67, day 1: 1.20e-3, day 2: 0.89, day 3: 0.98). f, On
retrieval days 1-3, we additionally recorded in a 'dark' context - a dark VR with no visual cues -
in NR-CA1 inhibited mice and NR intact mice for the same length of time as the other context
exposures. Mice froze at consistently low levels in the dark context across days, with no
difference in freezing levels between groups (EMM, P =day 1: 1, day 2: 1, day 3: 0.10).

NR-CA1 Axon Activity Becomes Tuned to Freezing Behavior Following CFC

Excitatory NR projections to the hippocampus are restricted to the stratum
lacunosum-moleculare (SLM) of CAl and subiculum; NR does not project to any other
hippocampal subregions or layers™*®*"!% Previous work stimulating this projection shows it
depolarizes CA1 pyramidal neurons across the dorsal-ventral axis and induces firing in multiple
interneuron subtypes with dendritic processes in SLM***193% "However, the activity of the
NR-CA1 projection in vivo during behavior is unknown. To determine the information
transmitted directly from the NR to CA1l during CFMR, we performed in vivo 2-photon Ca**
imaging of NR-axons in SLM.

We injected an axon-targeted virus carrying axon-GCaMP6s into NR, followed by a
cannula window over CAl as previously described (Fig. 2.4a***%°7). Expression in NR was
confirmed via histological evaluation following the completion of experiments (Fig 2.4a; left).
NR-axons could be observed in the SLM of CAl both post-hoc (Fig 2.4a, middle) and during
experiments under 2-photon imaging (Fig. 2.4a, right). We successfully recorded reliable
GCaMP6s expression from 1 highly branching NR-axon per mouse (N = 10) in hippocampal

CALl during the VR-CFC paradigm (day 0 and retrieval days 1-3). We limited our analysis to a
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putative single axon per animal since all identified axonal segments within the field of view with
above-baseline activity were highly correlated, likely due to single, highly branched axons
occupying the majority of our imaging field-of-view (see Methods: Image Processing and ROI
Selection).

We found that NR axons switched their activity from untuned sparse activity (Fig. 2.4b;
Top) pre-shocks, to activity highly selective for freezing epochs post-shocks, even after filtering
for axons with detectable pre-shock activity (Fig. 2.4b; Bottom; same axon shown on both days).
Since behavior necessarily changes following successful CFC, which induces more and longer
freezing epochs, we needed to avoid potential confounds in comparing axon activity during
dissimilar freezing epoch lengths before and after CFC. To do so, we quantified axon activity in
three different ways.

First, we examined the mean normalized Af/f of peaks in both contexts during running
(Fig. 2.4c, Control: Green, Shocked: Blue) and freezing (Fig. 2.4c, Control: Orange, Shocked:
Red). Axons were normalized each day to near-maximum activity, controlling for any potential
differences in amplitudes across days. This analysis shows that pre-shocks, NR-axonal activity in
the to-be shocked context was similar between running and freezing epochs, with a slight
preference for running epochs, which was slightly elevated in the control context (Fig. 2.4c).
Conversely, post-shocks in both contexts and on all 3 retrieval days, we found that NR-axons had
significantly higher mean peak activity during freezing compared to running (Fig. 2.4c).

Second, we binned freezing epochs into 1 s intervals based on their total length from 1-2
s to 6-7 s, and compared pre-shock to post-shocks activity within those bins, therefore comparing
the NR-axonal activity of similar lengths of freezing both pre and post shocks (Fig. 2.4c,

Supplementary Fig. 2.3e). Freezing epochs that were longer in length than 7 s were not used for
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this analysis due to the low quantity of such epochs present pre-shock. Within each binned
epoch, we trial-aligned activity to the freezing to running transition point (Fig. 2.4d, black center
line). We then compared average NR-axon activity from all axons during freezing (Fig. 2.4b and
d, peach-shaded regions) to activity during running (unshaded regions; Fig. 2.4d, 3-4 s long
freezing epochs shown; all epochs in Supplementary Fig. 2.3e). Pre-shocks in either context,
NR-axons did not significantly modulate their activity between running and freezing epochs
(Fig. 2.4d). However, post-shocks, we found that NR-axons significantly increased their activity
during freezing epochs, compared to reduced activity during running epochs. This was observed
during all post-shocks freezing epochs, in both the shocked and control contexts (Fig. 2.4c¢).
Third, we characterized the dynamics of NR-axon activity within each freezing epoch on
pre-shock day 0 and compared to retrieval day 1. To do so we aligned NR-axons by dividing
each freezing or running epoch into 5 even bins, each containing a mean normalized Af/f of
NR-axon peaks, then took the within-bin mean across all epochs pre and post-shocks. This
enabled us to effectively 'stretch' or 'shrink' all epoch lengths to a uniform standard. Using this
method, we found that mean axon activity ramped up rapidly in the beginning of a freezing
epoch, plateaued, then fell right before freezing transitioned to running (Fig. 2.4e). Such

temporal dynamics were absent during the freezing epochs pre-shocks (Fig. 2.4e).
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Figure 2.4. Nucleus reuniens axons in CA1 tune to fearful freezing epochs following CFC

a, Left: Schematic representation of NR axonal imaging. Mice were trained as in Fig. 2.1b.
Middle left: NR mRuby expression in nucleus reuniens under confocal imaging. Middle right:
Axonal expression in the hippocampus limited to the SLM layer in subiculum and CAl. Right:
Example average FOV of NR axons in SLM through 2-photon during mouse behavior. b,
Example mouse NR axonal activity pre-shocks (Top) and on day 1 (Bottom) in the shocked (left)
and control (right) contexts. Red shading indicates freezing epochs. Middle trace is the mouse
position on retrieval day 1. ¢, Normalized mean Af/f of axonal peaks per freezing epoch plotted
as dots, boxplot indicates median, 25-75th interquartile range, whiskers include all data points
not determined to be outliers. In both contexts, mean normalized axonal activity increases
post-shocks compared to pre-shocks, and remains elevated during post-shocks freezing epochs as
compared to running epochs. Correspondingly, activity in running epochs decreased post-shocks
from pre-shocks (Student's T, P control, shocked = pre-shocks: 0.09, 0.04, day 1: 9.42e-15,
6.27¢-13, day 2: 6.64e-18, 7.19¢-13, day 3: 1.22e-12, 1.47¢-13). d, Peach shading (left) indicates
freezing epochs. Line indicates mean, shading indicates 95% CI. Pre-shocks, NR-CA1 pathway
axonal activity is comparable during freezing and running epochs. Post-shocks, activity is
significantly elevated during freezing when compared to running epochs (Wilcoxon Rank Sum
left: P = 0.14, right: P = 1.37e-52). Freezing epochs displayed are 3-4 s long, additional epoch
windows are shown in Supplementary. Fig 2.2¢). e, Normalized mean Af/f of axonal peaks were
binned into 5 categories based on percent progress throughout the freezing epoch. For the
majority of the pause (20-100% freeze progress) in both contexts (purple), axonal activity was
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significantly increased than activity before shocks (green) (Student's T, P = 0-20%: 0.81,
20-40%: 1.71e-3, 40-60%: 9.75e-4, 60-80%: 1.46e-3, 80-100%: 8.70e-3).

We were additionally able to track the same axon across multiple days in a subset of
NR-axons (N = 4; example axon shown in Fig. 2.5a) and independently quantified their activity
to observe how individual axon dynamics change throughout CFC, retrieval, and extinction (Fig.
2.5, analysis of all multi-day tracked axons averaged together). We again found similar levels of
baseline activity between the freezing and running contexts pre-shocks (Fig. 2.5b, far-left). On
day 1 post-shocks, these axons significantly increased their activity during freezing, and
decreased their activity during running (Fig 2.5b, middle-left). This tuning to freezing behavior
remained true on day 2 (Fig. 2.5b, middle-right), but fell back towards baseline levels on day 3,
albeit with a small but significant difference between freezing and running remaining (Fig. 2.5b
far-right). This effect is also reflected in the mean normalized Af/f of peaks, with differences in
peak Af/f between freezing and running smaller on day 3 (Fig. 2.5c). The general shape of
activity during a freezing epoch remained 'bow' shaped (Fig. 2.5d). Overall in the multi-day
tracked axonal subset, we found very similar results to our overall NR-axon data (Fig. 2.4), with
the notable decrease of axonal activity on retrieval day 3. This decrease corresponds with
behavioral extinction of fear responses (Supplementary Fig. 2.1h), potentially indicating that
individual axons may decrease their activity during freezing as the fear-suppressive effect is no
longer needed. These results collectively show that NR-axons projecting to CA1 strongly tune
their activity to fearful freezing epochs during CFMR, and this post-CFC activity is

context-independent.
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Figure 2.5. Multi-day Tracking of the Same NR Axons Reveals Fearful Freezing Tuning
that Decays with Extinction

a, Example field-of-view (FOV) tracked across 4 days. FOVs are directly outputted from the
Suite2p mean image with no color correction modifications applied, with Suite2p ROIs that
comprised the final combined trace highlighted in purple on all four days, demonstrating our
capacity to track the same NR-CA1 axonal structure over multiple days (N = 4/10 imaged mice).
b, Average axon activity of the 4 multi-day tracked axons. Peach shading (left side of each panel)
indicates freezing epochs. Colored pink line indicates mean in control context and teal line
indicates mean in shocked context, shading indicates 95% CI. Pre-shocks (far left panel),
NR-CA1 axonal activity is comparable during freezing and running epochs in both contexts. On
post-shock retrieval days 1-3, activity is significantly elevated during freezing compared to
running epochs in both the shocked and control contexts (Wilcoxon Rank Sum, P = pre-shocks:
0.33, day 1: 3.75e-8, day 2: 2.17e-5, day 3:0.02). ¢, Analyses same as Fig. 2.4c, but on the
subset of multi-day imaged axons (Students' T-test: shocked P = pre-shocks: 0.21, day I:
4.10e-3, day 2: 3.76e-8, day 3: 1.34e-6, control P = pre-shocks: 0.59, retrieval day 1: 2.19e-13,
retrieval day 2: 1.26e-5, retrieval day 3: 4.2e-4). d, Analyses same as Fig. 2.2e, but on the subset
of multi-day imaged axons (Students' T-test P = 0-20%: 0.67, 20-40%: 8.60e-6, 40-60%:
1.24e-4, 60-80%: 1.46e-4, 80-100%: 3.94e-3).
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Encoding Model Predicts NR-CA1 Axonal Activity, But Only Following CFC

To further quantify the relationship between behavior and NR-axon activity, and to rule
out other potential causes driving activity dynamics other than freezing, such as pupil diameter
fluctuations or contributions from other behavioral variables, we developed a quantitative
encoding boosted trees decision model to predict axonal activity from behavioral and pupil
variables. We trained the model using XGBoost* to use behavioral information about freezing
epochs, running epochs, velocity, location on the track, and pupil diameter to predict NR-axon
activity. We separately trained on 80% of traversals and tested on the remaining 20% of
traversals in each mouse, on each day, and in each context (Fig. 2.6; Supplementary Fig. 2.4;
Methods: Boosted Trees Model). Model prediction most heavily relied on behavioral parameters
pertaining to whether the mouse was freezing or running, its velocity, and duration passed or
remaining within a freezing or running epoch (Fig. 2.6h, Supplementary Fig. 2.4b). Overall, the
model predicted NR-axon activity well in both the shocked and control contexts on retrieval days
post-shocks (with a context/day-combined 0.43 r? goodness of fit; Fig. 2.6g), but predicted
axonal activity poorly in both contexts pre-shocks (with a context-combined 0.01 r*; Fig. 2.6g).
In the example mouse shown in Fig. 2.6¢-f, the maximum model accuracy pre-shocks was r* of
0.06 (Fig. 2.6¢) compared to a much higher r* of 0.86, 0.88, and 0.78 on retrieval days 1, 2, and
3, respectively (Fig. 2.6d-f).

Because there was variability in the fluorescence signal recorded from the axons, we
checked whether model accuracy was related to the signal-to-noise. Indeed, model accuracy was
correlated with axon activity - the greater the change in the normalized fluorescence signal from
baseline, the better the model performed (Fig. 2.6b). The model performed significantly above

chance in predicting NR-axon signal in 8/10 mice, on retrieval days 1-3. In 2/10 mice, model
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prediction was poor on retrieval days, due to lower signal-to-noise ratio (SNR) of the
fluorescence signal. However, changes in SNR did not account for the poor model performance
pre-shock, as model accuracy was still low in animals with higher axon activity. Although
overall activity was higher in post-shock days, pre-shock activity in longitudinally-tracked axons
reached similar peak heights as in post-shock days (Supplementary Fig. 2.3a), and all mice
included in analysis had at least 2 peaks reaching a minimum of 0.1 Af/f in the recording session,
ensuring that poor model performance was not simply due to a lack of signal to predict. In
summary, using an encoding model, we demonstrated that NR-axon activity recorded in
hippocampal CA1 can be predicted from freezing behavior during CFMR, but not before the
animal is fear-conditioned, revealing the development of predictable structure in NR-axon

activity tuned to CFMR.
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Figure 2.6. Nucleus reuniens-CA1 axon activity is accurately predicted by a computational
model following CFC

a, Simplified schematic of decision tree prediction. b, Model performed better on axons with
higher fluorescence signals. Goodness of model fit r* was calculated for all model runs and
plotted against median unnormalized axonal peak height as a proxy for data quality. Graded
color dots are coded per mouse to visualize within-mouse stability (N = 8000 total runs; 10 mice,
run 100 times per mouse, day, and context). c-f, Examples of model prediction for the same
axon in the same mouse tracked across days in the shocked context. Matched control context
model examples are shown in Supplementary Fig. 2.4d). g, Points indicate goodness of fit r* for
each model run, color coded by mouse, boxplot indicates median 12, 25-75th interquartile range,
whiskers include all data points not determined to be outliers. Median model performance
improved for both the shocked (pink) and control (teal) contexts across all days post-shocks,
compared to pre-shock, in 8/10 imaged mice (Wilcoxon Rank Sum, P = Shocked: day 1: 0.03,
day 2: 0.02, day 3: 0.02, Control: day 1: 0.04, day 2: 0.04, day 3: 0.03). h, Mean gain fraction
plotted per category, error bar indicates SEM. Model parameters pertaining to information about
pausing, velocity, and duration of time paused or remaining in either a pausing or running
interval ('interval’) were used more than model parameters pertaining to running information,
location on the track, or pupil information. Full gain fractions are shown in Supplementary Fig.
2.4b.

Discussion

Our findings expand on a previous canon of work that indicates both the mPFC-NR
projection and NR itself are required for extinction of contextual fear and prevention of fear
over-generalization®”""!"827 Our results suggest that in addition to these roles, NR reduces time
spent freezing following CFC by suppressing CFMR as it is occurring during freezing epochs.
We found that the NR-CA1 pathway is a key component of the circuit responsible for mediating
the fear suppressive function of NR. This is supported by our observation that NR axons in CA1
become selectively tuned to freezing epochs, 'ramping' up activity after the initiation of freezing
epochs following CFC, and inhibiting the NR-CA1 pathway lengthens freezing epochs. The
function of the NR-CA1 pathway in CFMR suppression is not restricted to the context in which
shocks were presented, but extends to similar contexts where shocks never occurred. This seems

to limit over-generalization as shown by NR-CA1 inhibition reducing context discrimination.
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Lastly, the process of suppressing ongoing CFMR by the NR-CA1 pathway also has longer term
effects, as shown by reduced extinction on day 2 following NR-CA1 inhibition on day 1. In
summary, our observations support a framework in which the NR-CA1l pathway actively
suppresses fear responses by disrupting ongoing hippocampal-dependent CFMR to promote
non-fearful behavior, and this process also limits fear overgeneralization and promotes fear
extinction. Supplementary Fig. 2.5 brings all our main findings together in a cartoon model.
Interestingly, we did not observe a significant difference in NR-axon activity during
CFMR between contexts on retrieval days in our NR-axon recordings, despite NR-CAl
inactivation reducing discrimination between these contexts. It could be that while the NR-axons
in CAL1 are not contextually modulated, their activity induces postsynaptic dynamics in CA1 that
encode differences in context. This is supported by previous work showing that CAl is
specifically necessary for the context-dependence of fear extinction’”. We also found the
difference between NR-axonal activity between freezing and running epochs following CFC
(activity tuned to freezing epochs) did not decrease over days, even as mice decreased their time
spent freezing. However, we did observe a decrease in axon activity tuned to freezing on
retrieval day 3 in our multi-day tracked axon dataset, indicating that individual CA1-projecting
NR neurons may become untuned to freezing epochs as extinction occurs, while population
responses may not. Previous work shows that extinction does not erase previously-learned
contextual fear memories, as reactivation of hippocampal fear memories rapidly reinduces fear
behavior*™?”, This suggests that fear memories are retained but are dormant after extinction.
Continued differential activity of NR-axons between freezing and running epochs in CA1l, even
after extinction, may be necessary to prevent the maladaptive retrieval of dormant fear

memories, therefore enabling successful extinction learning.
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A recent study showed that during freezing epochs in remote post-conditioning CFMR,
optogenetic activation of NR significantly shortened freezing epochs, while inactivation

120 _ in agreement with our NR-CA1 inhibition results. These authors

lengthened freezing epochs
revealed a transient increase in NR activity before the termination of freezing epochs, and
showed a similar signal in the NR-BLA (basolateral amygdala) pathway. The profile of the NR
and NR-BLA activity during freezing epochs they report differs from the profile we report, as
they ramped up at the end of a freezing epoch and remained high during running. What could be
causing this discrepancy? One key difference is the time period in which the NR and NR-BLA
signals occur, compared to our reported NR-CA1 signal. We recorded 1 day following CFC,
whereas NR and NR-BLA signals were measured 30 days following CFC, a time period in which
memories are considered remote and no longer dependent on the hippocampus®®. In addition, the
authors showed that the NR-BLA pathway was not necessary to facilitate extinction one day
following shocks, instead only being activated for remote memory retrieval. In our results, we
show that the NR-CA1 pathway facilitates extinction across the timescale of a day. This suggests
that CA1 and BLA projecting neurons may come from separate populations of NR neurons with
different activity dynamics, a hypothesis supported by evidence that NR partially segregates into
distinct subpopulations by projection region®®.

Another possibility for divergent results is that our axonal measurements are recording
localized axonal spiking activity decoupled from somatic spiking activity, which has been
observed in other circuits’***". In this case, local synaptic modulation in CA1 may be exerting

excitatory or inhibitory impacts on NR-axon activity, decoupling its activity profile in CA1 from

somatic activity in NR. Future work using closed-loop optogenetic stimulation of the NR-CA1
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pathway during freezing epochs, examining the existence or incidence of separate NR neurons
projecting to BLA and CAl, investigating NR-CA1 activity at remote time points, and
examining the activity of specifically NR-CA1 projecting somata is needed to directly test these
hypotheses.

Interestingly, we found that after the NR-CAT1 signal ramps up upon the start of freezing
epochs it starts to ramp back down before the end of freezing epochs. We hypothesize that the
ramping down at the end of freezing epochs could indicate a neural preparation or
decision-making phase during which fear memory retrieval in the hippocampus has been
suppressed but the decision to move has yet to occur. It also takes time for the brain to prime the
motor circuits and coordinate the necessary movements before the actual initiation of movement.
The CA1 is not a motor region, so the suppression of a fear memory in this region is unlikely to
immediately cause movement. The ramping down of the NR-CA1 signal may reflect the
completion of fear memory suppression, allowing the animal to respond quickly when the
decision to move is made, but the decision may take time. Animals may engage in an internal
evaluation or computation of relevant information, such as assessing potential risks or benefits
associated with the impending movement. The decision-making processes and the subsequent
activation of motor commands may be occurring as the NR-CA1 signal ramps down having
exerted memory suppression.

The input driving the NR-CA1 pathway is most likely from the mPFC, encompassing
both the prelimbic (PL) and infralimbic (IL) regions. While PL is needed for fear acquisition and
retrieval, IL 1is necessary for the opposing task of fear suppression and preventing
over-generalization’'*®>!° The likely opposing influences of IL and PL on NR during CFMR

illustrates the importance of understanding NR output pathways. Our results indicate that a fear
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suppression signal circuit may be transmitted from IL, through NR, and into CA1 during CFMR.
Of note, a small population of NR neurons that project both to CA1 and either PL or IL may
have a key role in facilitating cross-regional theta and beta synchrony associated with
hippocampal-dependent memory processing*”'%!", We cannot rule out that some of our recorded
NR-axons collaterally project to mPFC, however, since this population makes up a small subset
of all NR neurons (~3-9%'"), we expect the majority of our recordings to be from non-dual
projecting neurons. It additionally remains to be seen if the NR-CA1 exclusively projecting
versus the NR-CA1 dual projecting populations have distinct dynamics during CFMR.

The amygdala, specifically the BLA, is a critical region that associates contextual
information with fear’''*'?, Ultimately, short term CFMR suppression and long-term extinction
likely involves changing the contextual information sent out of the hippocampus to the BLA,
either directly or indirectly, to an output not associated with fear in BLA. A key question that
arises from our work is how the NR-CA1 pathway potentially disrupts CFMR-associated neural
dynamics in CA1. NR exclusively projects to the SLM within CA1, where the distal dendritic
tuft of pyramidal neurons receive targeted synaptic input from both medial and lateral EC and
local inhibitory interneurons®**'*'5, Whether NR directly synapses on these dendrites is under
contention, with contradictory anatomical and electrophysiological reports supporting evidence
for and against these direct synapses®’**!9%1%! Electrophysiological stimulation of NR projections
to CA1l in rodent slice work has largely supported that NR projections depolarize, but do not

9699.100301 "with one notable early exception®.

directly drive firing in pyramidal neurons
Interestingly, NR and EC has been proposed to both project to the same dendritic

compartments, and dual activation of NR and EC projections in slice amplifies nonlinear

dendritic spiking, implying that NR/EC interactions may be important in vivo for synaptic
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plasticity®”*%. Such dendritic-spike-induced plasticity has been associated with the formation of

new place fields in novel environments'’

could provide a mechanism through which NR both
disrupts CFMR and promotes extinction learning. Additionally, either NR or EC projections to
SLM, when coincident with CA3 inputs through schaffer collaterals, induce burst firing in CAl
pyramidal cells*'*3!?. CA1 pyramidal cell bursts are also capable of inducing new place fields in
CA1 through behavioral timescale synaptic plasticity (BTSP)*'¢31832° If our newly-reported NR
input to CA1 pyramidal cell apical tuft dendrites during fearful freezing epochs coincides with
CA3 inputs, their combined activity could induce burst firing and initiate BTSP. The bursts
themselves could disrupt population dynamics to "jolt " the network out of CFMR, enabling the
behavioral transition from freezing to running, while also inducing new place cell representations
to form (remapping) through BTSP to support extinction learning®'.

This framework could explain why inhibiting the NR-CA1 pathway on retrieval day one
reduced fear extinction on retrieval day 2. In effect, we may have prevented BTSP from inducing
remapping and thus prevented extinction learning. Alternatively, reduced fear extinction on day 2
could be caused by the increased freezing behavior on day 1 during NR-CA1 inhibition, i.e.,
more freezing on day 1 leads to more freezing on day 2, although this effect was not observed in
the control context. Whether delayed extinction on day 2 results from disruption to circuit level
processes on day 1 or from increases in freezing behavior on day 1 remains to be investigated.
However, regardless of specific cause, our data support the conclusion that the NR-CAl
pathway is necessary for normal fear extinction.

NR could also disrupt CA1 dynamics through inhibition. It is well established that NR
induces strong firing in various hippocampal interneuron populations with dendritic processes in

SLM?*9%:100301 “Which specific inhibitory populations are directly stimulated by NR is an open
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question, and one that has wildly divergent implications for the overall impact of NR on CA1
activity. In the case where NR-axons in SLM exclusively target inhibitory interneuron
postsynaptic partners, the overall impact of NR-CA1 pathway activation on CAl pyramidal
population activity could still be net inhibitory, net excitatory, or selectively mixed. NR-axons
could activate inhibitory micro-circuits that disrupt awake replay of location-specific activity
sequences of the shocked context during freezing’®, or silence temporally-restricted reactivation
of engram cells** to induce fear memory suppression and enable extinction learning. Further
research on the impact of NR on CA1 dendritic and somatic population dynamics is needed to

unravel how the NR-CA1 pathway mechanistically induces suppression of ongoing CFMR.
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Methods

Experimental Model and Subject Details

All experimental and surgical procedures were in accordance with the University of Chicago
Animal Care and Use Committee guidelines. We used 10-20 week old male C57BL/6J wildtype
(WT) mice (23-33 g). Male mice were used over female mice due to the size and weight of the
headplates (9.1 mm x 31.7 mm, ~2 g) which were difficult to firmly attach on smaller female
skulls, and low weights reached under water restriction in female mice making the additional
weight of the tailcoat potentially burdensome and interfere with experimental results. Mice were
individually housed in a reverse 12 hour light/dark cycle and behavioral experiments were
conducted during the animal's dark cycle. We are unaware of any influence of strain or sex on the
parameters analyzed in this study. A total of 79 mice were used, 46 of which were used for data
analysis shown in this paper. 33 mice were excluded for not meeting running behavior criteria
(See Methods: Behavior). Of these, 20 never reached the 4 traversals/minute cutoff after 14+
days of training, and 13 did not meet movement criterion after removal of water reward and
addition of the tailcoat. Of the 46 mice that did meet behavioral criteria, 20 mice were used in the
NR-CA1 intact group, 10 of which were imaged. Of the remaining 10, although they had
imaging windows implanted, 6 did not have sufficient signal-to-noise on a pre-experimental day
to image through CFC, and 4 imaging recordings were eliminated post-hoc for z-motion drift. In
the remaining 26 mice, 9 mice were used for NR-CA1 DREADD inhibition and 17 mice were
used as controls: 6 mice were used for no-shock control, 4 mice were used for mCherry

DREADD control, and 7 mice were used for saline DREADD control.

65



Mouse surgery and viral injections

Mice were anesthetized (~1-2% isoflurane) and injected with 0.5 ml of saline (intraperitoneal IP
injection) and 0.5 ml of Meloxicam (1-2 mg/kg, subcutaneous injection) before being weighed
and mounted onto a stereotaxic surgical station (David Kopf Instruments). A small craniotomy
(1-1.5 mm diameter) was made over the hippocampus (+ 1.7 mm lateral, -2.3 mm caudal of
Bregma) or nucleus reuniens (0.0 lateral, -0.6 caudal of Bregma). For NR imaging experiments,
an axon targeted genetically-encoded calcium indicator, AAV9-axon-GCaMP6s-P2A-mRuby3
(pAAV-hSynapsinl-axon-GCaMP6s-P2A-mRuby3 was a gift from Lin Tian Addgene viral prep
# 112005-AAV9 ; http://n2t.net/addgene: 112005 ; RRID:Addgene 112005) was injected (~50 nL
at a depth of 4.1 mm below the surface of the dura) using a beveled glass micropipette leading to
GCaMP6s and mRuby expression in a population of NR neurons. For DREADD experiments,
first AAVrg-hSyn-DIO-hM4D(Gi)-mCherry (pAAV-hSyn-DIO-hM4D(Gi)-mCherry was a gift
from Bryan Roth Addgene viral prep # 44362-AAVrg; RRID:Addgene 44362) was injected into
bilateral hippocampal CA1 SLM (~50 nL per side at a depth of -1.5 mm below the surface of the
dura). In the same surgical procedure, AAV9-hSyn-Cre (pENN.AAV.hSyn.Cre. WPRE.hGH was
a gift from James M. Wilson Addgene viral prep # 105553-AAVO
http://n2t.net/addgene: 105553 ; RRID:Addgene 105553) was injected into bilateral NR (~100
nL at a depth of -4.1 mm). For NR-DREADD Controls, AAVrg-hSyn-DIO-mCherry
(pAAV-hSyn-DIO-mCherry was a gift from Bryan Roth Addgene viral prep # 50459-AAVrg;
http://n2t.net/addgene:50459 ; RRID:Addgene 50459) was substituted for
AAVrg-hSyn-DIO-hM4D(Gi)-mCherry. Afterwards, the site was covered using dental cement
(Metabond, Parkell Corporation) and a metal head-plate (9.1 mm x 31.7 mm, Atlas Tool and Die

Works) was also attached to the skull with the cement. Mice were separated into individual cages
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and water restriction began the following day (0.8-1.0 ml per day). At least 7 days following
injection surgery, and approximately 7 days prior to the beginning of mouse training, mice
underwent another surgery to implant a hippocampal window as previously described”.
Following implantation, the head-plate was reattached with the addition of a head-ring cemented
on top of the head-plate which was used to house the microscope objective and block out
ambient light. Post-surgery mice were given 1-2 ml of water/day for 3 days to enhance recovery
before returning to the reduced water schedule (0.8-1.0 ml/day). Expression of axon-GCaMP6s
reached a steady state ~50 days after the virus was injected, as monitored through 2p imaging.

Expression of hM4D(Gi)-mCherry was validated using post-hoc confocal imaging.

Behavior

Our virtual reality (VR) and treadmill setup was designed similarly to previously described

setups®’.

The virtual environments that the mice navigated through were created using
VIRMEn'"”. Mice were head restrained with their limbs comfortably resting on a freely rotating
styrofoam wheel (‘treadmill’). Movement of the wheel caused movement in VR by using a rotary
encoder to detect treadmill rotations and feed this information into our VR computer, as in (Heys
et al., 2014; Sheffield et al., 2017). During training, mice received a water reward (4 pl) through
a waterspout upon completing each traversal of the track (a lap), which was then associated with
a clicking sound from the solenoid. Upon receiving the water reward, a short VR pause of 1.5 s
was implemented to allow for water consumption and to help distinguish traversals from one
another rather than them being continuous. Mice were then virtually teleported back to the

beginning of the track and could begin a new traversal. Mice were also teleported to the

beginning of a new contextual exposure.
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Four distinct VR contexts were used in this experiment, and all contexts can be found on GitHub
at https://github.com/hmacomber/NR-Analysis. The training VR has local cues of a black track
with gray squares at regular intervals, and gray walls with black ovals. The end of the track has a
gray wall with neon green dots. Additional local cues include a green and white checkered
overhead 'bridge' and a black flag with a white star towards the end of the track. Distal cues
include black and gray rectangles, and a cylindrical gray tube with lighter checkered pattern on
an overhead oval. The first of the two VRs used as shocked or control contexts has a light gray
track with four white diamonds for the first half of the track and a black track with two white
lines for the second, black walls with white lines and gray dots at regular intervals, and bright
solid green end wall with a black line in the middle. Additional distal cues are provided by a gray
and black chevron pattern sky, neon green walls with dot patterns in white, black and neon blue
cylinders in the later half of the track, and a black conical with white stripes at the end of the
track. The second of the two VRs has a black track, surrounded by white lines and small gray
dots. Green and yellow conical structures with white stripes dot the landscape. The far end of the

track has a striped wall.

Mouse behaviors (running velocity, track position) were collected using a PicoScope
Oscilloscope (PICO4824, Pico Technology). Pupil tracking was done through the imaging
software (Scanbox, Neurolabware) at 15.49 Hz, using Allied Vision Mako U-130b camera with a
25 mm lens and a 750 nm longpass IR filter. IR illumination from the objective was used to
illuminate the pupil for tracking. Behavioral training to navigate the virtual environment began
~7 days after window implantation (~30 minutes per day) and continued until mice reached a
speed of greater than 4 traversals per minute, which took 10-14 days (although some mice never

reached this level). This high level of training was necessary to ensure mice continued to traverse
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the track similarly after reward was removed. Initial experiments showed that mice that failed to
reach this criterion typically would not traverse the track as consistently without reward”’ a
potential confound for post-shocks freezing data (data not shown). Mice that did not reach this

criterion were not used for these experiments (28 mice removed across all conditions).

Contextual Fear Conditioning Paradigm

For mice that reached criteria in the training environment (>4 traversals per minute), mice were
first exposed to two novel environments without water reward for 322 s (~5 minutes) each, with
the addition of a custom-made tailcoat made of conductive fabric (Adafruit). Only mice that
continued to maintain a speed of 4 traversals > minute without water rewards and with the
tailcoat on were allowed to continue the experiment. Subselecting for mice with this consistent
running behavior helped us to ensure that freezing responses recorded later were not due to the
presence of the tailcoat or any discomfort from head-fixation or removal of reward. Here
onwards, the tailcoat was kept on the mouse during the experimental sessions on all subsequent
experimental days. Each contextual exposure was for a duration of ~ 5 minutes. Prior to
experimental day 0, mA level of shock delivery was confirmed using an oscilloscope. On day 0,
mice were exposed to both novel contexts, then shocked in one of the two contexts,
administering 6 X 0.6 mA shocks delivered at an interval of 20-26 seconds each, (Coulbourn
Instruments Precision Animal Shocker). Mice displayed rapid sprinting behavior when they
received the tail shock, allowing us to confirm the delivery of shocks in real-time (Fig. 2.1e). On
subsequent days, mice were exposed to both the shocked and non-shocked (control) contexts

pseudorandomly, for 3 days.
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DREADD Experimental Protocol

To activate the hM4D(Gi) receptor and silence a subset of NR glutamatergic neurons that project
to CAl, we used Deschloroclozapine dihydrochloride (DCZ, MedChemExpress). DCZ was
chosen over CNO as an h4MDi agonist as DCZ has a significantly increased potency, therefore
enabling a 100-fold dosage reduction, heightened selectivity for h4MDi receptors over
endogenous receptors, and a significantly more rapid onset than CNO. In addition, the DCZ
metabolites C21 and DCZ- N-oxide are reported at negligible concentrations (< 0.2 nM),
compared to the known tendency of CNO to metabolize to Clozapine at higher concentrations, a

300

compound with significant off-target receptor binding in the mammalian brain’™. Because of

these factors, we chose to use DCZ for inactivation, as in our past work?”’.

Once mice met training criteria, they were habituated to the injection process. They were
exposed to the rewarded training environment for ~10 min. Afterwards, they were removed from
the VR set up, placed in the holding room, and injected with ~150 puL of a 12% DMSO/Saline
solution. After ~30-45 min, they were placed back in the VR setup and exposed to the rewarded
training environment again for an additional 10 min. This was repeated for 3 days to acclimate
mice to the injection procedure. Mice additionally received ~150 pL of a 12% DMSO/Saline
solution on Day -1 of the experiment 30 minutes prior to first exposure to both neutral contexts

to mimic conditions on Day 0.

For animals receiving DCZ injections, i.e. both the experimental NR-CA1l inhibited
AAVrg-hSyn-DIO-hM4D(Gi)-mCherry  group and the control NR-CAl intact
AAVrg-hSyn-DIO-mCherry group, DCZ was dissolved in DMSO at at .02 mg/mL concentration
and stored at -80 °C on day 0. On retrieval day 1, DCZ solutions were thawed to room

temperature and diluted to 0.01 mg/mL with DMSO/Saline. ~30 minutes prior to context
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exposure, mice were brought to a holding room and IP injected with 0.1 mg/kg DCZ of a .02
mg/mL solution. A separate control group with hM4Di expression intact received DMSO/saline
instead of DCZ on retrieval day 1. These mice were injected with a weight matched quantity
(~100-150 pL) of saline in place of 0.01 mg/mL DCZ. In all groups, a quantity of DMSO/Saline
solution identical to IP injection amount on Day 1 (~100-150 uL) was injected on all other
experimental days, ~30 minutes prior to imaging, to control for the impact of any potential IP
injection-induced stress. Imaging protocol for all DREADD NR-CAI1 inhibited experimental
mice and intact controls was kept identical to VR-CFC NR-axon imaged mice, with the addition
of a 'dark' imaging session after context exposures of the same duration, where no context was
displayed on screens, for ~5 minutes, to check for any impact of DCZ on movement (Fig. 2.3f).

Two-photon imaging

Imaging was done using a laser scanning two-photon microscope (Neurolabware). Using a 8 kHz
resonant scanner, images were collected at a frame rate of 15.49 Hz with unidirectional scanning
through a 16x/0.8 NA/3 mm WD water immersion objective (MRP07220, Nikon).
axon-GCaMP6s was excited at 920 nm and mRuby was excited at 1040 nm with a
femtosecond-pulsed two photon laser (Insight DS+Dual, Spectra-Physics) and emitted
fluorescence was collected using two GaAsP PMTs (H11706, Hamamatsu). The average power
of the laser measured after the objective ranged between 60-100 mW, and was kept constant
across days of imaging. A single imaging field of view (FOV) was positioned between 350-500
um below the putative surface and 400-700 pum equally in the x/y direction to collect data from
as many NR axonal segments as possible. Time-series images were collected through Scanbox
(Neurolabware) and the PicoScope Oscilloscope was used to synchronize frame acquisition
timing with behavior. When possible, the same axonal field was returned to across days (Fig. 2.5,
N =4/10 imaged mice).
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Immunohistochemistry and Confocal Imaging

Expression of either hm4D(Gi)-mCherry or GCaMP6s-mRuby in glutamatergic neurons in NR
were checked post hoc. Mice were anesthetized with isoflurane and perfused with ~10 ml
phosphate-buffered saline (PBS) followed by ~20 ml 4% paraformaldehyde in PBS. Brains were
removed and immersed in 30% sucrose solution overnight before being sectioned at
30 um-thickness on a cryostat. Brain slices were collected into well plates containing PBS. Slices
were washed 5 times with PBS for 5 min then were blocked in 1% Bovine Serum Albumin, 10%
Normal goat serum, 0.1% Triton X-100 for 2hrs. Brain slices were then incubated with either
1:500 rabbit-o-mCherry (ab167453, Abcam) or 1:500 goat-oa-mRuby (STJ140251, St John's
Laboratory) in a blocking solution at 4°C. After 48 hrs, the slices were incubated with either
1:1000 goat-a-rabbit Alexa Fluor 488 secondary antibody (A32731, ThermoFisher) or 1:1000
rabbit-a-goat Alexa Fluor 488 secondary antibody (A27012, ThermoFisher) respectively, for 2
hrs. Brain slices were then collected on glass slides and mounted with a mounting media with
DAPI (SouthernBiotech DAPI-Fluoromount-G Clear Mounting Media, 010020). Whole-brain
slices were imaged under x10 and x40 with a Caliber I.D. RS-G4 Large Format Laser Scanning

Confocal microscope from the Integrated Light Microscopy Core at the University of Chicago.

Image Processing and ROI Selection

Time-series images were preprocessed using Suite2p (Pachitariu et al., 2017). Movement
artifacts were removed using rigid and non-rigid transformations and assessed to ensure the
absence of drifts in the z-direction. Datasets with visible z-drift were discarded (N = 4). All

datasets collected during shock administration on Day 0 were discarded, due to the high velocity
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post-shocks sprinting behavior of mice making FOVs too unstable for reliable analysis. Regions
of interest (ROIs) were also defined using Suite2p (Fig. 2.5a) and manually inspected for

accuracy. Baseline corrected Af/f traces across time were then generated for each ROL.

In addition, to control for in-experiment motion artifacts for small axonal segments, a red mRuby
channel was recorded simultaneously to GCaMP6s channel recordings. Per ROI, a
savitzky-golay filter was applied to both channels to smooth the signal. Then, the demeaned red
channel was 'subtracted' from the demeaned green channel, by orthogonalizing their vectors in

variance space. That is, we took the projection of the red channel onto the green channel as

w - Red, and then subtracted that vector from the green channel. This results in a
ov(Red, Red)

new vector which is guaranteed to have zero covariance with the red channel, thus removing any
linear effects of the background fluorescence on the trace. All ROIs were analyzed for
covariance, and any ROIs exceeding the 99th percentile of a shuffle distribution were combined
using PCA and the first PC taken, in a method similar to Kaufman et al. 2020°*. To ensure traces
had sufficient activity for analysis, all mice used were required to have one axon per FOV with
activity that exceeded 10% Af/f twice on each experimental day (N = 10 mice). The activity of
each axon was then internally rescaled per day to the 99th percentile of max activity to account
for inter-axonal differences in calcium brightness. Peaks were calculated using the
scipy.signal.find peaks package with a required minimum height of 10% Af/f, distance of 0.5 s,
and prominence of 0.1. One axon per mouse was selected in each FOV for numerous reasons. In
our dataset, NR axons in CAl are highly branched. In most FOVs, a single axon branched
visibly across the majority of the FOV, and were determined to be visually connected as well as
having highly correlated activity among ROI segments. In the majority of cases, ROI segments

with detectable activity determined by Suite2p were correlated with one another above an r* of
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>(0.2. Because of this relatively high correlation among identified segments, we could not rule
out that all segments in each FOV originated from the same neuron in NR, even when they
visually did not connect, and therefore we were conservative with our axonal selection to
visually connected segments above our ROI correlation threshold, and only these ROIs were
considered to be from the same axon. Further, only ROIs in a FOV exceeding the 99th percentile
of a shuftle distribution were combined. We did the combining using PCA, and took the first PC,
the remaining ROIs were discarded.

Pupil measures

To obtain images with dark pupils and high contrast around the borders of the pupils, pupil
images were inverted, and their brightness/contrast was adjusted in ImagelJ. Pupil area, pupil
center of mass (COM), Pupil x and y positions, and blinking area were obtained using FaceMap
(Stringer et al. 2019). Pupil data during blinking periods (frames where blinking area < mean —
twice the standard deviation of the blinking area) was removed and the pupil data was
interpolated to match the 2-photon imaging frame rate (15.49 Hz). Pupil area and x and y

position data were smoothed with a savitzky-golay filter.
Boosted Trees Model

The encoding model used is the python implementation of the open-source gradient boosted trees
algorithm XGBoost®”. Behavioral model parameters (described below) were used to predict
axon trace values. For reproducibility, the seed was set to 42. Data were then split into laps, and
split using an 80/20 train/test regime. Model was run either per mouse (Fig. 2.6) or across mice
(Supplementary. Fig. 2.4), per, day, and context paradigm, for a total of 8,000 runs (N = 10 mice,
4 days, 2 contexts, 100 draws). Chance performance was determined by shuffling neural activity

by traversal compared to behavioral readout per mouse, across contexts and days. Model
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hyperparameters were set to: gamma = 1, learning_rate = 0.01, n_estimators = 1000, base score

= 1, early_stopping_rounds = 5. The coefficient of determination /° is defined as 1 — % where u

: . 2 .
is the residual sum of squares ). (y ) and v is the total sum of squares

true -y pred

2 . . .
rue ymean) . The best possible 7? score is 1.0, and the 7’ score can be negative because

Xy

the model can be arbitrarily worse than chance. For ease of interpretability in Fig. 2.6h, the
following groupings of related behavioral variables were made and the mean contribution found
within each group: freezing = ('freeze', 'is freezing', 'freeze remaining', 'is postfreeze', 'freeze
progress', 'freeze elapsed'), velocities = ('recorded velocity', 'velocity back 15 frames', 'velocity
back 8 frames', 'velocity forward 8 frames', 'velocity forward 15 frames'), running = ('is running',
'running  progress','running remaining', 'is backtracking','rTunning elapsed', interval =
('interval_elapsed', 'interval remaining','interval progress', location = 'location', pupil = (‘pupil
area', 'pupil x position', 'pupil y position'). We used the importance type 'gain' parameter to
determine the importance of each figure to the model's overall performance. 'Gain' is how much
an individual feature contributed to model accuracy (i.e. the distance between predicted and
actual r* values) on each branch. For each feature's use in the model, that value is summed, then
the median was taken across all models by context. Full gain fractions for each parameter are

shown in Supplementary Fig. 2.4b.

Behavioral Parameters

All parameters described below were calculated per mouse, day, and context, and used in model

training, with the exceptions of total displacement and shocks.
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Time to complete a traversal: This was calculated as the total time (in seconds) taken by the
animal to run from 0 to 200 cm. Frames recorded within the teleportation window were dropped

from analysis.

Total Displacement: Total displacement was calculated as the distance traversed per mouse, per

context, per day.

Freezing: Freezing epochs were determined as uninterrupted epochs where mouse velocity fell
below 0.001 cm/s for at least 12 consecutive frames (~0.75 s). All epochs of velocity below
0.001 cm/s but not reaching 12 consecutive frames were not considered freezing or running, and
were discarded from future analysis. Freezing epochs were then counted up, and each not in a
freezing epoch assigned a '0', while each frame in a freezing epoch given a numeric value
corresponding to the number of epochs in that recording (i.e. all frames that contained the 4th
freeze of the recording would be assigned the integer '4'). Subsequent freeze features were then
calculated, including the binary variable 'is freezing' which assigns a 1 to frames considered
freezing, and 0 to frames not considered freezing, two sawtooth functions 'freeze remaining', and
'freeze elapsed, which counts the frames from the beginning of a freeze up or down until the end
of a freeze, respectively, and 'freeze progress' which tracks the progress of a freeze as a fraction

from O to 1.

Running: Running was determined as any epoch where forward progress velocity was sustained
over 0.001 cm/s for 2 consecutive frames. The variables 'is running', 'rTunning remaining',
'running elapsed', and 'running progress' are calculated using the running epoch data in the same

fashion as their freezing counterparts.

Backward movement: Some mice demonstrated backward movement behavior in the virtual

environment post-shocks, where they made backwards movement through the context. This
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behavior was analyzed separately from running or pausing in Supplementary Fig. 2.1e. The
binary variable 'is backtracking' assigns a 1 to frames considered backtracking, and 0 to frames

not considered backtracking.

Shocks: Shock delivery was recorded through the Picoscope. Shock location on track and

stereotyped post-shocks sprinting behaviors are quantified in Fig. 2.1h and Fig. 2.1c.

Velocity: Velocity was both directly measured through the picoscope encoder, and recalculated
from position, to assess for accuracy. Recorded velocity was used for all velocity calculations

and model training. Values were converted into cm/s for presentation.

Velocity offsets: Future and past velocity at ~1 s and ~0.5 s were calculated by offsetting the
velocity to frames. The resulting non-existent 8 or 15 velocity frames at the beginning or end of

the trace were extrapolated from the prior 15 frames.

Acceleration: Acceleration was calculated as the first derivative of recorded velocity.

Intervals: Three variables, 'interval elapsed', 'interval progress', and 'interval remaining combine
pausing and running information into one datastream. Interval elapsed takes the component parts
'freeze elapsed' and 'running elapsed', and counts the time elapsed in either a pausing or running
interval, before resetting at a switch point. 'Interval remaining' and interval progress do the same
calculation, but using freeze remaining'/running remaining' and 'freeze progress'/Tunning

progress'

Location: Animal's position on virtual track was determined for each frame, and binned in 1 cm

bins along the virtual track.

Pupil Area: Pupil area was calculated by FaceMap as previously described, then filtered with a

savitzky-golay filter for smoothing.
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Pupil horizontal (x) movement: Pupil x movement was calculated by FaceMap as previously

described then filtered with a savitzky-golay filter for smoothing.

Pupil vertical (y) movement: Pupil y movement was calculated by FaceMap as previously
described, then filtered with a savitzky-golay filter for smoothing.

Statistics

For all data distributions, a Shapiro-Wilk test was performed to verify the data was normally
distributed before undergoing further statistical tests. For behavioral calculations of percent time
spent freezing between contexts (shocked, control), conditions (NR-intact, NR-inhibited,
unshocked), and days (pre-shock, retrieval day 1, retrieval day 2, retrieval day 3) a three-way
repeated measures ANOVA in R was conducted using the afex package. A similar ANOVA
structure was created for the behavior in the subset of mice that were also imaged, and a two-way
repeated measures ANOVA was constructed for the behavior of mice in the dark context, which
could not be incorporated into the larger behavioral ANOVA due to the unbalanced experimental
design, i.e., mice were not exposed to the dark context on the pre-shock day. Pairwise
comparisons of estimated marginal means were then conducted on model outputs in R using the
emmeans package, with a bonferroni multiple comparisons adjustment applied post-hoc for a
total of 51 tests. Any p-value corrected above 1 was reported as 1. Mann-Whitney U tests were
used to compare distributions displayed as histograms. For axonal data, a paired Wilcoxon
signed rank test, unpaired Student's T test, or an unpaired Mann-Whitney U test was used. For
samples with five data points or less, only a non-parametric test was used. Box and whisker plots
were used to display data distributions where applicable. The box in the box and whisker plots
represent the first quartile (25" percentile) to the third quartile (75" percentile) of the

distribution, showing the interquartile range (IQR) of the distribution. The black line across the
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box is the median (50™ percentile) of the data distribution. The whiskers extend to 1.5*IQR on
either side of the box. A data point was considered an outlier if it was outside the whiskers or
1.5*IQR. Significance tests were performed with and without outliers. Data distributions were
considered statistically significant only if they passed significance (p < 0.05) both with and
without outliers. Significance numbers reported are without outliers. To model the probability
distribution in the datasets and get an accurate idea of the data shape, a kernel density estimate
was fitted to the data distribution and is shown alongside histograms. Cumulative probability
distribution functions were compared using a Kolmogrov-Smirnov test. Correlations were
performed using Pearson's correlation coefficient. p < 0.05 was chosen to indicate statistical
significance and p-values presented in figures are as follows: *, p < 0.05, **, p <0.01, *¥*k, p <
0.001, N.S. not significant. Darker lines in the center of line plots are the mean, and shading is
the 95% confidence interval, unless stated otherwise in text or figure legends. All regression
analysis was conducted using the statsmodels Robust Linear Model package, which estimates a

robust linear model via iteratively reweighted least squares, given a robust criterion estimator.

e
The M-estimator minimizes the function Q(ei, p) = X p(TL) where p is a symmetric function
i

of the residuals and s is an estimate of scale. We used standardized median absolute deviation for
s and Huber's loss function, as it is less sensitive to outliers. Shading on regressions indicate 95%
CIL (see https://www.statsmodels.org/dev/examples/index.html#robust-regression for additional
details). Some data preprocessing was done with MATLAB (Mathworks, Version R2018a). All
other data and statistical analyses were conducted in Python 3.7.4, with primary data accrued in
Pandas DataFrames, and data figures were made in Python 3.7.4 using the Seaborn and

Matplotlib packages (https://www.python.org/). Schematic figures (Fig. 2.1a, Fig. 2.1b. Fig. 2.4a,
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Fig. 2.6a), some figure text, and figure layouts were made with BioRender
(https://biorender.com/).

Data availability

Raw imaging data are extremely large and not feasible for upload to an online repository but are
available  upon  request.  Processed data are available on  GitHub at
https://github.com/hmacomber/NR-Analysis.

Code availability

Original code used to create figures from pre-processed data are available on GitHub at

https://github.com/hmacomber/NR-Analysis
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Key Resources Table

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

Broussard et al. 2018

pENN.AAV9.axon.GCaMP6. Addgene #112005-AAV9
P2A.mRuby3

pENN.AAVrg hSyn.DIO.hM4 Krashes et al. 2011 Addgene # 44362-AAVrg
D(Gi).mCherry

pENN.AAVhSyn.Cre. WPRE. | Wilson — Lab  Plasmids | 4 j400ne # 105553-AAV9
hGH (unpublished)

pENN.pAAVhSynDIO.mCh | Roth lab- DREADDS | 4 j400ne # 50459-A AVig;
erry (unpublished)

Experimental models:

Organisms/strains

Mouse: C57BL/6J

Jackson Laboratories

JAX 000664 - C57BL/6J

Antibodies
rabbit-a-mCherry Abcam ab167453
goat-a-mRuby St. John's Laboratory STJ140251

goat-a-rabbit Alexa Fluor 488

ThermoFisher

A32731, ThermoFisher

rabbit-a-goat Alexa Fluor 488

ThermoFisher

A27012, ThermoFisher

Software and Algorithms

9.7.0.1190202 (R2018a).

Fiji Schindelin et al., 2012%% https://imagej.net/software/fij
i/; RRID:SCR 002285

Suite2p Pachitariu et al., 2016 https://github.com/MouseLan
d/suite2p

MATLAB MATLAB. (2018). [ https://www.mathworks.com/

help/matlab/release-notes-R2
018a.html
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https://paperpile.com/c/eWRhkD/9KVih
https://paperpile.com/c/eWRhkD/DQOzo
https://paperpile.com/c/eWRhkD/ZdXYj
https://paperpile.com/c/eWRhkD/oHGmc

Python

Python 3.10.8

https://www.python.org/down
loads/release/python-3108/

Pandas Pandas 1.1.4 https://pandas.pydata.org/

XGBoost XGBoost 1.5.0 https://xgboost.readthedocs.io
/en/stable/python/python_api.
html

SciPy SciPy 1.9.3 https://scipy.org/install/

Seaborn 0.12.0 https://seaborn.pydata.org/inst
alling.html

R R-4.3.1 https://www.r-project.org/

83




Supplementary Figures
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Supplementary Figure 2.1: Additional VR-CFC behavioral responses, controls and
un-normalized analyses

a, Percent time freezing normalized to baseline for each mouse plotted individually in the
NR-CAL inhibited condition plotted across days in the shocked context. b, Same dataset as Fig.
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2.2e, but plotted without normalization. Statistical comparison is between the shocked and
control context on each day in the NR-CA1 inhibited condition, not compared to baseline (EMM
P = pre-shocks: 1, day 1: 7.73e-5, day 2: 0.01, day 3: 1). ¢, Cumulative density plot of freeze
lengths on retrieval day 1 in both contexts and in all three conditions (shocked condition,
shocked with NR-CA1 inhibited condition, never shocked condition). d, Same dataset as Fig.
2.2e, but plotted without normalization. Statistical comparison is between the shocked and
control context on each day in the NR-CA1 intact condition, not comparing to baseline
(Wilcoxon Rank Sum, P = pre-shocks: 1, day 1: 8.49¢-4, day 2: 4.71e-3, day 3: 1). e, Backward
movement behavior in NR-CA1 intact mice in the shocked context. Dots indicate average
percent time spent moving backwards in each freezing epoch, either in the first traversal (green),
or all other traversals (orange), boxplot indicates median, 25-75th interquartile range, whiskers
include all data points not determined to be outliers. We observed instances of backwards
movement behavior, where mice attempted to move 'backwards' on the track. This was
significantly more common on the first traversal of the track on retrieval day 1 than all other
traversals (Student's T, P = pre-shocks: 0.51, day 1: 2.30e-3, day 2: 0.30, day 3: 0.10). We
interpret this backwards movement as an attempt by the mouse to escape the context by backing
out of it, and classify it as a fearful behavior. f, Same dataset as Fig. 2.1f, but plotted without
normalization. Statistical comparison is between the shocked and control context on each day (no
shocks actually delivered), not compared to baseline (EMM P = 1 per day). g, DREADD
construct does not alter behavior. Statistical comparison is between contexts for the NR-CA1
intact condition and the DREADD mCherry control condition (see Methods: DREADD
experimental protocol. EMM P = 1). h, The freezing behavior of a subset of mice that were also
imaged (N = 10). Statistical comparison is between the shocked and control context on each day,
not compared to baseline (Wilcoxon Rank Sum, P = pre-shocks: 1, day 1: 0.01, day 2: 0.04, day
3:1).
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Supplementary Figure 2.2: Additional analyses of freeze lengths with and without NR-CA1
pathway inhibition

a, Example behavioral traces from retrieval day 2 (top) and retrieval day 3 (bottom) from the
same example NR-CA1 intact mouse and displayed in the same fashion as Fig. 2.1d. b-g, Freeze
lengths of individual freeze epochs calculated as in Fig. 2.1g, day and condition indicated on
graph. All significance stars were determined using Mann-Whitney U test (P = b: 0.47 c:
7.92e-3,d: 0.24, e: 0.31 f: 6.82e-3, g: 0.86).
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Supplementary Figure 2.3. Additional Comparisons of NR-CA1 axonal activity before and
after CFC

a, The max activity of each axon per freeze epoch on each day in both contexts (dots,
color-coded by experimental day), plotted against when it occurred within the freeze epoch (0%
is the start of a freeze epoch, 100% is the end of a freeze epoch). A robust linear regression was
then fitted to each day. This analysis indicates that the highest point of axonal activity within a
freeze epoch can occur anywhere temporally within a freezing epoch. b, To test the impact of
freeze length on max NR-CA1 axonal activity, we plotted the peak within each freeze epoch
against the length of the freeze epoch in the NR-CA1 intact condition in the shocked context
before shocks (behavior plotted in Fig. 2.1d) then fit the data with a robust quadratic regression
(see Method Details: Statistics). The regression suggests a slight tendency for increased
maximum amplitude in longer freezing epochs ¢, Analysis is the same as in 3b, but on retrieval
day 1 in the shocked context. While the 7 of the robust regression increased in the shocked
context post-shocks compared to pre-shocks, since average freeze lengths also increased (as mice
freeze for longer epochs post-shocks), it is difficult to assert that fearful freezing is inducing
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changes in normalized max axonal peak as a function of time spent freezing from these analyses.
d, Same analysis conducted as Fig. 2.2e, but on only a subset of longer pauses (3 s + in length)
showing a similar average shape of activity throughout these freeze epochs to Fig. 2.2e. e,
Analyses conducted the same as Fig. 2.2d, except the freeze and post-freeze running epoch
window is restricted to different window lengths of 1-2 s, 2-3 s, 4-5 s, and 5-6 s, from top to
bottom. All freezing epochs remained significantly elevated compared to running epochs
post-shocks (Wilcoxon Rank Sum), with the same general underlying shape evident irrespective
of the window chosen.
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Supplementary Figure 2.4. Computational Model Details and Additional Examples

a, Real example of a model tree on retrieval day 1 in the shocked context from the same example
mouse shown in Fig. 2.6d. b, Full ungrouped version of Fig. 2.6h. ¢, Same analyses as Fig 2.6g,
except from a model that ran without differentiating and building models per individual mouse,
but instead across all mice and differentiating only on day and context, demonstrating that high
inter-mouse variability in axonal activity and amplitude led to decreased median r?
goodness-of-fit model performance compared to inter-mouse modeling shown in Fig. 2.6g. d,
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Analyses same as Fig. 2.6¢-f in the same mouse shown in Fig. 2.6¢-f, but in the control instead
of the shocked context.
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Supplementary Figure 2.5. Cartoon showing NR-CA1 speeds up contextual fear memory
retrieval suppression and extinction, and amplifies context discrimination.

The cartoon brings together all the findings from the paper. It depicts the process of contextual
fear memory retrieval suppression in CA1 during individual freezing epochs following CFC
under 4 different conditions. Each condition is labeled with a number next to each vertical panel.
From left to right the 4 conditions are: (1) a freezing epoch in the shocked context with NR-CA 1
intact; (2) a freezing epoch in the control context with NR-CA1 intact; (3) a freezing epoch in the
shocked context with NR-CA1 inactivated; (4) a freezing epoch in the control context with
NR-CAI1 inactivated. In each condition, the strength of contextual fear memory retrieval is
dependent on the context the animal is in. In the "shocked " context, the contextual cues have
been strongly associated with shocks, so they evoke strong fear memory retrieval in CAl,
depicted by the thickness of the red box around CA1. The control context can also evoke
freezing epochs because the context has some similarities with the shocked context. These
weakly associated cues evoke weak fear memory retrieval in CA1, depicted by a thin red box. In
the NR intact condition (1 and 2), the NR-CA1 pathway starts to ramp up as soon as the animal
is in the contextual fear memory retrieval state. After some time, the NR-CA1 activity reaches
maximum levels providing a disrupting signal that promotes a state change in CA1 that tries to
jolt it out of fear memory retrieval. Eventually the NR-CA1 signal causes the state change in
CAT and the NR signal starts to ramp back down. The ramping down phase could indicate a
neural preparation or decision-making phase during which fear memory retrieval in the
hippocampus has been suppressed but the decision to move has yet to occur. The ramping down
could be mechanistically caused by a feedback signal from CA1 to NR, which anatomically
exists but has not been investigated. This process also occurs in the control context during
freezing epochs (2), but it occurs much faster because the CA1 is in weak memory retrieval state,
making it easier and quicker for the NR-CA1 signal to jolt it out of fear memory retrieval -
successfully suppressing the memory. The blue V's depict the speed in which fear memory
retrieval in CA1 is successfully suppressed (higher V frequencies indicate faster speeds). The
process of NR-CA1-dependent fear memory retrieval suppression during individual freezing
epochs also promotes long-term fear extinction. Repeated NR-CA1-induced suppression speeds
up fear extinction through an unknown mechanism. Further, the difference in speed at which
NR-CA1 suppresses strong versus weak memory retrieval, i.e., in the shocked versus control
context, allows for context discrimination as freezing epochs are shorter in the control versus
shocked context. In the NR-CAT inactivation condition, the CA1 remains in fear memory
retrieval state for much longer because the NR-CA1 disruption signal is absent. The CA1 will
eventually jolt out of this state, but only in a probabilistic way. This leads to much longer
freezing epochs. It also reduces context discrimination, because even in the control context when
animals are weakly retrieving the fear memory, the CA1 remains in this state until it
probabilistically jolts out of it. This causes similar freezing epochs in control versus shocked
contexts, reducing behavioral discrimination. Lastly, because repeated NR-CA 1-induced fear
memory suppression does not take place during NR-CA1 inactivation, fear extinction is delayed.
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CHAPTER 3

THALAMIC NUCLEUS REUNIENS MODULATES HIPPOCAMPAL
CA1 POPULATION ACTIVITY THROUGHOUT FEAR
CONDITIONING TO INDUCE CONTEXTUAL DISCRIMINATION
AND FEAR MEMORY EXTINCTION

I was primary lead on all research conducted in this chapter, and will be listed as first author on
any future research publications on this work. I was assisted in data collection and

post-processing by Cherry Wang and Valerie Barreto.

Abstract

Successfully remembering aversive experiences by correctly situating them in their
appropriate contexts is a critical function of the mammalian brain. This function is largely reliant
on the hippocampus, a brain structure well-recognized for its role in contextual memory
formation, retrieval, and modification. How the hippocampus forms, recalls, and alters aversive
memories at a population level has been investigated through multiple avenues, as hippocampal
somata have been shown to tune to specific locations through place fields, to freezing onset, and
simultaneously preferentially activate in small groups to support memory recall. The selective
input from the nucleus reuniens of the thalamus to the CA1 subregion of the hippocampus is
critical for normal contextual fear memory retrieval and extinction after virtual reality contextual
fear conditioning. How this pathway impacts dCA1 hippocampal population dynamics to exert
its influence on contextual fear memory retrieval, discrimination, and extinction is unknown.

Here, we investigate the impact of context-dependent shocks on fearful freezing in male
mice with either NR-dCA1 intact or with NR-dCA1 inhibited on post-shock fear memory

retrieval day 1 (day 1). We first look into a variety of tunings that dCA1 somata can have to
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salient features of a contextual fear memory on a per-somata basis: preferential firing in the
shocked over the neutral context, tuning to location through place fields, tuning to shocks, and
tuning to the onset and offset to freezing epochs. We next identified fast co-activations of
coordinated groups of dozens of somata, termed co-activations (COAs), and how the size,
frequency, and composition of COAs change throughout VR-CFC. We reveal that with the
NR-dCA1 pathway intact, subsets of dCA1 somata preferentially fire in the shocked over the
neutral context on day 1, massively remap by changing the location of and somata recruited to
have place fields, tune to shocks, and tune to freezing onset and offset. We additionally reveal
that COA frequency and size both increase in the shocked context on day 1.

In contrast, inhibiting the NR-dCA1 pathway modifies how subsets of dCA1 somata are
active throughout VR-CFC. It increases non-selective firing in the neutral context, decreases
remapping by increasing the stability of pre-shock place fields, and heightens the quality of both
shock and freeze tuning. The frequency, size, and composition of COAs are likewise impacted,
with NR-dCA1 removal selectively decreasing the frequency of COAs in the shocked context,
decreasing context-dependent COA size selectivity on day 1, and increasing the proportion of
shock and freeze-tuned somata recruited into COAs. Overall, our findings suggest that broad
changes occur in the activity of dCA1 somata throughout VR-CFC to support contextual fear
memory encoding, retrieval, discrimination, and extinction. They further indicate that the
NR-dCA1 pathway is critical for regulating these changes by supporting neural discrimination,
inducing place field remapping, and suppressing inappropriate synchronized memory retrieval of

freeze and shock-tuned somata.
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Introduction

The hippocampal formation is crucial for encoding contextual memories'?*!432330  Ag

animals go through hundreds of contextual experiences each day, most of which are mundane,
the hippocampus needs to preferentially encode behaviorally salient memories, i.e., those
memories that are particularly surprising, emotionally charged, or that encode information
important for behavioral survival®. Indeed, such memories, especially those of aversive events
that threaten the animal's survival, are more strongly encoded by the hippocampus than
memories of threat-neutral events®'**2, A key question in neuroscience has been understanding
the mechanisms through which neural representations of fearful events are created, modified, and
stored at a population level within the hippocampal formation. One such mechanism is through
place cells, excitatory pyramidal neurons (ePNs) first discovered in dorsal hippocampal CA1l
(dCAL1) that are comprised of ~1/4-1/3 of all active ePNs and are preferentially active when an
animal is located within a specific location in space'**'**'7!. The place fields formed by these
neurons tile the entirety of a context and stay relatively stable on a day-to-day basis within a
single context'*>!* In a different context, a different subset of ePNs encode a unique map of the
space.

The change in ePN state between these contexts is called 'remapping', and it is thought
that this remapping is crucial for telling the difference between contexts'’>!"’233, Remapping can
occur globally, such that the maps between contexts are orthogonal to one another, or locally,
often termed 'partially’, such that a subset of the place fields are stable while another subset
remaps. Partial remapping can happen when individual ePNs change their place field location to

a different place, aplace field disappears, or new ePNs previously without a place field form a
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new one'?**3333% These partial remaps happen when smaller-scale environmental changes occur,
such as changing a context's color, odor, or texture, modulating the context's physical shape
slightly, or removing an object'*****3%_ Partial remapping has also been observed when context
salience is altered through adding novel cues, manipulating reward, or adding an aversive
stimulus such as a shock!'?6277:340:341,

Further evidence for the use of dCA1 place maps in memory are the existence of replays,
sequences of ePNs identified as place cells that reactivate in either forward or backward
sequences at ~20x speed of real-time navigation (~40-100ms) during sharp wave ripples (SWRs)
that occur during sleep, restful awakeness, or pausing periods prior to

163.164.266.332342  Interrupting  these replay events disrupts learning,

decision-making
decision-making, and long-term memory, implying that place maps are actively important
components of hippocampal-dependent episodic memory**. Therefore, place maps can be
thought of as the scaffolding on which context-dependent fear memories are built. It has thus
been proposed that dCA1 hippocampal place maps are essential for forming episodic memories
of aversive events'¥-214-340341,

In an almost entirely separate investigative vein, the hippocampal formation has been
singled out as a hotspot for engrams, a sparse subset of ePNs that are activated, modified, and
reactivated by a specific contextual experience. These small groups of ePNs - on the scale of
dozens to hundreds - are identified throughout the hippocampal formation using immediate early
gene technique and can be selectively activated or inactivated to impact animal
behavior'8%194193198 - Contextual fear conditioning has been a focus of engram studies, revealing

that the hippocampus encodes robust engrams of fear experiences and reactivates them during

fear memory retrieval®®**, Pertinent examples of engram studies include erasing fear memories
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and corresponding fear responses by inactivating ePNs active during CFC and artificially
inducing a fear response in a neutral context by activating ePNs active in a feared context during

neutral context exposure?**?%’

. Fear extinction memory engrams can also be identified and
modified the same way throughout the hippocampus”’.

As hippocampal place cells and replay are studied using wholly independent techniques
from engrams, how these separately-identified populations may interact or overlap is still largely
unknown, with few studies bridging the gap. Some of these studies assert that place cells largely
make up engrams, while others assert that engrams and place cells largely do not

overlap 119,209-211,345 .

Additionally, some recent investigations have examined hippocampal
co-activation, i.e., short epochs where a significant number of neurons are simultaneously
synchronously active, and found that the number of somata participating in a co-activation
increases during fear memory re-activation®'***, Unlike replay events, which are limited to
identification during SWRs while the mouse is not moving, co-activation happens both within
running and freezing epochs and can occur on longer time scales than would be anticipated from
a SWR, indicating it is a unique phenomenon. These co-activation events may instead represent a
form of memory recall that simultaneously re-activates both non-place engram cells, non-engram
place cells, engramic place cells into one cohesive hippocampal representation of a fear
memory?".

To better understand population dynamics within hippocampal CA1l throughout
contextual fear encoding, we recorded from thousands of dCA1 ePNs in male mice throughout
our previously-established contextual fear conditioning paradigm with and without the input of
thalamic nucleus reuniens to dCA1 pathway (NR-dCAT1) on fear memory retrieval day 1, which

346

is known to induce significant increases in fear responses™. We additionally examined activity
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in a control 'no shock' paradigm to examine multi-day drift in somatic representations or intrinsic
context-dependent biases independent of fear-induced behavioral changes. We further divided
mouse behavior into three categories based on whether they exhibited shocked context-specific
fear, overgeneralized fear, or no fear responses. We next investigated the dynamics of somatic
neural population activity through context-dependent neural discrimination, place fields, and
co-activation events throughout VR-CFC.

Our findings first reveal that somata demonstrate preferential activity in the shocked
context on the first day of context re-exposure post-shocks when NR is intact. In contrast, mice
with NR-dCA1 inhibited have more active somata that are not differentially tuned. We
additionally reveal that increased neural discrimination is only correlated with increased freezing
in the shocked context for mice that discriminate well between the contexts. We next
demonstrate that place maps in the shocked context largely remap between the pre-shocks
baseline and recall day 3, and are comprised of wider and more excitable place fields when the
NR-dCA1 pathway is intact. On the other hand, when NR-dCA1 is inhibited on day 1, place
maps are more stable overall and do not show differences in place field qualities. However, both
of these maps are less stable than when mice were never shocked, indicating that increased
remapping between pre and post-CFC is a feature of encoding the aversive experience.

Expanding beyond place tuning, we demonstrate that dCA1 possesses both shock-tuned
and freeze onset/offset-tuned independent somatic populations. Mice that better discriminate
between the shocked and neutral contexts on day 1 demonstrate higher quality shock tuning.
Mice with NR intact also significantly only have freeze on/offset-tuned somata in the shocked

context on recall day 1 be significantly better-tuned in the subpopulation that well-discriminate

98



between the contexts. Without NR-dCA1 online, mice that generalize well also see marked
increases in the quality of freeze-tuned somata.

We next investigated how somata with tunings to context, place, shocks, and freezing, as
well as somata without these tunings, are activated in synchronized co-active neural ensembles
over the course of VR-CFC. We demonstrate that rapid synchronized co-activations (COAs) are
a common feature in dCA1 throughout CFC. With NR intact, the frequency of COAs increase in
both the shocked and neutral contexts on retrieval day 1 as compared to baseline pre-shocks,
with only the shocked context retaining an increase on day 2, and neither context demonstrating
an increase on day 3. With NR-dCA1 inhibited, the number of COAs in the shocked context
remains slightly elevated on day 1, but not in the neutral context or in either context on
subsequent days. We additionally show that with NR intact, the number of somata recruited to
each COA increases selectively on retrieval day 1 in the shocked context and decreases
selectivity in the neutral context. With NR-dCA1 inhibited, this differentiation is erased.

Lastly, we demonstrate that somata tuned to context, place, shocks, and freezing
transition make up a significant fraction of COAs across all 4 days of VR-CFC. The composition
of COAs in the shocked context is changed on retrieval day 1, with a higher fraction of the COA
being comprised of freeze-transition tuned somata. Individual somata with tunings to shocks,
freeze-transitions, and place either during pre-shocks baseline or post-shocks retrieval day 3
were more likely to participate in a higher number of COAs post-shocks. With the NR-dCA1
pathway inhibited, more highly freeze-transition tuned somata were recruited into more COAs, a
selective form of memory recall that potentially underlies their increased freezing behavior.
Overall, we conclude that VR-CFC induces significant changes to neural encoding made by

dCA1 by increasing context-dependent activity, inducing significant remapping, and inducing
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tunings to shocks and freezing transitions, with population-level synchronized co-activations of
dCA1 somata being selectively modulated in both frequency and size in the shocked context
post-shocks. We additionally conclude that the NR-dCA1 pathway is a critical modulator of
post-CFC-induced changes to dCAl population encodings, ensuring neutral contextual
discrimination is maintained, inducing increased remapping, preventing over-representation of

shock and freeze-tuned somata, and moderating how somata activity are synchronized.

Results

Virtual Reality Contextual Fear Conditioning Induces Context-Selective Freezing

We trained mice to run in VR-CFC as previously described (Fig 3.1A)**. In brief, we
trained water-restricted mice to run in a water-rewarded VR context, then removed the reward
and ensured mice would run sufficiently (over >3 laps/minute) in two novel VR contexts with
the tail-coat connected, as necessary to deliver shocks. Mice were then shocked in one context
('shocked") but not the other (‘neutral'). They were then re-exposed to the two contexts each day
for 3 days (Fig. 3.1A, Methods: Contextual Fear Conditioning Paradigm). Mice were exposed to
one of three conditions. The first was no manipulation of the nucleus reuniens to the dCAI
pathway (NR intact). The second was using a DREADD strategy as previously described to
selectively inhibit the NR to dCA1 pathway on the first day of post-shock context re-exposure
(day 1) in a subset of mice (NR inhibited)***. The third was a control group of mice that
underwent all other aspects of VR-CFC, including not receiving reward throughout the paradigm
and running with the tailcoat, but were not shocked on day 0 (unshocked). All three groups of
mice received intraperitoneal saline on all days except retrieval day 1, when they received the

DREADD agonist DCZ, enabling both the NR intact and unshocked groups to serve as positive
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controls for any effect of DCZ on day 1 (Methods:DREADD experimental protocol). All mice
that were shocked showed a characteristic reflexive sharp increase in velocity from ~10 cm/s to
~68 cm/s immediately during and for ~Is immediately following shocks (Fig. 3.1B) before
returning to baseline ~3s following shock initiation, consistent with stereotyped escape behavior
observed in previous experiments?'***, This response additionally served as a check to ensure all
mice in shocked groups received all shocks appropriately. Percent time spent freezing was used
as a readout of contextual fear memory retrieval (CFMR), calculated as previously described
213345(Methods: Behavioral Parameters).

All statistical calculations reported in this section are relative paired t-tests corrected for
multiple comparisons for N>5 and Mann-Whitney U tests corrected for multiple comparisons for
N<5 unless otherwise specified (see Methods: Statistics). Overall, mice in the NR intact
condition (N = 9) froze significantly more in the shocked context on retrieval day 1 as compared
to pre-shock baseline (Fig 3.1A). They froze 18.3+12.5% more in the shocked context compared
to the pre-shocks baseline (P = 0.02) and froze significantly more than the neutral condition (P =
0.02), where they did not freeze more than baseline at 7.3+7.5% (P = 0.20). Mice maintained an
elevated freezing level on day 2 at 16.0£8.7% compared to the pre-shocks baseline in the
shocked context (P = 7.0e-3) but no longer significantly different from the neutral context
freezing at 11.4+10.7% (P = 0.31). By day 3, freezing in the shocked context returned to baseline
at 4.049.2% (P = 0.31), while freezing in the neutral context was slightly elevated at
11.1£11.3%% (P = 0.046), with the difference between them remaining insignificant (P = 0.24).
We show that mice successfully learn to freeze in a shocked context while discriminating the
shocked from the neutral context and subsequently learn to extinguish this fear response, in

agreement with previous work**.
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Mice in the NR inhibited condition (N = 9) froze more in the shocked context as
compared to baseline baseline on day 1, freezing 47.8+14.7% of the time (P = 6.8e-5), and froze
significantly more than in the neutral context where they froze 30.0+13.2% of the time (P =
0.02). They additionally froze significantly more than mice in the NR intact condition in the
shocked (P = 0.04) but not the neutral (P = 0.34) context, although freezing in the neutral context
was significantly elevated from baseline (P = 6.7e-3), indicating NR inhibited mice increased
their fear response to the neutral context (Fig. 3.1E, 3.1G). On day 2, freezing remained elevated
in the shocked context at 37.6+13.9% as compared to the pre-shock baseline (P = 1.8e-4), and
freezing also remained higher than in the neutral context (P = 5.9¢-3). However, freezing in the
neutral context dropped to 14.2+ 6.7%, and when compared to the pre-shock baseline, was no
longer significant (P = 0.11). By day 3, freezing in the shocked context remained slightly
elevated above baseline at 12.1£8.7% (P = 0.02) but showed no difference from the neutral
context (P = 0.67), which remained at baseline 9.6+7.8% (P = 0.18), or the NR intact 'shocked'
context (P = 0.20). Our results largely replicate previous work, indicating that mice with NR
inhibited on day 1 are significantly more fearful in the shocked context, generalize more to the
neutral context, and take longer to extinguish the fearful freezing response**.

Mice in the unshocked condition (N = 6) unexpectedly froze significantly more in the
neutral context on day 1, freezing 26.5+5.1% of the time as compared to pre-shocks (P = 3.4e-3),
despite not being shocked in the 'shocked' context, but not in the 'shocked' context where they
froze 7.9£5.9% of the time (P = 0.27, Fig. 3.1F), with the difference between the contexts being
significant (P = 1.5e-3). This effect disappeared on day 2 with freezing at 11.44+3.9% in the
neutral (P = 0.07) and 7.84+8.2% in the shocked (P = 0.16). Freezing remained similar to the

pre-shock baseline on day 3, with freezing at 19.7£15.7% in the neutral (P = 0.13) and 1.8+9.2%
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in the shocked (P = 0.40), with the difference between contexts becoming insignificant (P = 0.33,
P = 0.051). The significantly increased freezing time in the neutral context on day 1 and slightly
elevated, although insignificant, freezing time on day 3 may also be partially a result of the
experimental design, which had mice exposed to the 'neutral' context second and the 'shocked'
context first on these days. This condition additionally had fewer mice (N = 6) than either the NR
intact (N = 9) or NR inhibited (N = 9) conditions, contributing to higher behavioral variability in

346 'We expect this result to disappear with the addition of

this condition to match previous results
further mice to match other conditions.

As expected, the main cause of increased freezing time was the elongation of freeze
length times, with freeze lengths elongated post-shocks on day 1 in the shocked as compared to
the neutral context in both NR intact (shocked = 10.7 seconds + 3.6%, neutral = 8.9s £ 5.7%,
Mann-Whitney U P =5.2e-5) and NR inhibited (shocked = 14.2s = 6.0%, neutral = 9.5s + 3.8%,
Mann-Whitney U P = 8.0e-3) conditions, with the unshocked condition showing no change
between contexts (‘'shocked' = 6.1s £ 2.3%, neutral = 7.9s + 3.3%, Mann Whitney U P = 0.63
Fig. 3.11). Overall, these behavioral results mostly replicate previous work, except for the

unshocked group having an elevated freezing preference in the neutral context.

Mice That Better Discriminate Contexts Better Extinguish Contextual Fear

We noted that across conditions, mice would respond differently to the paradigm, and
additionally wanted to determine if there existed within-condition behavioral categorizations that
distinguish mouse behavior using non-normalized freezing percentages. We split mice across
conditions into three categories based on freezing behavior on day 1, then measured their
freezing behavior on days 1, 2, and 3. Mice that learned and responded to the paradigm
appropriately, i.e. mice that froze at least 5% more in the shocked context on day 1 than
pre-shocks, and 5% more than the neutral context on day 1, were termed as 'discriminators' (Fig
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3.1J). These mice made up 1/6 of the unshocked, 4/9 of the NR intact, and 5/9 of the NR
inhibited conditions. The remaining mice could respond inappropriately in one of two ways.
They could over-encode the fear by freezing at least 5% more in the shocked context on day 1
than pre-shocks, but additionally freezing within 5% of that level in the neutral context, termed
'generalizers' (Fig 3.1K). These mice made up 3/6 unshocked, 2/9 of the NR intact, and 3/9 of the
NR inhibited groups. They could also learn the task incorrectly by not encoding the fear at all by
freezing within 5% on day 1 as pre-shocks in the shocked context, termed 'runners' (Fig. 3.1L).
These mice made up 2/6 of the unshocked, 3/9 of the NR intact, and 1/9 of the NR inhibited
conditions.

These behavioral categories revealed that the generalizing mice froze at a significantly
higher level compared to baseline of 58.9+12.8% in the shocked context (P = 8.2e-3) and
58.3+11.3% in the neutral context (P = 5.6e-3) for NR inhibited mice, and 29.9+14.9% in the
shocked context (P = 0.04) and 14.7+£3.2% (P = 0.01) in the neutral context for the NR intact
mice, with no difference between the contexts (P = 0.48, P = 0.84). Generalizers in both the NR
inhibited and NR intact conditions also did not return to baseline freezing in the shocked context
by day 3 (P =0.02, P =0.04, Fig 3.1K). In contrast, as expected, the discriminator mice did show
a signficiant difference between the contexts on day 1 in both the NR inhibited (shocked =
50.0+14.5% , neutral = 17.948.8%, P = 0.03) and NR intact (shocked = 34.0+5.6% , neutral =
0.0+£8.8%, P = 8.7e-3) conditions, and by day 3 returned to baseline in the shocked context for
both the NR inhibited (9.1£10.0% P = 0.24) and the NR intact (12.2+7.8%, P = 0.27) conditions.
Since only one mouse was categorized as a discriminator in the unshocked condition, we did not
conduct statistical analysis on him, but he froze 26.1% in the neutral and 16.8% in the shocked

context on day 1, and 27.2% in the neutral and 1.0% in the shocked context on day 3,
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discriminating on both days in the opposite direction (higher freezing in neutral than 'shocked')
than the either of the shocked conditions. These results indicate that discriminator mice not only
learned both more precise contextual fear responses but also more readily learned contextual fear
extinction in the absence of additional shocks (Fig. 3.1J).

In mice deemed runners in the NR intact condition, mice exhibited no significant increase
in freezing in the shocked (3.2+0.2, P = 0.97) or neutral (17.1£6.1%, P = 0.11) contexts on day 1,
or on day 3 (shocked = 2.2+1.6%, P = 0.85, neutral = 3.7£8.5%, P = 0.29). In the unshocked
condition, runner mice also exhibited no significant increase in freezing from baseline in the
'shocked' (3.2+0.2%, P = 0.36) or neutral (17.1£6.1%, P = 0.07) contexts on day 1, or on day 3
('shocked' = 2.2+1.6%, P = 0.21, neutral = 3.7£8.5%, P = 0.39). Since only one mouse was
identified as a 'runner' in the NR inhibited condition, we did not conduct statistical analyses on
his behavior, but he did freeze at low levels in both the shocked (4.2%) and neutral (9.0%)
contexts on day 1 and day 3 (shocked = 5.6%, neutral = 2.5%). These results suggest that runners

across conditions did indeed fail to correctly associate the shocks with the shocked context.
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Figure 3.1: VR-CFC across contexts, conditions, and behavioral categories.

A) Schematic of experimental paradigm. Mice train for ~10-14 days in a familiar context with
water, before being screened for suitability under VR-CFC by running with the tail-coat on in
two novel, unrewarded VR contexts. Mice are then administered twelve 0.6mA tail shocks each
Is long 26s apart at pseudorandom locations along the track in one of the two contexts. Mice are
next re-exposed to the two contexts, 'shocked' (teal) and meutral' (pink), as well as a dark context

106



with no VR display, for 3 subsequent days with no further shock administration. All mice
received body-weight appropriate IP saline on all days except day 1, when they received DCZ.
Unshocked mice did not receive shocks on day 0. B) All mice demonstrated during and
immediately post-shock sprinting. Velocities were trial-aligned and shock velocity calculated.
Dark gray lines indicate bounds of the shock, light gray indicates active shocking. Red line
indicates average velocity s prior to, 1s during, and 2s after shock administration. Red shading
indicates =SEM. C) Example mouse behavior from an NR-inhibited mouse. Top: position on
virtual track on day O before shocks in the to-be shocked (left) and neutral (right) contexts.
Bottom: position on the virtual track on day 1 during NR-dCA1 inhibition in both the shocked
(left) and neutral (right) contexts. Red shading indicates freezing epochs. D) Per mouse, we
tested the difference in percent freezing within each context from pre-shocks baseline in the NR
intact condition. N = 9 mice, error bars indicate +SEM, significance stars indicate difference
per-context from baseline. Teal indicates shocked context, orchid indicates neutral context. Mice
froze significantly more in the shocked context post-shocks than pre-shocks on retrieval days 1
and 2, but not 3 (Student's T-test with holm-sidak correction, P = day 1: 0.02, day 2: 7.0e-3 , day
3: 0.31). Shocked mice did not freeze more in the neutral context post-shocks, except on day 3 (P
= day 1:0.20, day 2:0.23 , day 3:0.046). The difference between contexts was significant only
on day 1 (significance stars not shown, P = day 1: 0.02, day 2: 0.31, day 3: 0.24). E) Same as D,
but for NR-inhibited mice (N = 9), turquoise indicates shocked context, salmon indicates neutral
context. Mice froze significantly more in the shocked context post-shocks than pre-shocks on
retrieval days 1-3 (P = day 1: 6.8e-5, day 2: 1.8e-4, day 3: 0.02), and generlized to the neutral
context on day 1 (P = day 1: 6.7¢-3, day 2: 0.11 , day 3: 0.18). The difference between contexts
was significant on days 1 and 2, but not day 3 (significance stars not shown, P = day 1: 0.02, day
2: 5.9e-3, day 3: 0.67). F) Same as D but for unshocked mice (N = 6), navy indicates 'shocked'
context (i.e. the context mice would have been shocked in, were they in the NR-intact or
NR-inhibited conditions), maroon indicates 'neutral' context. Mice did not freeze more in the
'shocked' context than pre-shocks baseline across days (P = day 1: 0.27, day 2: 0.13 , day 3:0.79).
Mice did freeze significantly more in the neutral context over pre-shock baseline on day 1, but
not days 2 or 3 (P = day 1: 3.4e-3, day 2: 0.07 , day 3: 0.16). The difference between contexts
was significant on dayl, but not days 2 or 3 (significance stars not shown, P = day 1: 1.5e-3, day
2: 0.33, day 3: 0.051). G) Same data as D-F, but plotting only the shocked/'shocked' context
against each other. Color-coding remains constant, with significance stars indicating difference
from NR inhibited to NR intact, or NR intact to unshocked. Freezing in the NR inhibited shocked
context was significantly increased from the NR intact shocked context on days 1 and 2, but not
day 3 (P = day 1: 0.04, day 2: 5.9e-3, day 3: 0.20). Freezing in the NR intact shocked context
was significantly increased from the unshocked 'shocked' context on day 1, but not days 2 or 3 (P
= day 1: 0.02, day 2: 0.19, day 3: 0.42). H) Same data as D-F, but plotting only the neutral
context against each other. Color-coding remains constant, with significance stars indicating
difference from NR inhibited to NR intact, or NR intact to unshocked. Freezing in the NR
inhibited neutral context was significantly increased from the NR intact neutral context on day 1,
but not days 2 or 3 (P = day 1: 0.02, day 2: 0.37, day 3: 0.57). Freezing in the NR intact neutral
context was significantly decreased from the unshocked condition on day 1, but not days 2 or 3
(P = day 1: 8.5¢-3, day 2: 0.49, day 3: 0.86). I) Freeze lengths were calculated as previously
described. Significance stars indicate comparison between shocked and neutral for each
condition (P = NR intact: 5.2e-5, NR inhibited: 8.0e-3, unshocked: 0.63). J) Percent time spent
freezing color-coded by context and condition, for mice categorized as discriminators (N=10).
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Significance comparisons are to pre-shocks baseline. Only shocked/'shocked' context
comparisons are shown for visual clarity. Shocked NR inhibited (P = day 1:5.6e-3 , day 2: 0.01,
day 3: 0.02), shocked NR intact (P = day 1: 4.5¢-4 , day 2: 0.046 , day 3: 0.24). Neutral NR
inhibited (P = day 1: 0.02 , day 2: 0.03, day 3: 0.17), neutral NR intact (P =day 1: 0.50, day 2:
0.15, day 3: 0.23). K) Same as J, except for generalizers. Shocked NR inhibited (P = day 1:
8.1e-3, day 2: 0.03, day 3: 0.02), shocked NR intact (P = day 1: 0.01 , day 2: 7.2e-3, day 3:
0.04), 'shocked' unshocked (P = day 1: 0.02, day 2: 0.34 , day 3: 044). Neutral NR inhibited (P =
day 1: 5.7e-3 , day 2: 0.12 , day 3: 0.01), neutral NR intact (P = day 1: 0.04, day 2: 0.63, day 3:
0.50), neutral unshocked (P = day 1: 6.9¢e-4, day 2: 0.03, day 3: 3.2e-2). L) Same as J, except for
runners. Shocked NR intact (P =day 1: 0.98, day 2: 0.33, day 3: 0.85), 'shocked' unshocked (P =
day 1: 0.99, day 2: 0.84, day 3: 0.79). Neutral NR intact (P = day 1: 0.88, day 2: 0.76, day 3:
0.70), neutral unshocked (P = day 1: 0.08, day 2: 0.15, day 3: 0.39).

Population neural dynamics reveal link between better behavioral discrimination and more
preferential activity in the shocked context

Inspired by Kinsky et al., we next set out to determine if these behavioral categories were
reflected in dorsal CAl neural dynamics across our three conditions®'*. To do so, we recorded
changes in fluorescence from stable fields of view in dorsal CA1 across all conditions, across all
4 days of VR-CFC, by using CaMKII-GCAMPS8f (Fig. 3.2A). We recorded near-exclusively
from excitatory neurons, verified both visually through careful examination of morphology of
identified ROIs in each field of view, and through co-expression of CaMKII (Fig. 3.2B: red).
Only mice for which we were confident we stably recorded the same neurons over the entirety of
the experiment were included in any analysis, neural or behavioral (see Methods: Image
Processing and ROI selection). We ensured the quality of recordings were comparable across
days with similar proportions of cells active on each day out of the total number of ROIs
identified across all days, as compared to the first pre-shocks day of recording (P = 0.64, P =
0.59, P = 0.93), identifying transients in ~95% of somata active each day, and by not observing a
visual difference in transient quality during analysis (Fig. 3.C-D). We next examined differences

in neural activity between contexts by calculating a neural discrimination index (nDI), where the

108


https://paperpile.com/c/eWRhkD/eXyD

more negative the metric, the more differentially active the somata were in the shocked context
versus the neutral context (Methods: Neural Discrimination Index)*'*.

We found that in the NR intact condition, somata trended towards being preferentially
active in the shocked context on day 1 with a negative mean nDI of -0.08+0.04, while that trend
reversed on day 2 to 0.06+0.03, and returned to baseline similar activity on day 3 of 0.01+0.03,
although none of these trends reached significance. In the NR inhibited condition, the nDI
trended positive at 0.04+0.05, which was significantly more positive as compared to the nDI in
the NR intact condition (P = 0.049) while activity on subsequent, non-NR inhibited days was
similar to that of the NR intact condition (Fig 3.2E, P = 0.68, P = 0.55). A more positive nDI on
day 1 could either be caused by more activity in the neutral context, or less activity in the
shocked context. We examined the root cause of this difference in nDI, and found that an
increase of activity in the neutral, from a mean 15.2 peaks/s in NR intact mice to a mean 18.3
peaks/s, and a slight increase in activity in the shocked, from a mean 17.1 peaks/s to 18.4
peaks/s, was driving the more comparable nDI. This result indicates that inhibiting the NR-dCA1
pathway increases excitability in dCA1 somata.

We next examined the behavioral discrimination index (bDI), calculated as previously
described by finding the difference in freezing activity between the contexts, where the more
negative the metric the more differential freezing occurred in the shocked context
(Methods:Behavioral Parameters - Behavioral Discrimination Index)’’2%. Here, as expected
based on previous work, we found a significantly more negative bDI between the NR inhibited
and unshocked groups on day 1 ( P = 0.01), and between the NR inhibited and NR intact on day
2 (P = 0.03, Fig. 3.1D-F). These results indicate that NR inhibited mice have a strong,

contextually modulated freezing preference on day 1, and that they better discriminate between
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contexts on day 2 than NR intact mice - which is aligned with the still-significantly heightened
freezing on day 2 in the shocked context, and with the neutral context's day 2 reduction in
freezing, as reported earlier (Fig 1E). We hypothesized that the increase between days 1 and 2 in
the nDI - i.e. the flip from a negative bDI preferring the shocked context to a positive bDI
preferring the neutral context - was driven by mice that discriminated well between the contexts.
As expected, the discriminators showed the most negative bDI, significant difference from both
the runners (P = 1.8e-3) and generalizers (P = 1.9¢-4), as well as a significant decrease from zero
(P =3.9¢-4, Fig. 3.2H).

We lastly compared the nDI with the bDI across first conditions, then across behavioral
categories (Fig 3.2G, 3.2J). We found that across conditions, the more preferentially active the
somata were in the shocked context -i.e. a more negative nDI - the more preferentially mice froze
in the shocked context - i.e. a more negative bDI. On retrieval day 1, this was true in both the
shocked conditions NR intact and NR-dCA1 inhibited, although the majority of the nDIs for NR
intact mice were negative, while the majority of nDIs for NR-dCA1 inhibited mice were positive
(Fig. 3.2G). As expected, we did not observe this trend in unshocked mice. Additionally, on
retrieval day 1, when we split mice by behavioral category, we found that discriminators were
largely driving this association, indicating that mice with better neural discrimination were also
better at associating fear with the appropriate context (Fig. 3.2J). Overall, our results indicate that
inhibition of the NR-dCA1 pathway disrupts the selective increase in firing rates in the shocked

context for mice that discriminate between contexts by increasing overall firing in both contexts.
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Figure 3.2: Multi-day somatic imaging reveals increased neural selectivity for the shocked
context is diminished during NR-dCA1 inhibition

A) Population of somata across days for an example mouse in the NR intact condition. Left;
field-of view (FOV) pre-shocks. Middle: FOV post shocks on day 3. Right: FOV for all 4 days
with somata identified in randomized multi-color (N = 756 somata). B) Example confocal image
of GCaMP8f expression in dCA1 (green). CaMKII stain is observed in red, and DAPI in blue.
All cells expressing CGaMPS8f also expressed CaMKII. Note tissue removed above dCA1 for
cannula. C) Four example somatic traces across the entire paradigm are shown from 4 different
example mice/somata, demonstrating representative activity across all days, and similar peak Af/f
levels across days.Top, middle-top: transient examples from NR intact mouse. Middle bottom:
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transient example from an NR inhibited mouse. Bottom: transient example from an unshocked
mouse. D) Boxplot indicating fraction of somata active per experimental day across all
conditions, with no significant differences from pre-shock baseline mean percent active of
95.9%. (percent active day 1: 95.6%, day 2: 95.7%, day 3: 95.1%), P = day 1: 0.64, day 2: 0.59,
day 3: 0.93). No differences were observed between days per condition or behavioral category
(data not shown). E) Neural discrimination index (nDI) was calculated as number of transient
peaks per soma in the shocked/'shocked' context minus transient peaks per soma in the neutral
context divided by the sum of transients in both, then averaged across all somata per mouse, with
the dot representing the cross-mouse average per each condition. Error bars indicate =SEM,
significance star indicates difference between NR inhibited and NR intact on day 1. (P = day 1:
0.049, day 2: 0.68 , day 3: 0.55). Remaining cross-condition comparisons were not significant.
F) Behavioral discrimination index (bDI) was calculated as fraction time spent freezing in the
shocked/'shocked' context minus fraction time spent freezing in the neutral context, divided by
the sum of both fractions spent freezing. Significance stars represent NR inhibited to unshocks
on day 1 (P = 0.01) and NR inhibited to NR intact on day 2 (P = 0.03). Remaining
cross-condition comparisons were not significant. G) Linear regressions were computed between
the nDI and bDI of each condition for day 1. NR intact (slope = 0.39, intercept = -0.04, r*= 0.35,
p = 0.09), NR inhibited (slope = 0.29, intercept = 0.08, r* = 0.12, P= 0.34), unshocked (slope =
-0.13, intercept = -0.058, r*= 0.04, P = 0.71). H) nDI calculated as in E, except across behavioral
categories. No comparisons were significant. I) bDI calculated as in F, except across behavioral
categories. Significance star is between discriminators and baseline (P = 3.9¢e- 4). No other
comparisons were significant. J) Linear regressions were computed between the nDI and bDI of
each behavioral category across both shocked conditions for day 1. Discriminators (slope = 0.83,
intercept = 0.17, r* = 0.55, P =0.01), generalizers (slope = -0.34, intercept = 0.04, r* = 0.27, P =
0.18), runners (slope = -0.62, intercept = -0.07, r*= 0.23, P = 0.34).

Place fields globally remap following VR-CFC in NR intact, but not NR inhibited or

unshocked mice

We next examined the spatial tuning of the somatic population before and after VR-CFC.
We used a modified peak identification method that identified an average of 38 place fields (PFs)
per mouse in the shocked context and 53 PFs in the neutral context pre-shocks (day 0), 48 PFs in
the shocked context and 61 PFs in the neutral context on retrieval day 3 (Methods: Place Field
Identification). The specifics of our method were calibrated to minimize identification of place
fields in the dark context, which would necessarily be false positives, while retaining a majority
of place fields in the shocked and neutral contexts, resulting in a slightly decreased fraction of

PFs than reported previously (pre-shocks shocked context = 10%, pre-shocks neutral context =
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13.9%, day 3 shocked context = 12.0%, day 3 neutral context = 15.5%, Fig 3.3B). We did not
find any differences in the number of place fields identified between days or contexts (Fig 3.3B).
We did not examine place-tuning on days 1 and 2 due to a low level of running induced by
VR-CFC preventing reliable place field identification.

We found that in our unshocked mice, place maps in both contexts were still relatively
unstable by day 3, with 25.2% of somata in the 'shocked' and 21.5% of PFs in the neutral
remaining stable, as identified by retaining a place field in the same location. Of the PFs that
destabilized, the vast majority vanished, with a small proportion of 4.6% in the 'shocked' and
10.0% in the neutral remapping to a new location. No statistically significant differences were
found between contexts in any of these three place field fates. This level of instability has been
reported previously on this timescale, and could be explained by the removal of reward
triggering partial remapping over 4 days'**7**_ However, the unshocked mice still retained a
coherent map of the environment, primarily by recruiting >65% new somata to take over with
new place fields (Fig 3.3A). The new map had similar qualities between the first and last day of
recording across three place field metrics, with the exception of a decrease in average lap
emergence in the neutral' context (P = 0.04, Fig 3.3D-F).

In contrast, mice that underwent VR-CFC experienced heightened remapping in the
shocked context, with 3/8 mice presenting completely orthogonal place maps between
pre-shocks and retrieval day 3 (Fig 3.3C). Overall, mice in the NR intact condition retained only
7.2% stable place fields in the shocked context after extinction, and 7.7% stable place fields in
the neutral context. Similar portions of the non-stable population remapped in the NR intact
condition as compared to the unshocked condition: in both the shocked and neutral contexts,

5.7% and 5.4% respectively, with the remaining vanishing. The new map post-extinction,
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however, did show distinct dissimilarities when compared to the unshocked condition map in the
shocked context on experimental day 3, largely in being a more flexible and less stably precise
representation (Fig. 3.3D-F). Comparing every context to the assumption that there is no change
between pre-shocks and day 3, the place map is made of wider PFs in the shocked context (P =
8.0e-3), has a higher percentage of out-of-field firing (P = 8.9¢-3), and unchanged lap emergence
as compared to the pre-shocks map (P = 0.87). These effects were heightened in the shocked as
compared to the neutral context in width (P = 0.04) and lap emergence (P = 0.03), although not
in out-of-field firing (P = 0.56). These results indicate that post VR-CFC extinction learning
drives an increase in more distinct contextual representations, potentially to support
context-dependent memories.

Lastly, we examined place map instability in NR-inhibited mice. We found that they
remapped at comparable levels to unshocked mice, retaining 18.1% in the shocked and 23.5% in
the neutral context of their place fields, with the remapping level at 8.7% in the shocked and
10.6% in the neutral, and the remaining vanishing. This represented significantly less remapping
than the NR intact group, especially in the number of stable somata in the shocked context (P =
4.0e-3), and was comparable to levels in the unshocked group (P = 0.36, Fig 3.3 C). The place
field metrics of the post-CFC map reflected this higher stability, as change in PF width and
change in PF out of field firing were statistically similar to those in the unshocked condition for
both contexts. Lap emergence was the only metric that differed, with place fields emerging on
average 2.2 laps earlier in the shocked (P = 8.8e-3) and 1.0 laps earlier in the neutral context (P
=0.02.

Overall, we found remapping occurred on an experiential gradient across our conditions.

In unshocked mice, remapping is already significant over the four day span, likely due to high
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representational drift from the lack of water reward or goal-motivated behaviors, but the overall
quality of the map remains stable with time. There is significantly more remapping in mice that
have undergone CFC, with some NR intact mice showing global remapping, and the post-CFC
map is comprise of wider somata that fire outside their place fields more often, indicating the
incorporation of fear and extinction learning impacts how dCA1 is encoding place. Lastly the
NR-dCA1 inhibited mice fall in the middle, remapping more than unshocked mice, but less than
NR intact mice, despite having a larger behavioral increase in freezing. This result indicates that
post-CFC remapping does not drive freezing behavior, but instead may represent extinction

learning, a process that is interrupted in NR-dCA1 inhibited mice.

115



A) Place field maps before and after CFC

shocked

NR intact NR inhibited

NR intact

unshocked

NR inhibited

. unshocked

B) Proportion of PFs across
days and contexts # -« Unshocked
0 B | @ shocked
g o 40%] ) | @ neutral
S * 1 “NRintact
o 8 20%- 50% - ® shocked
23 neutral
S c - ; " NR inhibited
o § 0% ® shocked g °sd shocked
2 neutral 0% gl * | a y neutral
T T
pre-shocks day 3 stable remapped vanished
D) Width E) Out-of—ﬁeld firing F) Lap emergence
*
2._ —
40 ‘ skokok

20

A width (cm)
o
l

1

A OOF firing (cm)
o -
| 1
e
il |
—
Alap emergence (lap #)
o
]
I 2
—
ak:
3

-40- -2 -4
T T T T T T T T T
unshocked NR intact NR inhibited unshocked NR intact NR inhibited unshocked NR intact NR inhibited

Figure 3.3: Place fields remap more in NR intact than NR-dCA1 inhibited mice, and more
than unshocked mice

A) Place fields (PFs) across all mice where average COM location across all laps is plotted as a
single row. Scale is black = no activity, white = 204f/f. PFs before CFC in pre-shocks (top row),
after CFC on day 3 (middle row), and PFs from pre-shocks plotted after CFC, i.e. remapping
(bottom row) are plotted across contexts (shocked: left three columns, neutral: right three
columns) and conditions (left to right, unshocked, NR intact, NR inhibited). B) Percent of active
somas, defined as somas with at least 1 transient above 0.14f/f in the context/day pairing, with
PFs, are shown as violinplots. No significant differences between contexts (P pre-shocks = 0.06,
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day 3 = 0.25) or within-context before and after CFC (P shocked =0.23, P neutral = 0.28), were
found. C) PF fate between pre-shocks and day 3 were categorized as stable, i.e. a soma retaining
a PF on day 3 within a context with any overlap to its PF on pre-shocks, remapped, i.e. a soma
with a PF on pre-shocks moving to a new location but retaining its identity as a PF, or vanished,
i.e. a soma with a PF on pre-shocks no longer retaining a PF anywhere on day 3. Significance
stars represent comparison between the unshocked 'shocked' context to shocked context per PF
fate of the NR intact (P stable: 0.03, remapped: 0.61, vanished: 0.01) or NR inhibited (P stable:
0.08, remapped: 0.17, vanished: 0.41) condition. Neutral comparisons are omitted for visual
clarity and reported as follows between the unshocked neutral context to the neutral context per
PF fate of the NR intact (P stable: 0.08, remapped: 0.09, vanished: 0.01) or NR inhibited (P
stable: 0.36, remapped: 0.41, vanished: 0.64) condition. D) PF width was calculated as the
difference in centimeters between the first and last bin with in-field activity. Graph shows the
change in PF size between pre-shocks and day 3, with negative values indicating smaller PFs on
day 3, and positive values indicating larger PFs on day 3. Statistical comparisons are per context
to baseline(P shocked NR intact = 8.0e-3, all other comparisons not significant). E) Out-of-field
firing was calculated as the mean Af/f in bins within the PF divided by the 4f/fin bins outside the
PF. Graph shows the change in out-of-field firing between pre-shocks and day 3, with negative
values indicating less out-of-field firing and positive values indicating more out-of-field firing on
day 3. Statistical comparisons are per context to baseline (P shocked NR intact =8.9¢-3, all other
comparisons not significant). F) Lap emergence was calculated as the first lap with activity
within the PF within a context, per day. Graph shows change in lap emergence between
pre-shocks and day 3, with negative values indicating earlier lap emergence and positive values
indicating later lap emergence on day 3. Statistical comparisons are per context to baseline (P
neutral NR intact = 5.7e-4, P shocked NR inhibited = 8.8e-3, P neutral NR inhibited = 0.02).

dCAL1 tunes strongly to shocks and freezing epochs

Due to sharp increases in running post-shocks inducing motion instability in imaging (Fig
3.1B), only 5/18 shocked mice had stable enough FOVs to analyze the shock window. All
shock-tuning analyses are limited to these mice. Despite this reduced sample size, we still found
a robust pool of excitatory pyramidal neurons tuned to shocks, with 540 total out of 2,617 active
somata, i.e. ~20%, correlated to the the periods in which shocks were administered, above a
shuffled threshold of 99% (Fig 2.4A-C, Methods: Shock tuning). We next looked to see if mice
with better or more shock-tuned somata discriminated the contexts better or worse. We found
that behavioral categories had significantly different shock-tuning correlations, with

discriminators being better-tuned than runners (P = 0.03) or generalizers (P 4.6e-6), and runners
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being better tuned than generalizers (P = 1.3e-5), indicating that better shock tuning in somata on
day 1 may be predictive of better fearful contextual discrimination post-shocks. (Fig 3.4C).

We next looked for tuning to freezing epochs, both looking for an increase in activity
within +1s of a freezing epoch start, or separately, within +1s of a freezing epoch end (Fig
3.4D-I). We chose these timings due to other groups reporting freeze-tunings in this
range'>?1434934% We found a small portion of somata tuned to each, with a subset tuned to both
that we will focus on, due to large freezing epochs making the realistic distinction between the
groupings difficult to identify (Fig 3.4D-E). Unexpectedly, we found no relationship between
somata being shock-tuned during shocks and later showing significant freeze on/offset tuning,
indicating that while freeze-tuned cells do predict later mouse behavior, they do not do so
through later tuning to freeze-transitions (Fig 3.4F). However, the quality of freeze tuning in
freeze on/offset tuned somata was heightened in the shocked as compared to the neutral context
on post-shock day 1 in discriminators in the NR intact condition (P = 0.03), but not on any other
experimental day or behavioral category indicating that freeze-tuning may play a separate role in
post-shock context discrimination (Fig 3.4G,I). In the NR inhibited condition on day 1,
freeze-tuning was significantly heightened in the shocked context as compared to the neutral
context in both discriminators (P = 0.03) and generalizers (P = 4.1e-4).

We additionally found that the quality of freeze tuning in the NR inhibited condition was
significantly heightened as compared to the NR intact group on day 1 across behavioral
conditions in the shocked (P = 0.01) but not the neutral (P = 0.46) context, which disappeared
when NR-dCA1 was no longer actively inhibited on days 2 (P shocked = 0.17, P neutral = 0.41)
or 3 (P shocked = 0.16, P neutral = 0.09). These results indicate that the NR-dCA1 pathway may

play an important role in suppressing the activity of freeze-tuned somata in dCA1.
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Figure 3.4: Somata tune to shocks
and predict post-shock contextual
discrimination, while freeze-
tuning is suppressed by the
NR-dCA1 pathway

A) Example A4f/f of a strongly
shock-tuned soma in green trace.
Pink dots indicate identified peaks.
Lime-green shading indicates shock
periods. This soma was 0.81
correlated with shock periods. B)
Histogram of the correlations of all
active somata measured (N =2,617
against shock periods). The 99th
percentile of a shuffle distribution
is shown in a dotted grey line at
0.16. Yellow shading indicates
somata identified as significantly
shock-tuned (N = 540 somata). C)
Barplot of the shock/soma
correlations separated by
behavioral category. Stars indicate
differences between discriminators
and runners (Mann-Whitney U P =
0.03) and runners and generalizers
(P 1.3e-5). Discriminators and
generalizers were also highly
significantly different (P = 4.6e-6).
D) Example Af/f of a strongly
freeze on/offset tuned soma in
green trace of a NR-inhibited
mouse in the shocked context on
day 1. Pink dots indicate identified

peaks. Red shading indicates
freezing epochs. This example
soma has 0.61 correlation to

freezing onset and 0.49 correlation
to freezing offset. E) Kernel density
estimate histograms of freeze-onset
(cornflower blue) and freeze offset
(rust orange) correlations across all
somata (N = 10,034) show similar
distributions and tuning cutoffs

(orange/blue line) at 0.17 for significance. Brown shaded region is significant somata (N= 889
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somata tuned to both freeze onset and offset). F) A linear regression was run on the subset of
somata with both significant shock tuning and significant post-shock freeze onset and offset
tuning in the shocked context on day 1 (N = 29), showing no relationship between somata that
were previously shock tuned and being freeze-tuned in the shocked context post-shocks (slope =
-0.76, intercept = 0.5 r2 = 0.03, P = 0.37). G) For the subset of freeze onset and offset tuned
somata (N = 889), we computed the on/offset mean correlation, then plotted this correlation by
context across behavioral categories in the NR intact condition. Only discriminator mice showed
a significant difference between the contexts on day 1 (P =0.03). H) As in G, except for the NR
inhibited condition. Both discriminators (P = 0.01) and generalizers (P = 4.1e-4) showed
significant increases in freeze-tuned correlations in the shocked as compared to the neutral
context. No dual-tuned somata were identified in the mouse identified as a runner in the
NR-inhibited condition. I) As in G, except on day 3. No significant context-dependent tuning
was observed in any behavioral category. J) As in G, except in the NR inhibited condition and on
day 3. No significant context-dependent tuning was observed in any behavioral category.

Synchronous co-activations are both prevalent and behaviorally relevant in dCA1

We next wanted to understand how coordinated ensembles of activity, potentially related
to hippocampal replays or engrams, may be identified and studied using calcium imaging
techniques. We developed a new technique, in conversation with previous work, to identify
ensembles of co-active somata above a shuffled threshold baseline?'***®. In brief, we found
frames requiring that at least two somata had 50% or greater of their peak prominence located
within that frame, identifying them as putative components of synchronized co-activations
(COAs), although in practice no retained group of somata had fewer than ten somata. We then
used a peak finding algorithm to identify series across those frames that had at least 50% of the
peak number of somata active, which formed the temporal bounds of the co-activation (Fig
3.5A-B). We lastly used a threshold of the 99th percentile in shuffled data separately determined
for each mouse, day, and context, and disregarded any putative COAs identified below this
threshold.

We identified 10,117 COAs total across all mice and days of recordings, for a median of
81 COAs per mouse/day. COA lengths temporally ranged from 0.07s to 4.7s, with a median

length of 0.52s (Fig 3.5C). COAs recruited anywhere from 10 to 331 participating somata, with
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an overall median of 22 somata participating per COA (Fig 3.5D). We next examined how
frequently any particular somata was recruited into a COA, and found that on average, each
somata participated in a median 4 COAs, with somata participating in a range from 1 to 64 total
COAs (Fig 3.5E). Somewhat unexpectedly, many COAs are ruled out from being considered
putative replay events, as 75.9% of COAs occur during running epochs, despite mice running
epochs only representing 59.4% of all recorded velocities. This indicates that COAs
preferentially occur during running epochs.

We were next interested in characterizing if the number of COAs changed by condition
throughout VR-CFC in the shocked or neutral context, as compared to the number of COAs in
each context by condition pre-shocks (Fig 3.5 F-H). We found both no difference between the
shocked and neutral context or any difference from pre-shock baseline levels in the unshocked
mice, indicating that despite the lack of reward, preferential freezing in the control context, and
significant place cell remapping, COA rates remain steady. COA rates remain constant across
days (Fig. 3.5F). In sharp contrast, the number of COAs in post-shock NR intact mice increased
by a median 100% in the shocked and 50% in the neutral context as compared to the number of
COAs pre-shocks (Fig. 3.5G). This increase from baseline persists in the shocked, but not the
neutral context, on day 2 (P shocked = 0.04, P neutral =0.1), with both returning to baseline on
day 3 (P shocked = 0.06, P neutral = 0.06). Given the general preference of COAs to happen
during running epochs, and the significant increase in freezing epochs after shocks, we do not
believe this increase is simply due to longer pausing times but is instead linked to the behavioral
salience of the shocks. In contrast, COA counts in the NR inhibited group were only significantly
heightened from baseline in the shocked context on day 1, being 53% more likely to occur (P =

0.01) and failed to reach significance in the neutral context on all post-shock days or shocked
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context on subsequent days, indicating that an active NR-dCA1 pathway during the first
re-exposure to the shocked context increases the number of these coordinated somatic events
(Fig. 3.5H).

We next examined how many somata were participating in each COA. Once again, in the
unshocked condition we did not observe any differences between contexts or from baseline in
this metric, further indicating the stability of COAs across days when the context carries no
behavioral salience (Fig. 3.5I). Once again in contrast, the post-shocked NR intact mice
increased the number of somata recruited to the somata by 23.9% (P = 0.01), but selectively in
the shocked as compared to the neutral context, which selectively decreased 11.5% (P =0.02),
both only on day 1 (Fig. 3.5J). In the NR inhibited condition, the increase in number of somata
recruited in the shocked context was similarly significant to the NR intact condition at 23.5%,
but the selectivity for the shocked context disappeared, with the the neutral context also elevating
at 21.4%, with the difference between the neutral contexts being significant P = 3.1e-3, Fig.
3.5K). Intriguingly, on retrieval day 2 the COAs in both contexts of the NR inhibited condition
recruited more somata, with a 58.1% increase in the shocked and 40.1% increase in the neutral,
indicating a 'rebound' effect, which returned back to day 1 levels by day 3 at a 20.9% increase in
the shocked and 23.3% increase in the neutral context (Fig. 3.5K). Overall, these results indicate
that an intact NR-dCA1 pathway is important to regulate the selectivity between the number of
somata recruited in the shocked and neutral contexts by suppressing inappropriate neutral context

somatic recruitment on post-shock retrieval day 1.
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Figure 3.5: Synchronized co-activations are induced by the NR-dCA1 pathway post-shocks

A) Example co-activation (COA) from an NR inhibited mouse in the shocked context on day 1
involving 212 somata. Each black line is one somatic Af/f transient. Temporal duration of
co-activation is highlighted in green (0.78s). B) Example COA summaries from each day of CFC
in an NR inhibited mouse.The blue line tracks average simultaneous activity occurring at
per-frame resolution. Grey dotted line indicates threshold for significant COAS. Orange dots
indicate identified COA peak. Red shading indicates freezing epochs. C) Percent-wise histogram
of the number of somata involved in each COA across all mice, days, and conditions. D)
Percent-wise histogram of the duration of COAs across all mice, days, and conditions. E)
Number of COAs each soma that is active in at least one COA participates in across all mice,
days, and conditions F) Percent increase in number of COAs in the unshocked condition in the
'shocked' (teal) and neutral (orchid) contexts, calculated per day. Dotted line indicates no change
from pre-shock baseline. No significant change from pre-shock baseline or between contexts was
observed in any day or condition in unshocked mice. G) As in F, but for the NR intact condition.
Significance stars indicate significant change from baseline in one-sample students' t-test with
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holm-sidak correction (shocked P = day 1: 0.03, day 2 = 0.04, day 3 = 0.06, neutral P = day 1:
0.03, day 2: 0.1, day 3 = 0.06). H) As in F, but for the NR inhibited condition (shocked P = day
1: 0.01, day 2 = 0.28, day 3 = 0.29, neutral P = day 1: 0.12, day 2: 0.13, day 3 =0.14). I) Percent
increase in mean number of somas involved per COA in the unshocked condition in the 'shocked'
(teal) and neutral (orchid) contexts. Dotted grey line indicates no change from pre-shock
baseline. No comparisons were significant. J) As in I, but for the NR intact condition. The
shocked context on day 1 had significantly more somata recruited to its coas than the pre-shock
baseline (P = 0.01), while the neutral context had significantly fewer somata recruited to its coas
than the pre-shock baseline (P = 0.02). No comparisons were significant on subsequent days. K)
As in I, but for the NR inhibited condition (Shocked P = day 1: 0.01, day 2: 1.4e-3, day 3: 0.01,
neutral P =day 1: 0.06, day 2: 0.06, day 3: 0.07).

Co-activations in relation to other somatic tunings

We next wanted to investigate the makeup of these co-activation somata in relation to
other tunings to place, shock, or freezing as previously discussed, with a focus on the shocked
context in both NR intact and NR inhibited conditions (Fig 3.6A). Omitted in this figure are the
unshocked condition and somata without tunings investigated previously, labeled here as
'untuned' somata, although they potentially have responses to phenomena external or internal we
did not investigate. These somata make up the majority of COAs in all cases, although their
number is altered by condition. In the unshocked condition, the vast majority of COA somata are
untuned, at 80.8% across all 4 days. In the NR intact condition, 67.3% of COA somata are
untuned across all 4 days, a significant decrease (P = 4.8e-57). That fraction drops significantly
again in the NR inhibited condition as compared to the NR intact condition, to 53.7% (P =
1.4e-60). This result indicates that shocks induce an increase in COA recruitment of relevantly
tuned somata, and that the NR-dCA1 pathway moderates that increase.

We next investigated how somata with tunings to context, place, shocks, and
freeze-transitions participate in COAs (Fig 3.6A). These tuning values do not necessarily add to
100%, as some somata could fall into multiple tunings, i.e a soma that is both shock-tuned when

shocks are administered and later has a place field on day 3. We found that on day 1, shock
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transition-tuned soma made up an average of 4.5% of somas within COAs, while
freeze-transition tuned made up an average of 4.4%, somata that had place field in the to-be
shocked context pre-shocks made up an average of 14.7%, somata that would have place fields
in the shocked context on day 3 made up an average of 15.0%, and somata with strong (i.e. less
than -0.5) preferential activity in the shocked context made up an average of 14.0% (Fig 3.6A).
Shock-transition tuned somata stayed consistently recruited across days in the NR-dCA1
inhibited mice, but not in the NR intact mice, which barely recruited shock-tuned somata on
post-shock days. Freeze-tuned somata notably increased their participation from pre-shocks
baseline (P = 1.5e-5), then decreased participation significantly again on subsequent days, an
effect again largely driven by NR-dCA1 inhibited mice (Fig 3.6A, P = day 2: 3.8e-3, day 3:
54.5¢-3). Expectedly, the number of place field-tuned somata were only increased significantly
on the day and context pairings that matched their place fields as compared to day 1 (pre-shocks
PF tuned P = 7.8e-7, day 3 PF tuned P = 1.1e-10), indicating that perhaps out-of-field firing in
these place fields may be attributable to participation in COAs. Lastly, nDI tuned somata stayed
stable throughout pre-shocks to day 2, but notably increased on day 3 (P = 1.2e-6).

We next more intricately investigated the relationship between nDI and COA
participation (Fig 3.6B). We found no differences in condition or on number of COAs and nDI
(data not shown), but did find in the subset of shocked mice that generalizers tended towards a
relationship with more negative nDIs predicting higher somata per COA (P = 0.03, Fig 3.6B).
We next investigated if somata with shock-tuning on day 1 had any relationship with COAs on
subsequent days. We found a positive relationship between somata being highly shock-tuned and
participating in a higher number of COAs in only the NR-dCAT1 inhibited condition, and not the

NR intact condition on day 1 (Fig. 3.6C). Despite making up only a small percentage of COAs
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overall, shock-tuned somata seem to independently be recruited into many COAs in the absence
of NR-dCAIl. This finding indicates that the NR-dCA1 pathway suppresses preferential
recruitment of shock-tuned somata into COAs.

Our next examination was of the freeze transition-tuned somata on day 1 (Fig 3.4E-J),
hypothesizing that this activity was preferentially happening during COAs. We again examined
only the subpopulation of somata that were dual freeze on/offset tuned (Fig 3.6D). Our findings
reveal that in the shocked context on day 1, NR intact freezing transition tuned-somata
participated in fewer COAs (12.6 on average), and the quality of the tuning did not predict COA
participation (P = 0.83). In contrast, NR inhibited freezing-tuned somata participated in more
COAs (15.6 on average, P = 2.9¢-3), and the quality of freeze-tuning positively correlated with
increased COA participation (P = 8.7e-10). This relationship disappeared on subsequent days
(data not shown), indicating that an intact NR-dCA1 pathway is necessary to suppress the
re-activation of shock-tuned somata in subsequent COAs.

We next wanted to investigate if having a place field in the shocked context on day 0 was
predictive of the soma being recruited into more COAs in the shocked context on day 1. Indeed,
we found that having a place field on day 0 in the to-be shocked context predicted higher COA
participation in the shocked context on day 1 in both the NR intact (P = 1.4e-15) and NR
inhibited (P = 1.1e-5), conditions with no difference between the conditions (P = 0.18), while the
unshocked conditions showed no change in PF recruitment (P = 0.06, Fig 3.6D). This result
indicates that while shocks increased the number of relevant place fields recruited into
subsequent COAs, this recruitment is unaffected by inactivation of the NR-dCA1 pathway. We
found a similar trend for somas with place fields on day 3. Somata that will have place fields on

day 3 in the shocked context participate in more COAs in the shocked context on day 1 in both
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the NR intact (P = 4.6e-21) and NR inhibited (P = 3.27¢-8) conditions. However here, the PF on
day 3 tuned somata in the NR intact condition did participate in more COAs than the NR
inhibited condition (P = 0.02), while the unshocked conditions again showed no change (P =
0.11). This difference may arise from the less stable overall map in NR intact mice, as somata
participating in higher COAs on day 1 may be more likely to be recruited as new place fields for

the NR intact mice, while NR inhibited mice maps remain more stable.
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Figure 3.6: The NR-dCA1 pathway increases tuned somata participation in synchronized
co-activations post-shocks
A) Mean percent change of makeup of co-activations in the shocked context in the unshocked
condition, comprised of tuning as described elsewhere to shock on day 0 (salmon) freezing in the
shocked context per-day (gold), having a place field pre-shocks in the shocked context (green),
having a place field on day 3 in the shocked context (blue), or having a strongly negative (equal
to or less than -0.5) neural discrimination index. Remainder of somata are untuned to these
specified metrics (not shown), comprising on average ~59% of somata. B) COA size is
unaffected by nDI on day 1, except for generalizers, which have a slight correlation between
increased neural DI and increased mean number of somata per COA (discrimintors: slope =
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0.001, intercept = - 0.04, = 0.02 , P = 0.49. Runners: slope = 0, intercept = 0, r> = 0, P = 0.89.
Generalizers: slope = 0.003, intercept = -0.1, rvalue = 0.5, pvalue = 0.03). C) Shock-tuned
somata plotted against the total number of somas participated in, in the shocked context on day 1
in both shocked conditions. Only mice in the NR-dCAl inhibited group show a positive
correlation between the number of COAs a soma participates in and its tuning to shocks on day 0
(NR inhibited: slope = 4.7, intercept = 0.37 1> = 0.23, P = 4.6e-09. NR intact: slope = -0.8,
intercept = 0.28, 1> = 0.01 P = 0.5). D) Somata in the NR intact condition had a higher lower
average COA participation than NR inhibited somata and no relationship between freeze-tuning
quality and COA participation (NR intact: slope = - 4.9, intercept = 14.4, r*=0, P =10.83), NR
inhibited somata demonstrated a positive relationship between freeze-tuning correlation and the
number of participating COAs and higher average COA participation quantity (slope = 39.5,
intercept = -0.67, 1 = 0.20, P= 8.7e-10. E) Somata with place fields on day 0 in the to-be
shocked context participate in more COAs in the shocked context on day 1 in both the NR intact
(P = 1.4e-15) and NR inhibited (P = 1.1e-5) conditions with no difference between the increases
in the two conditions (P = 0.18), while the unshocked conditions showed no change in place field
recruitment (0.06). F) Somata that will have place fields on day 3 in the shocked context
participate in more COAs in the shocked context on day 1 in both the NR intact (P = 4.6e-21)
and NR inhibited (P = 3.27¢-8) conditions with the NR intact condition participating in more (P
= 0.02), while the unshocked conditions showed no change (P =0.11).

Discussion

Our findings both behaviorally validate and experimentally expand upon our previous
work showing the importance of the NR-dCA1 pathway in contextual fear conditioning **¢. We
re-affirm that that inactivation of the NR-dCA1 induces increases in freezing and generalization
in shocked mice, and further show that this increase is driven by both mice that well-discriminate
and mice that generalize between contexts on day 1 (Fig 3.1D-E, J-K). We further demonstrate
that the same excitatory pyramidal somata can be tracked across days of a VR-CFC paradigm
(Fig 3.2A-D), that inhibiting the NR-CA1 pathway prevents relative nDI increases on retrieval
day 1 (Fig 3.2E), and that the relationship between more negative nDI and bDI is driven by
discriminating mice (Fig 3.2J). We also show that inactivating NR-dCA1 has a stabilizing impact
on place fields, with post-shock extinction place maps being more comparable to pre-shock maps
in the shocked context and more comparable to unshocked maps after 4 days of reward-free

context exposure (Fig. 3.3).
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We next demonstrate that a significant portion of somata tune to shocks, that increased
quality of shock-tuning predicts behavioral discrimination (Fig. 3.4A-C), and that a significant
portion of somata tune to freezing immediately post-CFC as compared to pre-shock freeze tuning
in both NR intact and NR inhibited mice, with a higher fraction tuning to freezing in NR
inhibited generalizers (Fig. 3.4G-J). We further describe a novel identification method for
somatic synchrony in the form of relatively fast co-activation events that occur during running
and freezing, the quality of which is impacted by NR-dCA1 inactivation by decreasing the
overall number of events while increasing the overall number of somata involved in each event
(Fig 3.5). Lastly, we demonstrate that somata with tuning to shocks, to freezing, and to location
both pre- and post- CFC all participate in co-activations, but that a correlation between
well-tuned somata and COA recruitment only exists in shock and freeze-transition tuned somata
when the NR-CA1 pathway is offline (Fig 3.6). Overall, we demonstrate that the NR-dCA1
pathway helps prevents inappropriate memory retrieval of somata tuned to salient features of

contextual fear experiences.

Our findings suggest a complex role for NR in dCA1. On one hand, it seems to have
some excitatory impacts on the circuit by increasing instability and remapping in place fields,
and by increasing the overall number of COAs. The increase in excitatory NR input activity
during freezing to the apical dendritic tuft could be largely responsible for these effects,
especially if NR input, when coincident with MEC, LEC, or CA3 input, is capable of inducing
strong burst firing”. The increased width of place fields and out-of-field firing observed in the
place maps post-CFC can both be explained by this increase in excitation to the apical tuft,
inducing a less-static, more flexible place map able to potentially incorporate extinction

information more readily. The increase in number of COAs overall in both contexts post-CFC
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could be explained by this decrease as well, if NR axons synapse on multiple dCA1 pyramidal
neurons and simultaneously drive depolarization during freezing epochs, lower the firing

threshold for these somata and driving increased COA participation.

However, there are a number of findings within this work that do not support a simple
excitation to the apical tuft model for nucleus reuniens's role in modifying somatic activity. An
intact NR helps drive a decrease in in differential peak firing, inducing differential mean
peaks/soma of 17.2 in the shocked and and 15.2 peaks/soma in the neutral context, compared to
an overall more equally excitable 18.3 and 18.5 peaks/soma when NR is taken offline,
respectively. How this selective decrease is impacted by the non-selective NR activity increase in
both contexts during freezing epochs is unclear. Partially, because mice freeze less in the neutral
context, they may be receiving overall less excitatory NR input, driving higher differential
activity. Partially, the overall slight decrease in firing under NR intact conditions may be driven

by the impacts NR has on inhibition in the circuit.

It is well-documented that activation of the NR axons projecting to dCA1 in vitro synapse upon
and induce robust GABAergic firing in interneurons in dCA1°>71%3% If some of these
interneurons synapse directly onto dCA1 excitatory pyramidal neurons, an increase in NR
activity could be driving a decrease in overall activity gated by inhibitory populations. Similarly,
NR inactivation drives an increase in re-activation of freeze-tuned somata in generalizing mice.
In the engram literature, re-activation of a small group of somata can induce contextual
freezing?**?*2"7_1t is possible that these freeze-tuned somata may be part of this subset that can
induce freezing, and NR-dCA1 typically suppresses their activity to enable extinction learning, a
role well-characterized for NR generally in the contextual fear circuit”-!'"!''*, While inhibition of

the NR-dCA1 pathway itself does not impact the number of somata recruited to each COA, it
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does induce an increase in an inappropriate somatic recruitment in the neutral context on

retrieval day 1, potentially contributing to freezing generalization in the neutral context.

The reinstatement of the NR-dCA1 pathway on retrieval day 2 interestingly induces a
massive 'rebound' increase in activity in the shocked context. If this increase in COA somata
recruitment is important for memory of fearful experiences, it would potentially explain why
NR-dCA1 mice continue to freeze at high levels on retrieval day 2, despite the lack of NR
inhibition. Indeed, the somata most commonly recruited to these inappropriate COA events are
freeze and shock-tuned, and specifically shock-tuned somata are more likely to be recruited to
multiple COAs, further providing evidence in agreement with their potential overlap with

immediate early gene identified engrams.

The nature of COAs themselves deserves some additional discussion. Initial hypotheses
for these coordinated synchronized events were as putative replays, which are difficult to identify
using calcium imaging due to its slow speed compared to electrophysiology, despite a few recent
attempts®?. Interestingly, albeit using different methods similar co-active ensembles have been
identified during CFC and described as putative sharp-wave-ripple events, despite a described

340 'We have also

preference for activation during running epochs that we additionally observe
observed these events in both hippocampal dCA1 and dCA3 after CFC in other preliminary
work?". Altogether, while a subset of COAs do meet the criterion as putative replays both
temporally and behaviorally, the majority do not. What role, if any, do the rest of these COAs
serve in hippocampal encoding and modification of contextual fear memory? Recent work
indicates that the type of activity that induces strong cFOS activation is not, as previously

hypothesized, singular intense firing, but instead regular coordinated synchronous activations®’.

Our COAs would be temporally scaled to induce exactly this type of strong cFOS activation,
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strengthening our hypothesis that some subset of somata involved in COAs are likely to overlap

with IEG-identified engrams.

Future Directions

How the freezing-tuned signal that NR sends to dCA1 during contextual fear extinction
impacts the variety of somatic population-level effects seen during and after NR-dCA1

inactivation is an open question**®

. As discussed, NR can impact CA1 somata either directly
through synapsing on apical tuft dendrites where it can interact with other excitatory apical tuft
inputs from lateral or medial entorhinal cortex, or through activating a variety of inhibitory
interneurons which can then either directly decrease, or through inhibiting other interneurons,

increase excitatory somatic activity *>%3%!,

Future work is needed to understand both how NR axons interact directly with distal
apical tuft dendrites of dCA1 pyramidal neurons to understand the circuit mechanisms through
which NR impacts dCA1 population encoding. Additional future work is sorely needed to
understand first which inhibitory interneuron populations NR synapses onto in dCA1, and then
how its activity triggers activation in interneuron populations in vivo and throughout CFC, how
the activity of NR-triggered interneurons interacts with excitatory populations, and furthermore
how perturbation of the NR-dCA1 pathway impacts these interactions. The realm of NR

interneuron interactions in vivo is, to our knowledge, entirely unexplored at present.

Further work is additionally needed to link high context discrimination, freeze, shock,
and place-tuned somata preferentially reactivated during COAs with the IEG-based literature.
Current studies linking activity of engram-identified somata to activity during calcium imaging

210,211,345,351

in the hippocampus are limited and conflicting . Dual IEG monitoring and calcium

imaging during VR-CFC and NR-dCA1 manipulation would help unravel the possible
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connections between COAs and engrams. In the present study, we have only explored how a
subset of obvious tunings to contextual rate firing increases shock, freezing, and place. A
multitude of other, more complex tunings likely exist in dCA1 somata, as well as potential
changes to low-dimensional latent embeddings identified in CA1l. These might be captured by
combining sophisticated behavioral recordings and pose-estimation techniques such as

DeepLabCut with modern dimensionality reduction tools such as CEBRA 332333,

Lastly, much remains to be explored about other aspects of how NR interacts with the
dCA1 circuit. In vitro, it has been shown that NR inputs to distal dCA1 pyramidal dendrites
interact superlinearly with inputs from MEC and LEC, which have been demonstrated to carry
behaviorally relevant information in vivo **>*** If EC/NR inputs occur simultaneously naturally
in vivo, what information they carry, and how simultaneous activation from these inputs impacts
somatic activity in dCA1 remains to be seen. NR inputs additionally project to subiculum and to

entorhinal cortex from different sub-populations of NR somata®®

, which potentially impact and
modulate the overall circuit. It is also worth noting that NR projects up to 10 times more strongly
to ventral CA1 than to dorsal CAl, and what information NR is sending to vCA1, and how it
impacts vCA1l somatic populations, remains completely unclear'®!' NR has also been
implicated in a wide range of other complex behaviors requiring medial prefrontal cortical
synchrony with the hippocampus, and how NR axons are selectively active in these tasks

remains unknown'!!3333%,

We have overall described a critical role for nucleus reuniens projections to the dorsal
CA1 subregion of the hippocampus during contextual fear memory retrieval and extinction in
inducing extinction-related place field remapping, and suppressing inappropriate re-activation of

shock and freeze-tuned somata. NR is likely impacting the somatic circuit through both direct
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inputs to distal dCA1 excitatory dendrites, and through robust activation of regulatory
interneurons. Future research will hopefully help disentangle the impact of the NR-dCA1

pathway on hippocampal population dynamics throughout contextual fear conditioning.
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Methods

Experimental Model and Subject Details

All experimental and surgical procedures were in accordance with the University of Chicago
Animal Care and Use Committee guidelines. We used 10-20 week old male C57BL/6J wildtype
(WT) mice (24-35 g). Male mice were used over female mice due to the size and weight of the
headplates (9.1 mm x 31.7 mm, ~2 g) which were difficult to firmly attach on smaller female
skulls. Mice were individually housed in a reverse 12 hour light/dark cycle and behavioral
experiments were conducted during the animal's dark cycle. We are unaware of any influence of
strain or sex on the parameters analyzed in this study. A total of 61 mice were used in this study,
34 of which were used in the final dataset. 4 mice were excluded for cannula or headplate
instability. 13 mice were excluded for not reaching the running behavior criteria (See Methods:
Behavior). 10 mice were excluded for not having sufficiently bright identified GCaMP8f
expression in the somatic layer. The remaining 4 mice were excluded for field-of-view instability
over the 4 days of imaging.

Mouse surgery and viral injections

Mice were anesthetized (~1-2% isoflurane) and injected with 0.5 ml of saline (intraperitoneal IP
injection) and 0.5 ml of Meloxicam (1-2 mg/kg, subcutaneous injection) before being weighed
and mounted onto a stereotaxic surgical station (David Kopf Instruments). In all mice, a small
craniotomy (1-1.5 mm diameter) was made over the hippocampus (+ 1.7 mm lateral, -2.3 mm
caudal of Bregma). Either CamKIla-jGCaMP8f-WPRE (AAV-CamKIla-jGCaMP8f-WPRE was
a gift from GENIE Project; > 7x10 vg/mL; viral prep # 176750-AAV1
http://n2t.net/addgene:176750) was diluted 1:1 with PBS or a 1:1 mixture of

AAV-CaMKII0.4.Cre-SV40 (pENN.AAV.CamKII 0.4.Cre.SV40 was a gift from James M.
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Wilson, > 7x10' vg/mL; viral prep #105558-AAV1 ; http://n2t.net/addgene:105558) and
pGP-AAV-syn-FLEX-jGCaMP8f-WPRE (pGP-AAV-syn-FLEX-jGCaMP8f-WPRE was a gift
from  GENIE  Project, > 7x10?  vg/mL; viral prep #162379-AAV1;
http://n2t.net/addgene:162379) was injected into left hippocampal CA1l at the somatic layer
(~100 nL at a depth of -1.25mm below the surface of the dura) to achieve the end effect of a
CaMKII-based expression of GCaMPS8f, limiting indicator expression largely to excitatory
neurons. For DREADD experiments, AAVrg-hSyn-DIO-hM4D(Gi)-mCherry
(pAAV-hSyn-DIO-hM4D(Gi)-mCherry was a gift from Bryan Roth Addgene viral prep #
44362-AAVrg; RRID:Addgene 44362) was additionally injected into bilateral hippocampal CA1
SLM (~50 nL per side at a depth of -1.5 mm below the surface of the dura). In the same surgical
procedure, AAV9-hSyn-Cre (pENN.AAV.hSyn.Cre. WPRE.hGH was a gift from James M.
Wilson Addgene viral prep # 105553-AAV9 ; http://n2t.net/addgene:105553 ;
RRID:Addgene 105553) was injected into bilateral NR (~100 nL at a depth of -4.1 mm, at
coordinates 0.0 lateral, -0.6 caudal of Bregma). Afterwards, the site was covered using dental
cement (Metabond, Parkell Corporation) and a metal head-plate (9.1 mm x 31.7 mm, Atlas Tool
and Die Works) was also attached to the skull with the cement. Mice were separated into
individual cages and water restriction began the following day (0.8-1.0 ml per day). At least 7
days following injection surgery, and approximately 7 days prior to the beginning of mouse
training, mice underwent another surgery to implant a hippocampal window as previously
described*”. Following implantation, the head-plate was reattached with the addition of a
head-ring cemented on top of the head-plate which was used to house the microscope objective
and block out ambient light. Post-surgery mice were given 1-2 ml of water/day for 3 days to

enhance recovery before returning to the reduced water schedule (0.8-1.0 ml/day). Mice weights
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were monitored daily to ensure healthy weight maintenance post-water deprivation. Expression
of GCaMPS8f reached a steady state ~14 days after the virus was injected, as monitored through
2-photon imaging.

Behavior

Our virtual reality (VR) and treadmill setup was designed similarly to previously described
setups?’. The virtual environments that the mice navigated through were created using
VIRMEn'. Mice were head restrained with their limbs comfortably resting on a freely rotating
styrofoam wheel ('treadmill'). Movement of the wheel caused movement in VR by using a rotary
encoder to detect treadmill rotations and feed this information into our VR computer, as in (Heys
et al., 2014; Sheffield et al., 2017). During training, mice received a water reward (4 pul) through
a waterspout upon completing each traversal of the track (a lap), which was then associated with
a clicking sound from the solenoid. Upon receiving the water reward, a short VR pause of 1.5 s
was implemented to allow for water consumption and to help distinguish traversals from one
another rather than them being continuous. Mice were then virtually teleported back to the
beginning of the track and could begin a new traversal. Mice were also teleported to the
beginning of a new contextual exposure. Seven distinct VR contexts were used in this
experiment. The 'familiar' context was the context that mice trained in prior to imaging. Two new
contexts were used for contextual fear conditioning, and mice spent at minimum 30 minutes in
each context prior to imaging on pre-shocks. The dark context was completely dark with no
visual cues. Mouse behaviors (running velocity, track position) were collected using a PicoScope
Oscilloscope (PICO4824, Pico Technology). Behavioral training to navigate the virtual
environment began ~7 days after window implantation (~30 minutes per day) and continued until
mice reached a speed of greater than 4 traversals per minute, which took 10-14 days. This high

level of training was necessary to ensure mice continued to traverse the track similarly after
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reward was removed. Initial experiments showed that mice that failed to reach this criterion
typically would not traverse the track as consistently without reward®’. Mice that did not reach
this criterion were not used for these experiments.

Contextual Fear Conditioning Paradigm

For mice that reached criteria in the training environment (>4 traversals per minute), mice were
first exposed to two novel environments without water reward for 322 s (~5 minutes) each, with
the addition of a custom-made tailcoat made of conductive fabric (Adafruit). Only mice that
continued to maintain a speed of 4 traversals > minute without water rewards and with the
tailcoat on were allowed to continue the experiment. Subselecting for mice with this consistent
running behavior helped us to ensure that freezing responses recorded later were not due to the
presence of the tailcoat or any discomfort from head-fixation or removal of reward. Here
onwards, the tailcoat was kept on the mouse during the experimental sessions on all subsequent
experimental days. Each contextual exposure was for a duration of ~5 minutes. Prior to
experimental day 0, mA level of shock delivery was confirmed using an oscilloscope. On day 0,
mice were exposed to both novel contexts, then shocked in one of the two contexts,
administering 12 X 0.6 mA shocks delivered at an interval of 20-26 seconds each, (Coulbourn
Instruments Precision Animal Shocker). Mice displayed rapid sprinting behavior when they
received the tail shock, allowing us to confirm the delivery of shocks in real-time and post-hoc.
On subsequent days, mice were exposed to both the shocked and non-shocked (neutral) contexts
pseudorandomly, for 3 days.

DREADD Experimental Protocol

To activate the hM4D(Gi) receptor and silence a subset of NR glutamatergic neurons that project

to CAl, we used Deschloroclozapine dihydrochloride (DCZ, MedChemExpress). DCZ was
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chosen over CNO as an h4MDi agonist as DCZ has a significantly increased potency, therefore
enabling a 100-fold dosage reduction, heightened selectivity for h4MDi receptors over
endogenous receptors, and a significantly more rapid onset than CNO. In addition, the DCZ
metabolites C21 and DCZ- N-oxide are reported at negligible concentrations (< 0.2 nM),
compared to the known tendency of CNO to metabolize to Clozapine at higher concentrations, a

300

compound with significant off-target receptor binding in the mammalian brain™”. Because of

these factors, we chose to use DCZ for inactivation, as in our past work?*”3%,

Once mice met training criteria, they were habituated to the injection process. They were
exposed to the rewarded training environment for ~10 min. Afterwards, they were removed from
the VR set up, placed in the holding room, and injected with ~150 puL of a 12% DMSO/Saline
solution. After ~30-45 min, they were placed back in the VR setup and exposed to the rewarded
training environment again for an additional 10 min. This was repeated for 3 days to acclimate
mice to the injection procedure. Mice additionally received ~150 pL of a 12% DMSO/Saline
solution on Day -1 of the experiment 30 minutes prior to first exposure to both neutral contexts

to mimic conditions on Day 0.

All animals received DCZ injections, regardless of group, to control for the impact of DCZ. We
previously demonstrated no impact of DCZ, additional surgical procedure, or of the viral
constructs necessary to achieve NR-CA1 specific DREADD expression on mouse behavior**.
DCZ was dissolved in DMSO at at .02 mg/mL concentration and stored at -80 °C on day 0. On
retrieval day 1, DCZ solutions were thawed to room temperature and diluted to 0.01 mg/mL with
DMSO/Saline. ~30 minutes prior to context exposure, mice were brought to a holding room and
IP injected with 0.1 mg/kg DCZ of a .02 mg/mL solution. A quantity of DMSO/Saline solution

identical to IP injection amount on Day 1 (~100-150 pL) was injected on all other experimental
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days, ~30 minutes prior to imaging, to control for the impact of any potential IP
injection-induced stress. Imaging protocol for all DREADD NR-CAI1 inhibited experimental
mice and intact mice was kept identical. All mice experienced a 'dark' imaging session after
context exposures of the same duration, where no context was displayed on screens, for ~5
minutes, to check for any impact of DCZ on movement (Fig. 2.3f).

Two-photon imaging

Imaging was conducted using a laser scanning two-photon microscope (Neurolabware). Using a
8 kHz resonant scanner, images were collected at a frame rate of 15.49 Hz with unidirectional
scanning through a 16x/0.8 NA/3 mm WD water immersion objective (MRP07220, Nikon).
GCaMP8f was excited at 920 nm with a femtosecond-pulsed two photon laser (Insight DS+Dual,
Spectra-Physics) and emitted fluorescence was collected using a GaAsP PMT (HI11706,
Hamamatsu). The average power of the laser measured after the objective ranged between
9-38mW. Each field of view (FOV) was positioned ~150 pm below the putative surface to target
the somatic layer, and 400-700 um equally in the x/y direction. Planes were selected to be over
the highest number of visible active CA1 pyramidal cells. Each plane was imaged at the same
magnification per mouse and day. Time-series images were collected through Scanbox
(Neurolabware) and the PicoScope Oscilloscope (Pico Technology) was used to synchronize
frame acquisition timing with behavior.

Image Processing and ROI Selection

Time-series images were preprocessed using Fiji to manually align fields-of-view that had xy
rotations over days. Aligned and concatenated tifs were then processed through Suite2p
(Pachitariu et al., 2017). Movement artifacts were removed using rigid and non-rigid

transformations, and manually assessed to ensure absence of drifts in the z-direction and good
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cross-day alignment. Some datasets collected during shock administration were discarded, due to
the high velocity post-shocks sprinting behavior of mice rendering those FOVs too unstable for
reliable analysis. Regions of interest (ROIs) were also defined using Suite2p and manually
inspected for accuracy. Baseline corrected Af/f traces across time were then generated for each
ROI. Per ROI, a savitzky-golay filter was applied to both channels to smooth the signal. From
this trace, the Fc3 was calculated as previously described and used for further analysis '¥’. Only
ROIs that exceeded 10% Af/f at least once per experimental day were retained. Peaks were
calculated using the scipy.signal.find peaks package with a required minimum height of 10%
Af/f, distance of 0.3s, and prominence of 0.1.

Neural Discrimination Index

Neural discrimination index (nDI) was calculated as described in 2'*. Briefly, for each ROI, the
number of transient peaks were counted across a single context, in a single day. The nDI was
then calculated across context or day, as described in the text, by calculating a comparison
number of transient peaks for the comparison context, subtracting the first context from the
second, then dividing by the sum of transients in both.

Place Field Identification

Place fields were identified using a modification of the 'peak' method described in
Grijseels et al, 2021. **. Briefly, the Fc3 of ROI, after processing as described above, was binned
into 40 bins along the 2 meter virtual track. Activity in each bin was identified for putative place
field behavior based on being active on at least 4 laps in that bin, activity post-emergence being
present in 30% of subsequent laps, and being at least 2 bins wide and no more than 17 bins wide.
These putative fields were then shuffled 1000 times against ROI data and tested for significance,

requiring firing in at least one location along the track to be equal to or greater than two standard
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deviations above the shuffled activity. This method allowed for multiple place fields per ROI,
which were each treated separately for subsequent analysis with the other IDed place field's
activity disregarded for properties such as out-of-field-firing and precision.

Place Field Metrics

All metrics described below were conducted per mouse, day, plane, context, and post-processed
ROI, excepting remapping which requires computation across context. Most comparisons were
between days pre-shocks and day 3, as days 1 and 2 had too low of laps due to fear expression to
appropriately calculate place fields.

Active fraction: Each ROI with activity in at least one of the contexts on a per-day basis was
counted, and the fraction was computed as the number of ROIs that contained at least one place
field within that context divided by the number of active ROIs.

Emergence: Starting from the first lap the mouse traversed in the context, we searched
lap-by-lap for a lap with a significant calcium transient present within the boundaries of the
future place field, as calculated from all the laps in the session. This lap was identified as the
place field emergence lap.

Reliability: From the emergence lap to the last lap the mouse traversed in the context, we
searched lap by lap for significant calcium transients. This metric is the number of laps with
significant in-field calcium transients divided by the total number of laps traversed post-place
field emergence.

Out/in field ratio: The mean Af/f in bins within the place field was divided by the Af/fin bins
outside of the place field.

Center of Mass: We first measured 4f/f in each bin. We then used the following equation to

calculate the COM for each traversal n (COMn):
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Where DFi is the somatic 4f/f'in bin 1 and xiis the distance of bin i from the start of the track. We
then calculated the weighted average COM (COMw) from all traversals n (COMn from each

traversal was weighted by the peak transient 4f/f on that traversal (An)):

> onAn - COMy,
> nAn

Precision: Spatial precision (SP) was calculated as the inverse of the COM standard deviation:

COMy,, =

SP =

> An(COMy —COM,y)?
Zn L4

Width: The difference between the first and last bin with in-field activity, expressed as number
of bins.

Slope: Slope represents a linear regression as calculated using the scipy.stats linregress module
from the lap identified to have peak activity and the center of mass, thus yielding a calculation of
place field shifting over time. A positive metric would indicate forward shifting, while a negative
metric would indicate backwards shifting.

r’: Goodness-of-fit of the slope as calculated previously.

Remapping: To measure spatial correlation across contexts in place fields, we found somata that
had place fields in the first shocked and neutral contexts pre-shocked and then calculated the
Pearson's correlation coefficient between the mean activity along the track (in 40 bins) for all

laps between that context and post-shock activity on day 3.
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Co-Activation Detection

We determined clusters of synchronized co-activations of neurons by each animal, day, and
context using the following method: First, we filtered for ROIs with at least one peak within
the given window. We next computed the onset, offset, peak, and duration of each transient
using the scipy peaks method as previously described**®. Second, we computed a shuffle
matrix 100 times, interval shuffling the peak regions within-each ROI (i.e. randomly
reordering intervals between events for each ROI), to create a significance cutoff at three
sigma for the number of cells that needed to be simultaneously co-active at a time point to be
above chance (i.e. bigger than the 99th percentile). We next compared the number of transient
peaks active for each time point for both the test and shuffle data distributions by running
find peaks once again on a linear plot of the number of simultaneously co-active cells per
frame. We considered the local peaks of co-activity to be the center time point of the
co-activation, and the bounds of the co-activation to require at least 50% of IDed somata to
still be active on both the left (onset) and right (offset) sides of the center timepoint, with the
span between them considered the duration. The identity of individual neurons of the ensemble
for each event, likelihood of individual neurons to participate in an event, and event likelihood

within behavioral and categorical parameters, were additionally examined.

Freeze-Transition Tuning

We considered 3 separate possibilities for tuning to freezing: onset-tuned, offset-tuned, and

duration-tuned. Onset-tuned was defined as activity (as determined by the presence of a

previously-described peak - see Methods: Image Processing and ROI Selection) within 0.5s of

the onset of a freezing epoch. Offset-tuned was defined as activity within 0.5s of the conclusion
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of a freezing epoch. Duration-tuned was defined as ROIs where the discrimination index, (see
Methods: neural discrimination index) using freezing and non-freezing epochs as the two
comparisons, that was significantly negative - indicating more differential activity during
freezing epochs as compared to running epochs. All significance levels were determined using
100 per-ROI shuffle distributions and taking the 99th percentile above the shuffle distribution.

Shock Tuning

For mice in which we possessed imaging data during shocks, we identified shock-tuned neurons
by performing a cross-correlation between the Fc3 of each ROI and a boolean determining if the
mouse was currently receiving a shock or had received a shock within the last second. ROI
correlations were compared against 100 shuffle distributions of shock timings maintaining the
structure and number of shocks, and only ROIs above the 99th percentile of the shuffle
distribution were considered shock-tuned.

Behavioral Parameters

All parameters described below were calculated per mouse, day, plane, and context.

Freezing: Freezing epochs were determined as uninterrupted epochs where mouse velocity fell
below 0.001 cm/s for at least 12 consecutive frames (~0.75 s). All epochs of velocity below
0.001 cm/s but not reaching 12 consecutive frames were not considered freezing or running, and
were discarded from future analysis. Freezing epochs were then counted up, and each not in a
freezing epoch assigned a '0', while each frame in a freezing epoch given a numeric value
corresponding to the number of epochs in that recording (i.e. all frames that contained the 4th
freeze of the recording would be assigned the integer '4'). Subsequent freeze features were then
calculated, including the binary variable 'is freezing' which assigns a 1 to frames considered

freezing, and 0 to frames not considered freezing, two sawtooth functions 'freeze remaining', and
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'freeze elapsed, which counts the frames from the beginning of a freeze up or down until the end
of a freeze, respectively, and 'freeze progress' which tracks the progress of a freeze as a fraction

from O to 1.

Running: Running was determined as any epoch where forward progress velocity was sustained
over 0.001 cm/s for 2 consecutive frames. The variables 'is running', 'rTunning remaining',
'running elapsed', and 'running progress' are calculated using the running epoch data in the same

fashion as their freezing counterparts.

Backward movement: Some mice demonstrated backward movement behavior in the virtual
environment post-shocks, where they made backwards movement through the context. This
behavior was analyzed separately from running or pausing. The binary variable 'is backtracking'

assigns a 1 to frames considered backtracking, and 0 to frames not considered backtracking.
Shocks: Shock delivery was recorded through the Picoscope.

Velocity: Velocity was both directly measured through the picoscope encoder, and recalculated
from position, to assess for accuracy. Recorded velocity was used for all velocity calculations

and model training. Values were converted into cm/s for presentation.
Acceleration: Acceleration was calculated as the first derivative of recorded velocity.

Location: Animal's position on virtual track was determined for each frame.
Behavioral Discrimination Index: The behavioral discrimination index (bDI) was calculated
per day across conditions and across behavioral groupings as: (% time spent freezing in shocked

context - % time spent freezing in control context)/total % time spent freezing in both contexts.
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Statistics

For all data distributions, a Shapiro-Wilk test was performed to verify the data was normally
distributed before undergoing further statistical tests. For dendritic data with over five data
points, a paired Wilcoxon signed rank test, unpaired Student's T test, or an unpaired
Mann-Whitney U test was used as noted. For samples with five data points or less, only a
non-parametric test was used. Box and whisker plots were used to display data distributions
where applicable. The box in the box and whisker plots represent the first quartile (25
percentile) to the third quartile (75" percentile) of the distribution, showing the interquartile
range (IQR) of the distribution. The black line across the box is the median (50" percentile) of
the data distribution. The whiskers extend to 1.5*IQR on either side of the box. A data point was
considered an outlier if it was outside the whiskers or 1.5*IQR. Horizontal dotted lines indicate
group median, minimum possible value, or zero, as indicated in figure legend. Significance tests
were performed with and without outliers. Data distributions were considered statistically
significant only if they passed significance (p < 0.05) without outliers. Significance numbers
reported are without outliers. Correlations were performed using Pearson's correlation
coefficient. p < 0.05 was chosen to indicate statistical significance and p-values presented in
figures are as follows: *, p <0.05, **, p <0.01, *** p <0.001, N.S. not significant. Darker lines
in the center of line plots are the mean, and shading is the 95% confidence interval, unless stated
otherwise in text or figure legends. All regression analysis was conducted using the statsmodels.
Some data preprocessing was conducted with MATLAB (Mathworks, Version R2022a). All
other data and statistical analyses were conducted in Python 3.7.4, with primary data accrued in
Pandas DataFrames, and data figures were made in Python 3.7.4 using the Seaborn and
Matplotlib packages (https:/www.python.org/). Schematic figures, some figure text, and figure
layouts were made with BioRender (https://biorender.com/).
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Data availability

Raw imaging data are extremely large and not feasible for upload to an online repository but are
available upon request. Processed data will be available on GitHub after publication of this work
in an academic, peer-reviewed journal.

Code availability

Original code used to create figures from pre-processed data will be available on GitHub after
publication of this work in an academic, peer-reviewed journal.
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CHAPTER 4

HIPPOCAMPAL CA1 BASAL AND APICAL PYRAMIDAL
DENDRITES DIFFERENTIALLY ENCODE SPATIAL AND
NON-SPATIAL ASPECTS OF EXPERIENCE

I was primary lead on all research conducted in this chapter, and will be listed as first author on
any future research publications on this work. I was assisted in data collection and

post-processing by Cherry Wang and Valerie Barreto.

Abstract

The hippocampal formation is crucial for the formation, modification, and storage of
episodic memories, which combines spatial and non-spatial contextual information into a
coherent representation. In dorsal hippocampal CAIl, excitatory pyramidal neurons encode
spatial information through place cells, which fire in response to a specific location. However,
these neurons also encode non-spatial information about novelty and reward, while flexibly
changing their representations over time - known as representational drift. Pyramidal somata
retain a unique dendritic arbor, segregating its glutamatergic inputs to the basal and proximal
apical arbor from CA3 from its glutamatergic inputs to the distal apical tuft arbor from the
entorhinal cortex and thalamus. These dendrites are well-situated to receive segregated spatial
and non-spatial information, leading to integrated CA1l contextual representation encoded by
somatic firing. However, whether spatial and non-spatial information are differentially encoded
in apical tuft dendrites versus basal dendrites is unknown. Here, we investigated the activity of
basal and apical dendritic activity using the genetically encoded calcium indicator GCaMP8f in

male mice navigating virtual reality space through familiar, novel, and unrewarded contexts. We
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reveal a functional segregation between predominantly spatial representations in the basal
dendrites, and predominantly non-spatial reward and novelty representations in the apical
dendrites. These findings shed light into how CA1 integrates diverse contextual information to

encode stable yet flexible episodic memories.

Introduction

The hippocampus plays a critical role in contextual memory formation, with its
pyramidal neurons of specific interest for their critical role in 'mapping' both spatial and
non-spatial properties of contextual memories'*-'**1>>136362 Hippocampal dorsal CA1 (dCA1) is
of particular importance as the primary output region of the hippocampus, and the region that
encodes both spatial and non-spatial aspects of contextual memories'**. In mammals, the role of
dCA1 in encoding spatial contexts has been well-studied through the lens of 'place fields',
activity in excitatory pyramidal neurons that fire regularly at a specific location in space,
combining to tile the entirety of a given context'**'*’. The role of dendritic spikes (dSpikes) in
shaping neural activity to encode memory has been long-established across the brain. dSpikes
provide the depolarization necessary for synaptic plasticity via Hebbian potentiation, which in
dCA1 synapses forms the backbone of memory formation and storage'******, dSpikes across the
dendritic arbor at Behavioral Time Scale Plasticity (BSTP) have been shown repeatedly to be
critical for forming new and modifying existing somatic place fields**->*2%363,

The unique architecture of dCA1 lends support to the importance of dendrites in dCA1

memory encoding. dCA1 is the final synapse of the 'trisynaptic loop', the canonical glutamatergic

circuit of information flow from medial entorhinal cortex (MEC), through hippocampal dentate
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gyrus (DG), hippocampal CA3, and finally hippocampal CA1'**. Within dCA1, the pyramidal
neurons are densely packed and aligned, such that their basal dendritic arbor is dorsal of the
somatic layer by ~20-80 microns, and their long trunks extend ventrally before spreading into the
distal apical tuft ~150 microns below the somatic layer in the stratum lacunosum moleculare
(SLM), forming a bi-conal structure®'. Basal and apical dendrites have a host of differing
intrensic properties ***. While basal dendritic spikes are more likely to induce somatic spikes,
distal apical dendritic spikes are critical for coincident detection of inputs and can, when aligned
with basal and proximal apical inputs, induce massive somatic bursting, known as
complex-spikes, over a multi-second time scale, that leads to neuron-wide synaptic remodeling
known as BTSP*'™%,

Glutamatergic inputs in dCA1 are strongly spatially segregated'**. dCA1 receives the
majority of its glutamatergic inputs from hippocampal CA3 through Schaffer collaterals to its
basal dendrites, inputs strong enough to induce firing in dCA1 excitatory pyramidal neurons.
While DG and CA3 receive glutamatergic input from layer II of the entorhinal cortex (EC),
dCA1 alone additionally receives direct glutamatergic inputs to its apical tuft dendrites through
direct inputs from layer III of the medial (MEC) and lateral (LEC) portions of EC, and from
thalamic nucleus reuniens (NR)***'*.  All three of these direct pathways are of similar strength
and selectively target the CA1 SLM - the location of the distal apical dendrites - and avoid other
layers or hippocampal regions®.

The role of basal dendrites in vivo has been investigated in recent reports'*’:227:342:365.366
Basal dendrites have been shown to have strong spatial information encoding, predicting the
formation of future somatic place fields, and glutamatergic input to the basal arbor demonstrates

spatial tuning '¥723% Apical dendritic calcium spikes, in particular, are critical for complex
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somatic bursting, a feature that is important for learning. Coincident dendritic and somatic
activity during sharp-wave ripples thus leads to learning-related coupling®’***. The activity of
CA1 apical tuft dendrites in vivo during behavior is presently unknown, as the small diameter
and significant distance from the surface of CA1 (~300-400 microns) rendered optical access
difficult in vivo.

However, some clues can be found by investigating the activity of glutamatergic inputs
from EC to the SLM of dCA1. This approach has stumbling blocks, as inactivating EC itself has
the confound of disrupting the trisynaptic loop, while specifically inactivating either the
MEC-CA1 or LEC-CALl direct pathway is difficult due to nearby EC inputs to CA3 and
DG*"3%_ One recent study has imaged the activity of MEC and LEC axons in dCA1 SLM

during a range of tasks in virtual reality®*

. While axons from both regions were strongly
spatially tuned, axons from LEC showed robust reward-centric spatial encoding even when the
spatial context changed®*. What is currently known about the activity of the NR-CA1 input in
vivo is elucidated in Chapter 2 of this dissertation, which imaged NR axons in CA1 for the first
time during spatial navigation and throughout a contextual fear conditioning paradigm?*.
However, the overall effect of these inputs on dendritic activity is hard to predict given the
various types of receptors, their locations along the dendritic arbor that can interact with one
another, and various postsynaptic mechanisms for synaptic integration that are involved. Direct
measurements from dendrites can help determine what the overall integrative effect is of these
inputs, and what information is then sent to the soma to impact its firing.

Hints as to the roles of basal and apical dendrites during behavior may additionally be

found in differences between CA3 and CA1l somatic populations, as CA3 is the largest

contributor to basal dendritic and proximal dendritic activity, and the major architectural
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difference between the regions is the infusion of the glutamatergic cortical and thalamic inputs to
CAl. Such differences can be found in both encoding of novelty and reward
manipulation”**737°, While CA1 more rapidly forms place fields in a novel context, these fields
have a higher tendency to shift throughout contextual exposure and over days, and exhibit higher
levels of representational drift when compared to CA3 place fields, which take longer to form
but retain their spatial information more stably??’. Additionally, CA1 place fields degrade and
partially remap when reward is removed from an environment, while CA3 place fields seem
more robust to removal of reward-signaling regions like VTA?73"°, Therefore, manipulating
novelty exposure and reward expectation may be behaviors that differentially involve basal and
distal apical dendritic involvement.

In summary, present knowledge of dCA1 basal dendritic activity in vivo is limited, while
knowledge of apical dendritic activity in vivo is non-existent. To better understand the role of
these distinct dendritic regions, we designed a spatial contextual paradigm for manipulating
novelty exposure and reward expectation while imaging either basal or apical dendrites. Our
results reveal a differentiated role for dCA1 pyramidal dendrites, with basal dendrites primarily
responsible for encoding spatial information and apical dendrites primarily responsible for

encoding non-spatial information about reward expectation and contextual change.

Results

Experimental Design and Mouse Behavior
To examine the differential role of basal and apical dendrites in behaviors known to

engage CA1l pyramidal neurons, we first designed a two-day paradigm that enabled optical
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access to the basal and apical tuft during novelty and reward manipulation (Fig. 1A; Methods:
Novelty and Reward Manipulation Paradigm). We did not observe any differences in mouse
behavior, as measured through velocity and licking between apical or basal fields of view,
regardless of which was imaged first in the counterbalanced design (Supp. Fig. 1A-B). A total of
15 male mice were successfully imaged through this paradigm in both their apical and basal
arbors, with apical or basal fields of view (FOVs) remaining stable throughout imaging on a
day-to-day basis (Fig. 1B). We found that while we overall recorded a higher number of transient
peaks from a higher number of identified regions of interest (ROIs) in the apical tuft than the
basal tuft, (N basal = 914 ROlIs, 8,663 peaks, apical = 1,357 ROlIs, 14,240 peaks), the overall
distribution of dendritic peak amplitudes was similar between the two populations (Fig. 1C),
with the vast majority of peaks remaining under 1 Af/f and 95% of peaks in both planes not
exceeding 4 Af/f. Similarly, there was no difference between basal and apical tuft transient widths
or amplitudes across days or contexts (Supp. Fig. 2A-B). Additionally, dendritic populations
across planes had similar profiles of activity across experimental paradigms (Fig. 1D-E).
Similarities in these measures provide support that differences found between these populations

during behavior were less likely to be due to planar differences in recording quality.

Characterization of Basal and Apical Dendritic Activity

We then examined differences in dendritic peak activity during behavior, differentiating
between when the mouse was running or pausing, and licking or not licking (Supp. Fig. 4.1C-F).
While most metrics yielded no differences between the planes, we did observe a trend towards
higher activity in the apical dendrites during licking compared to the basal dendrites (Supp. Fig.

4.1D). However, due to the low lick rate across planes and experiments (0.13 licks/s; Supp. Fig.
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4.1B) and relatively low firing rate of both dendritic types (basal 0.011 peaks/s; apical 0.012
peaks/s), the absolute number of peaks during licking (25 total) remains too small to make a
statistical determination of difference. We then examined the differences between basal and
apical dendrites during the beginning and end of context exposure, hypothesizing that apical tuft
dendrites may be more sensitive to novelty due to inputs from LEC and, therefore, more
responsive at the beginning of novel contextual exposure. Indeed, we found that both peak width
and peak count overall were significantly higher at the beginning of the novel context when
compared to either apical activity at the end of the context or basal activity at the beginning of
the context (Supp. Fig. 4.2D-E). Basal activity showed no preference for the beginning versus
the end of the context (Supp. Fig. 4.2C,E,F). Interestingly this increase was true even in familiar
environments, although the increase in peak width especially was highest after reward removal
and reinstatement in the reward manipulation experiment in the apical tuft. These results indicate
that CA1 apical tuft pyramidal dendrites are preferentially responsive at the beginning of

contextual exposure, particularly when that context has manipulated reward exposure.
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Figure 4.1. Basal and apical dendrites are active during contextual novelty and reward
manipulation.

A) Behavioral paradigm. After training in a familiar context and having a basal and apical field
of view identified, mice were exposed to a familiar, novel, and familiar environment (novelty
manipulation). The field of view (FOV) was switched from apical to basal or from basal to
apical, and mice were exposed to the familiar, a new novel, and familiar context again. On the
second day, mice were exposed to a familiar context, familiar context with reward removed, and
familiar context again with water reinstated (reward manipulation). The FOV was switched
again, and mice underwent the same experiment. B) Two example FOVS for basal (left) and
apical (right) dendrites with identified ROIs highlighted on top in an arbitrary color scheme. C)
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Probability distribution histogram of peak amplitude for all peaks identified in basal and apical
dendrites, demonstrating similar (i.e., not significantly different) distributions of amplitudes of
calcium transients across planes. D) Representative examples of basal (top) and apical (bottom)
dendritic traces after baseline normalization and savitzky-golay smoothing during the novelty
manipulation experiment. Peaks are identified in pink dots. E) Representative examples of basal
(top) and apical (bottom) dendritic traces after baseline normalization and savitzky-golay
smoothing during the reward manipulation experiment. Peaks are identified in pink dots.

Place Fields in Basal and Apical Dendrites

As basal dendrites have been shown previously to contain place fields and be
instrumental in the formation of somatic place fields in dCA1, we next investigated basal and
apical place fields (Fig. 4.2). We found that a much smaller percentage of dendritic activity was
place-related as compared to somatic place activity, with 6.1% of basal dendrites and 4.3% of
apical dendrites forming place fields (PFs) in any given context (Fig. 2a). A two-way ANOVA
revealed that plane, but not context or the interaction of context and plane, was significant (Fig.
4.2A, P = 0.035). The overall character of representative PFs are shown in Fig. 4.2B, with basal
PFs (top) appearing more robustly stable and active in comparison to apical PFs (bottom).
Indeed, when we measured the number of laps the dendrite was active within its place field after
the emergence of that field (reliability), we observed that basal place fields in the familiar
unaltered context were nearly twice as reliable as apical place fields (Supp. Fig. 4.3A,
rank-sums, P = 3.41e-36). Interestingly, in both planes, the reliability of the field significantly
decreased in both the novel and unrewarded contexts as compared to the familiar contexts on the
same day in the same plane (Fig. 4.2C-D, Student's T-test, apical novel P = 0.01, apical
unrewarded P = 9.21e-3, basal novel P = 0.035, basal unrewarded P = 0.026). This decreased
reliability is also observed in novel and unrewarded contexts in place field somata '**. As both
basal and apical dendrites demonstrated decreased reliability during novelty or reward

manipulation, we hypothesize that the source of reduced dendritic reliability results from
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backpropagation of action potentials from the soma through the dendritic arbor rather than
dendritic inputs.

Since apical dendrites fired less reliably, we postulated that this unreliability could
emerge from apical place fields appearing earlier temporally in a new context, and therefore
having more laps in which it could fire. To investigate this possibility, we examined the lap
number where the place fields emerged in both the basal and apical tufts. Indeed, we found that
apical place fields were significantly more likely to emerge earlier in the track, on average 2.6
laps into the context, while basal place fields emerged significantly later, on average 4.4 laps into
the context (Supp. Fig. 4.3B, P= 4.8e-11). We then examined within each context to see if a
specific context was driving this difference, and found that in all contexts except the novel
context, basal place fields emerged significantly slower than apical place fields (Fig. 4.2E-F).
The increased similarity in lap emergence between the basal and apical dendrites in the novel
context was driven by a significantly decreased lap emergence, i.e. earlier emergence of place
fields, in the basal dendrites in the novel context as compared to the first familiar context, as
apical lap emergence was invariant across contexts (Fig. 4.2E, apical P=9.0e-3: Fig. 4.2F, basal
P n.s.). This observation may reflect that the basal dendritic transients are more heavily
influenced by back-propagating action potentials from the soma, induced by lower dendritic
inhibition in the basal than the apical tuft. In addition to being significantly more reliable and
slower to emerge, basal place fields are slightly wider than apical place fields, on average
spanning 3.8 cm compared to 3.0 cm for apical place fields (P =4.3e-10, Supp. Fig. 4.3C).

We next observed the center-of-mass of the place fields across the track. While in
aggregate both basal and apical dendrites mapped across the length of the 2 meter track in all

contexts, we found that as a population in the familiar context the basal dendrites reliably skew
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towards over-representing the beginning of the track, while apical dendrites reliably skew
towards over-representing the end of the track (P = 7.1e-3, Supp. Fig. 4.3D). This skew appears
to be driven by a cluster of apical place fields near the end of the track, which notably disappear
when reward is removed (Supp. Fig. 4.4F, bottom). Overall, basal place fields are significantly
more reliable, wider, slower to emerge, and skew towards the beginning of the track, while apical
place fields are significantly less reliable, faster to emerge, and skew towards the end of the track

unless reward has been removed.
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Figure 4.2. Basal place fields are more common, more reliable, and emerge later than
apical place fields.

A) Percent of active somata with place fields. Basal place fields are overall more prevalent than
apical place fields, while remaining significantly suppressed as compared to somatic place fields
under similar conditions Two-way ANOVA, P = 0.024) B) Top; representative example basal
dendritic place fields. The x-axis represents position along a 2m track binned into 40 bins, while
the y axis represents individual laps (different for each example dendrite). Each example place
field was taken from a different dendrite in a different context, from top left to bottom right:
familiar, novel, familiar, familiar, familiar (no reward), familiar. Bottom; representative example
apical dendritic place fields, plotted according to the same standards as basal dendrites. C) Basal
place field reliability, as defined by the percent of laps the place dendrite fired after the
emergence of the place field within a context. Dotted lines indicate median across the familiar
contexts, novel, or familiar (no reward) contexts. After two-way ANOVA indicated significance
in both context and plane but not the interaction (P context = 5.0e-4, P plane 1.1e-39), pairwise
t-tests were performed with holm-sidak multiple correction comparisons comparing the first
familiar context to subsequent contexts per day (P first familiar to novel = 0.035, P first familiar
to familiar (no reward) = 0.026). D) Same as C but with apical place fields (P first familiar to
novel =0.01, P first familiar to familiar (no reward) = 9.2e-3). Comparison between basal and
apical independent and not independent of context can be found in Supp. Fig.s 34.3A and 4.4A,
respectively. E) Basal place field emergence, as defined by the first lap within a context in
which the place field emerged. After two-way ANOVA indicated significance in both context
and plane but not the interaction (P context = 1.5¢-2, P plane = 6.24e-12), pairwise t-tests were
performed with holm-sidak multiple correction comparisons comparing the first familiar to
subsequent contexts per day(P first familiar to novel = 9.0e-3). F) Same as E but with apical
place fields (P=n.s.).

Remapping In Dendritic Place Maps

We next investigated population-wide shifts in activity in the basal and apical tufts
throughout our experiment. We first calculated the neural discrimination index (nDI) for each
dendritic ROI, then averaged across all dendrites for each mouse per FOV, per day *'“. In brief,
the nDI takes the number of peaks in the first familiar context per day, subtracts the number of
peaks in the comparison context, and divides it by the total number of peaks across both
contexts. A positive nDI would equate to higher firing in the first familiar context, a negative
nDI would equate to higher firing in the comparison context, and a zero nDI would equate to
similar firing in both contexts. While the nDI for basal dendrites did not show a significant skew

away from zero in any comparison, the nDI of apical dendrites significantly skewed negative in
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the novel and familiar-no-reward contexts, indicating higher firing in the apical dendrites under
these two conditions (Fig. 4.3A, novel P = 0.01, familiar (no reward) P = 0.03). Additionally, this
decrease in nDI was significantly different from the basal dendritic nDI in the novel and familiar
(no reward) contexts (Fig. 4.3A, novel P = 2.45e-3, familiar (no reward) P = 9.9¢-3). These
results suggest that apical tuft dendrites selectively increase their activity under novel conditions.

We next investigated the rates of remapping in basal and apical dendrites by comparing
the correlation between the mean activity of place fields on the first familiar context per plane
and experimental day to the activity of those same dendritic ROIs in subsequent contexts. We
found that overall, basal dendrites were more stable across contexts than apical dendrites with
average basal place field stability at 21.6% and apical place field correlation at 15.9%, although
even the heightened stability of basal place fields were still far less stable than somatic place
fields recorded under similar experimental conditions ***?°7. The remainder of place fields in the
familiar context that were not place fields subsequently vanished, as we recorded no dendritic
place fields that remapped to another place field location between the familiar context and any
other context, either familiar, novel, or unrewarded. Interestingly, a small subset of place fields in
both basal and apical dendrites retained their place selectivity even in the novel context,
potentially due to context-invariant spatial information contained of direct EC inputs to the
apical tuft or CA3 inputs to the basal tuft (Fig. 4.3B). We then visualized the overall place maps
across mice in both basal and apical dendrites. In the basal dendrites, we observed between
29-68 place fields per context, each independently tiling the track (Fig. 4.3C; top). In both the
novel and unrewarded contexts, we noticed a decrease in the mean activity as compared to the
first familiar context on each day, which was largely attributable to the decrease in percent laps

active (Fig. 4.2C; left). In the apical tuft we observe between 41-67 place fields per context, also

164


https://paperpile.com/c/eWRhkD/cJZa+4RIR

tiling the track (Fig. 4.3D; top). In all contexts except the unrewarded context, apical place fields
over-represented the end of the track (place field COMs above the white dotted line), aligned
with our COM skew findings (Fig. 4.3D; top). Aligned with the overall increase in remapping
observed in summary data, comparing the first familiar to subsequent contexts per day yielded
highly degraded maps. Interestingly, on the novelty manipulation maps the place fields that
encoded for the end of the track were more likely to retain encoding for the end of the track,
while on the reward manipulation maps the place fields encoding for the end of the track
virtually all disappeared with the removal of reward and did not reappear with the reinduction of

reward.
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Figure 4.3. Basal place maps are more stable, while apical place maps over-represent
reward.

A) Neural discrimination index per-day calculated per ROI as comparison between firing rate in
the first familiar and in subsequent contexts per plane. Pairwise t-test with holm-sidak correction
indicated that DI was both lower for the apical dendrites than expected if there was no change
between contexts and lower than basal dendrites (P novel from baseline = 6.2e-3 P familiar (no
reward) from baseline = 0.02, P novel from basal = 2.45¢-3, P familiar (no reward) from basal
=9.9¢-3 ) B) Percent stable place fields, calculated per ROI with a place field in the first familiar
context as having overlapping place field bin locations first familiar and subsequent contexts per
plane. In every context, basal dendrites were more stable than apical dendrites. C) Top; basal
place maps across mice, per context. White dotted line across the diagonal indicates hypothetical
unbiased coverage of the track. Bottom; basal remapping comparisons, plotting the activity of
somata identified in the first familiar context per day against their activity in subsequent
contexts. D) Same plots as basal, but for apical dendrites.

Discussion

Using 2-photon GCaMP8f imaging, we recorded from basal and apical dendritic
populations in mice during novelty exposure and reward manipulation. We were able to robustly
identify individual dendritic peaks of similar amplitude and width in both populations, with no
differences between populations in mouse behavior. We were then able to characterize place field
activity, identifying place fields in both basal and apical dendrites. We identified more place
fields in basal than apical dendrites, and these basal dendrites had multiple differences in
characteristics from apical dendrites. Namely, basal dendrites were more reliable, emerged later,
had wider fields, skewed towards the beginning of the track, and remapped less over days. In
comparison, apical dendrites were less reliable, emerged earlier, had narrower fields, and skewed
towards the end of the track, vanishing more over days with the exception of place fields which
represented reward at the end of the track. Lastly, apical dendrites were preferentially active in
surprising contexts as compared to basal dendrites. To our knowledge, this investigation provides
the first in vivo imaging of apical tuft dendrites during behavior, and the first investigation of

reward manipulation in dCAl pyramidal basal dendrites. It likewise provides the first
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investigation directly comparing the characteristics of activity between basal and apical dendritic
dCA1 pyramidal populations in vivo.

Interpreting these findings relies first on a consideration of exactly what we have
measured by measuring a genetically encoded calcium indicator. Biophysically speaking,
dendritic spikes are generated when the membrane potential increases superlinearly, either
triggered by depolarization at the synapse from ligand-gated ion channels, or from voltage-gated
ion channels opening. Calcium (Ca) spikes can fall into either category, creating transient
increases in Ca that can be measured using GCaMPs*°?7!, The first is through neurotransmitter
binding opening calcium channels, with the main source of neurotransmitter-induced Ca influx in
CA1 pyramidal neurons coming from glutamatergic NMDA receptors (NMDAr). NMDAr are
required for large plateau potential Ca events that correspond to spontaneous complex burst
firing, and in the basal arbor can induce modification or formation of new place cells**?%%37,
The second is through the dendrite depolarizing enough to trigger the opening of voltage-gated
Ca channels along the dendritic membrane. This depolarization threshold can be hit either by
strong enough Ca or non-Ca dependent, i.e. from sodium channels, spatiotemporal input to a
dendritic branch, or by somatically generated back-propagated action potentials (bAPs). Thus,
our recordings may be coming from any one, or a mixture, of these sources, and subsequent
characterizations must discuss these separate possibilities.

Our findings indicate that the basal dendritic place fields are generally more reliable and
stable across days than those of apical dendrites, encoding on average wider place fields that
form temporally later. These characteristics all align with more CA3 than 'CAl-like' traits, as
CA3 pyramidal neurons also encode place fields that are more reliable and stable across days,

wider, and later-forming than CA1 neurons recorded simultaneously*”*. We hypothesize that the
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majority of the place fields we are recording from in the basal tuft are being driven by Schaffer
collaterals from CA3, as the basal dendritic arbor in CAl is so largely driven by these massive
inputs. This theory is partially supported by a lack in remapping across contexts in individual
dendrites, which entirely vanished rather than change place field position, indicating that these
dendrites may be receiving stable spatially segregated input (Fig 4.3B). Alternatively, these basal
dendrites could be reflecting back-propagation from CAl somatic firing, where we
unintentionally record from a subset of CA1 somata that disappear instead of remapping in after
changing contexts. Inactivating CA3 inputs to CA1 and recording from the basal tuft dendrites
would reveal if these inputs are largely being driven by CA3 or by CA1 backpropagation.

Apical tuft activity imaging revealed a decreased spatial preference, with generally
unreliable and unstable place fields rendered from a smaller population of active dendrites. This
spatial information, albeit weakened, present in the apical tuft could represent either spatially
salient information coming in from MEC or LEC axons, or a significantly lower fraction of
back-propagation from the soma reaching the apical tuft. These apical do, however, show strong
preferential encoding of changing, unexpected, and behaviorally salient information. This
encoding is expressed through increased apical dendritic activity in the first few seconds of a
new context, increased activity in novel and unrewarded contexts, and increased activity and
place field over-representation near the rewarded location at the end of the track that disappeared
with reward removal. As these skewed responses were not observed in the basal tuft, and any
back-propagation strong enough to reach the apical tuft would almost certainly also reach the
basal tuft, we are reasonably confident that the source of this information comes from inputs to

the dendritic arbor. The reward preference specifically mirrors similar reward preferences
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observed in LEC axons to the apical tuft, pointing to the LEC-CA1 pathway as their likely
source™™,

Some of our findings are similar across the basal and apical arbor, such as a decrease
from familiar context reliability in the novel and unrewarded contexts (Fig 4.2C-D). We
hypothesize that these types of cross-arbor similarities are largely being driven by
back-propagation from the somata, although it could be due to similarity in inputs from EC being
preserved throughout the trisynaptic loop and to the apical tuft. This hypothesis is less likely,
largely as inputs to the trisynaptic loop come from a different layer than the direct inputs to
CA1"™. It could also arise from interneuronal silencing or neuromodulation impacting calcium

spiking in both dendritic regions.

Future directions

A major limitation of this work is the lack of simultaneous in vivo basal, apical, and
somatic recordings. While basal and somatic recordings can be conducted reasonably easily
together near-simultaneously by rapidly alternating the field of view, the distance from the apical
tuft to the somata stretches the limits of this type of 'jumping' via piezoelectric mirror control,
creating optical distortions that overtake the majority of the field of view. Even if this limitation
could be overcome, the frame rate used to capture three fields of view simultaneously would
reduce each to 10 frames per second, which would miss a large fraction of dendritic events as the
peak duration of many events we recorded fell below 0.3s (Supp. Fig 4.2A). Indeed, we are
likely still missing a significant fraction of events by being limited to 30 frames per second, a
limitation difficult to overcome in multi-photon microscopy. While scanless multiphoton

imaging techniques are under active development, they at present require significant trade-offs in
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either resolution or field of view size *"**7*. Future technique development will ideally enable
whole-neuron imaging in vivo that can simultaneously assess the role of the dendritic arbor in
CA1 pyramidal activity®”.

Together, these results suggest that the role of basal dendrites may be to stably inherit
spatial information from CA3, while the role of apical dendrites may be to contribute non-spatial

information about novelty and reward from cortical and thalamic inputs, with the ultimate goal

of CA1 somata flexibly encoding behaviorally salient contextual representations.
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Methods

Experimental Model and Subject Details

All experimental and surgical procedures were in accordance with the University of Chicago
Animal Care and Use Committee guidelines. We used 10-20 week old male C57BL/6J wildtype
(WT) mice (24-35 g). Male mice were used over female mice due to the size and weight of the
headplates (9.1 mm x 31.7 mm, ~2 g) which were difficult to firmly attach on smaller female
skulls. Mice were individually housed in a reverse 12 hour light/dark cycle and behavioral
experiments were conducted during the animal's dark cycle. We are unaware of any influence of
strain or sex on the parameters analyzed in this study. A total of 39 mice were used in this study,
21 of which were used in the final dataset. 4 mice were excluded for cannula or headplate
instability. 3 mice were excluded for not reaching the running behavior criteria (See Methods:
Behavior). The remaining 11 mice were excluded for not having sufficiently bright identified
GCaMP8f expression in both the basal and apical tuft.

Mouse surgery and viral injections

Mice were anesthetized (~1-2% isoflurane) and injected with 0.5 ml of saline (intraperitoneal IP
injection) and 0.5 ml of Meloxicam (1-2 mg/kg, subcutaneous injection) before being weighed
and mounted onto a stereotaxic surgical station (David Kopf Instruments). A small craniotomy
(1-1.5 mm diameter) was made over the hippocampus (£ 1.7 mm lateral, -2.3 mm caudal of
Bregma). Either CamKIla-jGCaMP8f-WPRE (AAV-CamKlIIa-jGCaMP8f-WPRE was a gift from
GENIE Project; > 7x10'? vg/mL; viral prep # 176750-AAV1 ; http://n2t.net/addgene:176750)
was diluted 1:1 with PBS or a 1:1 mixture of AAV-CaMKII0.4.Cre-SV40 (pENN.AAV.CamKII

0.4.Cre.SV40 was a gift from James M. Wilson, > 7x10'? vg/mL; viral prep #105558-AAV1 ;
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http://n2t.net/addgene:105558) and pGP-AAV-syn-FLEX-jGCaMP8{-WPRE
(pGP-AAV-syn-FLEX-jGCaMP8f-WPRE was a gift from GENIE Project, > 7x10'? vg/mL; viral
prep #162379-AAV 1; http://n2t.net/addgene:162379) was injected into left hippocampal CA1l at
the somatic layer (~100 nL at a depth of -1.25mm below the surface of the dura). Afterwards, the
site was covered using dental cement (Metabond, Parkell Corporation) and a metal head-plate
(9.1 mm x 31.7 mm, Atlas Tool and Die Works) was also attached to the skull with the cement.
Mice were separated into individual cages and water restriction began the following day (0.8-1.0
ml per day). At least 7 days following injection surgery, and approximately 7 days prior to the
beginning of mouse training, mice underwent another surgery to implant a hippocampal window
as previously described®”. Following implantation, the head-plate was reattached with the
addition of a head-ring cemented on top of the head-plate which was used to house the
microscope objective and block out ambient light. Post-surgery mice were given 1-2 ml of
water/day for 3 days to enhance recovery before returning to the reduced water schedule (0.8-1.0
ml/day). Mice weights were monitored daily to ensure healthy weight maintenance post-water
deprivation. Expression of GCaMPS8f reached a steady state ~14 days after the virus was

injected, as monitored through 2p imaging.

Behavior

Our virtual reality (VR) and treadmill setup was designed similarly to previously described
setups®’. The virtual environments that the mice navigated through were created using
VIRMEn"”. Mice were head restrained with their limbs comfortably resting on a freely rotating
styrofoam wheel (‘treadmill’). Movement of the wheel caused movement in VR by using a rotary

encoder to detect treadmill rotations and feed this information into our VR computer, as in (Heys
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et al., 2014; Sheffield et al., 2017). During training, mice received a water reward (4 pl) through
a waterspout upon completing each traversal of the track (a lap), which was then associated with
a clicking sound from the solenoid. Upon receiving the water reward, a short VR pause of 1.5 s
was implemented to allow for water consumption and to help distinguish traversals from one
another rather than them being continuous. Mice were then virtually teleported back to the
beginning of the track and could begin a new traversal. Mice were also teleported to the
beginning of a new contextual exposure. Seven distinct VR contexts were used in this
experiment. The 'familiar' context was the context that mice trained in prior to imaging. Two
novel contexts were used for novelty manipulation. A variant of the familiar context with the
water reward removed at the end of the track was used for reward manipulation. Mouse
behaviors (running velocity, track position) were collected using a PicoScope Oscilloscope
(PICO4824, Pico Technology). Behavioral training to navigate the virtual environment began ~7
days after window implantation (~30 minutes per day) and continued until mice reached a speed
of greater than 4 traversals per minute, which took 10-14 days. This high level of training was
necessary to ensure mice continued to traverse the track similarly after reward was removed.
Initial experiments showed that mice that failed to reach this criterion typically would not
traverse the track as consistently without reward®’. Mice that did not reach this criterion before
the start of experiments did not continue in the paradigm.

Novelty and Reward Manipulation Paradigm

Mice were imaged in either their apical or basal dendritic tuft in dCA1 for ~5 minutes (322s) per
context. Which plane mice had imaged first (apical or basal) was counterbalanced, with 8 mice
experiencing apical and then basal tuft imaging on both days, and 7 mice experiencing basal and
then apical tuft imaging on both days. First, in a single plane field-of-view (FOV), they
navigated the familiar context with water rewards. They were then switched into a novel context
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they had never experienced before, and navigated the novel context with water rewards. They
were next switched back to the familiar context. The plane was then changed (from apical to
basal N=8, from basal to apical N=7), and experiment repeated with a new novel context. The
following day, mice were placed back in the familiar context with water rewards at the end of the
track, then the familiar context with water removed, then the familiar context with water
reinstated. The plane was then changed (from apical to basal N=8, from basal to apical N=7), and
the experiment was repeated.

Two-photon imaging

Imaging was conducted using a laser scanning two-photon microscope (Neurolabware). Using a
8 kHz resonant scanner, images were collected at a frame rate of 15.49 Hz with unidirectional
scanning through a 16x/0.8 NA/3 mm WD water immersion objective (MRP07220, Nikon).
GCaMP8f was excited at 920 nm with a femtosecond-pulsed two photon laser (Insight
DS+Dual, Spectra-Physics) and emitted fluorescence was collected using a GaAsP PMT
(H11706, Hamamatsu). The average power of the laser measured after the objective ranged
between 20-42mW for basal dendritic imaging and 53-85 mW for apical dendritic imaging. Each
field of view (FOV) was positioned between -50-100 um below the putative surface for basal
dendritic imaging and -300-400 um below the putative surface always retaining at least -150 um
distance from the center of the somatic layer for apical tuft dendritic imaging in the z direction,
and 400-700 pm equally in the x/y direction. Planes were selected to be over the highest number
of visible active CA1 pyramidal cells with visible activity in both the basal and apical FOVs
prior to imaging. Each basal and apical plane was imaged at the same magnification per mouse
and day. Time-series images were collected through Scanbox (Neurolabware) and the PicoScope

Oscilloscope (Pico Technology) was used to synchronize frame acquisition timing with behavior.
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Image Processing and ROI Selection

Time-series images were preprocessed using Suite2p (Pachitariu et al., 2017). Movement
artifacts were removed using rigid and non-rigid transformations and assessed to ensure absence
of drifts in the z-direction. All datasets collected during shock administration were discarded, due
to the high velocity post-shocks sprinting behavior of mice rendering FOVs too unstable for
reliable analysis. Regions of interest (ROIs) were also defined using Suite2p and manually
inspected for accuracy. Baseline corrected Af/f traces across time were then generated for each
ROI. Per ROI, a savitzky-golay filter was applied to both channels to smooth the signal. Then,
ROIs were analyzed for covariance, and any ROIs exceeding the 99th percentile of a shuffle
distribution were combined using PCA and the first PC taken, in a method similar to Kaufman et
al. 2020°**. From this trace, the fc3 was calculated as previously described and used for further
analysis, with the modification that four sigma was required instead of two sigma to account for
noisier baselines in dendritic data and reduce false positives'*’. Only ROIs that exceeded 30%
Af/f at least once per experimental day were retained. Peaks were calculated using the
scipy.signal.find peaks package with a required minimum height of 30% A4f/f, distance of 0.3s,
and prominence of 0.1.

Neural Discrimination Index

Neural discrimination index (nDI) was calculated as described in *'*. Briefly, for each ROI, the
number of transient peaks were counted across a single context, in a single day. The nDI was
then calculated across context or day, as described in the text, by calculating a comparison
number of transient peaks for the comparison context, subtracting the first context from the

second, then dividing by the sum of transients in both.
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Place Field Identification

Place fields were identified using a modification of the 'peak' method described in
Grijseels et al, 2021. **. Briefly, the fc3 of ROI, after processing as described above, was binned
into 40 bins along the 2 meter virtual track. Activity in each bin was identified for putative place
field behavior based on being active on at least 2 laps in that bin, activity post-emergence being
present in 30% of subsequent laps, and being at least 1 bin wide and no more than 17 bins wide.
These putative fields were then shuffled 1000 times against ROI data and tested for significance,
requiring firing in at least one location along the track to be equal to or greater than two standard
deviations above the shuffled activity. This method allowed for multiple place fields per ROI,
which were each treated separately for subsequent analysis with the other IDed place field's
activity disregarded for properties such as out-of-field-firing and precision. Only one ROI with
multiple place fields was identified.

Place Field Metrics

All metrics described below were conducted per mouse, day, plane, context, and post-processed
ROI, excepting remapping which requires computation across context.

Active fraction: Each ROI with activity in at least one of the contexts on a per-day basis was
counted, and the fraction was computed as the number of ROIs that contained at least one place
field within that context divided by the number of active ROIs.

Emergence: Starting from the first lap the mouse traversed in the context, we searched
lap-by-lap for a lap with a significant calcium transient present within the boundaries of the
future place field, as calculated from all the laps in the session. This lap was identified as the

place field emergence lap.
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Reliability: From the emergence lap to the last lap the mouse traversed in the context, we
searched lap by lap for significant calcium transients. This metric is the number of laps with
significant in-field calcium transients divided by the total number of laps traversed post-place
field emergence.

Out/in field ratio: The mean Af/f in bins within the place field was divided by the Af/fin bins
outside of the place field.

Center of Mass: We first measured 4f/f in each bin. We then used the following equation to

calculate the COM for each traversal n (COMn):

| S DF; -,
C'OM,, =
> i DF;

Where DFi is the somatic 4f/f'in bin 1 and xiis the distance of bin i1 from the start of the track. We

then calculated the weighted average COM (COMw) from all traversals n (COMn from each

traversal was weighted by the peak transient Af/f on that traversal (An)):

> onAn - COMy,
2 An

Precision: Spatial precision (SP) was calculated as the inverse of the COM standard deviation:

COM,, =

SP =

Zn “in

Width: The difference between the first and last bin with in-field activity, expressed as number

JZH A” Cﬂrojiur” C"Oﬂ_{m)g

of bins.
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Slope: Slope represents a linear regression as calculated using the scipy.stats linregress module
from the lap identified to have peak activity and the center of mass, thus yielding a calculation of
place field shifting over time. A positive metric would indicate forward shifting, while a negative
metric would indicate backwards shifting.

r*: Goodness-of-fit of the slope as calculated previously.

Remapping: To measure spatial correlation across contexts in place fields, we found dendrites
that had place fields in the first familiar context, and then calculated the Pearson's correlation
coefficient between the mean activity along the track (in 40 bins) for all laps between that
context and subsequent context exposures.

Behavioral Parameters

All parameters described below were calculated per mouse, day, plane, and context.

Freezing: Freezing epochs were determined as uninterrupted epochs where mouse velocity fell
below 0.001 cm/s for at least 12 consecutive frames (~0.75 s). All epochs of velocity below
0.001 cm/s but not reaching 12 consecutive frames were not considered freezing or running, and
were discarded from future analysis. Freezing epochs were then counted up, and each not in a
freezing epoch assigned a '0', while each frame in a freezing epoch given a numeric value
corresponding to the number of epochs in that recording (i.e. all frames that contained the 4th
freeze of the recording would be assigned the integer '4"). Subsequent freeze features were then
calculated, including the binary variable 'is freezing' which assigns a 1 to frames considered
freezing, and 0 to frames not considered freezing, two sawtooth functions 'freeze remaining', and
'freeze elapsed, which counts the frames from the beginning of a freeze up or down until the end
of a freeze, respectively, and 'freeze progress' which tracks the progress of a freeze as a fraction

from O to 1.
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Running: Running was determined as any epoch where forward progress velocity was sustained
over 0.001 cm/s for 2 consecutive frames. The variables 'is running', 'rTunning remaining',
'running elapsed', and 'running progress' are calculated using the running epoch data in the same

fashion as their freezing counterparts.

Backward movement: Some mice demonstrated backward movement behavior in the virtual,
where they attempted to 'backtrack' through the context. This behavior was analyzed separately
from running or pausing. The binary variable 'is backtracking' assigns a 1 to frames considered

backtracking, and 0 to frames not considered backtracking.

Velocity: Velocity was both directly measured through the picoscope encoder, and recalculated
from position, to assess for accuracy. Recorded velocity was used for all velocity calculations

and model training. Values were converted into cm/s for presentation.
Acceleration: Acceleration was calculated as the first derivative of recorded velocity.

Location: Animal's position on virtual track was determined for each frame, and binned in 1 cm
bins along the virtual track.

Statistics

For all data distributions, a Shapiro-Wilk test was performed to verify the data was normally
distributed before undergoing further statistical tests. Two-way ANOVAs were performed per
metric to identify if context, plane, or context|planes were significant factors. Post-hoc pairwise
T tests were then performed with a holm-sidak multiple comparisons correction. Box and
whisker plots were used to display data distributions where applicable. The box in the box and
whisker plots represent the first quartile (25" percentile) to the third quartile (75™ percentile) of

the distribution, showing the interquartile range (IQR) of the distribution. The black line across
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the box is the median (50" percentile) of the data distribution. The whiskers extend to 1.5*IQR
on either side of the box. A data point was considered an outlier if it was outside the whiskers or
1.5*IQR. Horizontal dotted lines indicate group median, minimum possible value, or zero, as
indicated in figure legend. Significance tests were performed with and without outliers. Data
distributions were considered statistically significant only if they passed significance (p < 0.05)
without outliers. Significance numbers reported are without outliers. Correlations were
performed using Pearson's correlation coefficient. p < 0.05 was chosen to indicate statistical
significance and p-values presented in figures are as follows: *, p < 0.05, **, p <0.01, *¥*, p <
0.001, N.S. not significant. All regression analysis was conducted using the statsmodels package.
Some data preprocessing was conducted with MATLAB (Mathworks, Version R2022a). All
other data and statistical analyses were conducted in Python 3.7.4, with primary data accrued in
Pandas DataFrames, and data figures were made in Python 3.7.4 using the Seaborn and
Matplotlib packages (https://www.python.org/). Schematic figures, some figure text, and figure
layouts were made with BioRender (https://biorender.com/).

Data availability

Raw imaging data are extremely large and not feasible for upload to an online repository but are
available upon request. Processed data will be available on GitHub after publication of this work
in an academic, peer-reviewed journal.

Code availability

Original code used to create figures from pre-processed data will be available on GitHub after
publication of this work in an academic, peer-reviewed journal.
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Key Resources Table

REAGENT or RESOURCE | SOURCE IDENTIFIER

Bacterial and virus strains

360
pENN.AAV-CamKIla-jGCa Zhang et al. 2023 Addgene #176750-AAV 1
MP8f-WPRE
pENN.AAV.CamKII AAV Plasmids*®! Addgene #105558-AAV 1
0.4.Cre.SV40
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Zhang et al. 2023

Addgene #162379-AAV1

Experimental models:

Organisms/strains

Mouse: C57BL/6J

Jackson Laboratories

JAX 000664 - C57BL/6J

Software and Algorithms

Fiji Schindelin et al., 2012%% https://imagej.net/software/fij
i/; RRID:SCR_002285

Suite2p Pachitariu et al., 20163 https://github.com/MouseLan
d/suite2p

MATLAB MATLAB. (2018). | https://www.mathworks.com/

9.7.0.1190202 (R2018a). help/matlab/release-notes-R2

018a.html

Python Python 3.10.8 https://www.python.org/down
loads/release/python-3108/

Pandas Pandas 1.1.4 https://pandas.pydata.org/

SciPy SciPy 1.9.3 https://scipy.org/install/

Seaborn 0.12.0 https://seaborn.pydata.org/inst

alling.html
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Supplementary Figures
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Supplementary Figure 4.1. Mouse behavior and correlation with peak activity.
A) Mouse velocity in centimeters per second in each context in all apical (green, left bars) vs.
basal (blue, right bars) mice are similar across contexts and imaging planes. B) Mouse lick rates
in apical and basal context as calculated by licks per second are similar across contexts and
imaging planes C) Average dendritic peaks (in peaks per second) across all dendritic segments in
the apical vs. basal planes while mice are not licking are similar across contexts and imaging
planes. D) Average dendritic peaks (in peaks per second) across all dendritic segments in the
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apical vs. basal planes while mice are licking are similar across contexts but different across
imaging planes. However, low sample size due to low mean frequency of licking (~0.1 licks/s)
results in low confidence. E) Average dendritic peaks (in peaks per second) across all dendritic
segments in the apical vs. basal planes while mice are not pausing, i.e. are running, are similar
across contexts and imaging planes. F) Same as E, but while mice are pausing.
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Supplementary Figure 4.2. Additional dendritic peak metrics.

A) Peak widths of each dendritic peak, segmented across plane and context, showing similar
average peak width in both apical and basal dendritic planes in all contexts. B) Peak amplitudes
of each dendritic peak, segmented across plane and context, showing similar average peak
amplitude and range in both apical and basal dendritic planes in all contexts. C) Peak widths in
the basal context within the first 200 frames (6.45s) or last 200 frames of the context showing no
difference in peak width between beginning and end of the context exposure. D) Peak widths in
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the apical context within the first 200 frames (6.45s) or last 200 frames of the context showing an
increase in peak width at the beginning as compared to the end of the context exposure across all
contexts. E) Peak counts in the apical versus the basal plane across contexts within the first 200
frames (6.45s) of each context showing increase in peak count in the apical as compared to the
basal plane. F) Peak counts in the apical versus the basal plane across contexts within the first
200 frames (6.45s) of each context showing similarity in peak count in the apical as compared to
the basal plane.
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Supplementary Figure 4.3. Additional dendritic place field metrics by plane

A) Reliability is significantly higher in the basal than apical dendrites across contexts. B) Basal
dendrites emerge on significantly later laps than apical dendrites. C) Basal dendrites have
significantly wider place fields than apical dendrites. D) Basal dendrites have significantly
forward-shifted average centers of mass compared to apical dendrites, which have significantly
end-shifted average centers of mass. E) r2 is a metric of goodness-of-fit from testing for
backwards or forward shift, which is similar between planes. F) Slope is the recorded slope of
backwards (negative) or forwards (positive) shifting, which is not different from zero or from
each other between planes. G) The firing outside of a place field's identified field over the firing
inside the field was similar between planes. H) The precision of the place fields was similar
between planes, although there was a slight trend towards lower precision (higher value) in
apical place fields. I) Remapping as defined by place field correlation between each individual
dendritic ROI with a place field present on the first familiar context and activity on subsequent
context exposures. Basal dendrites had reliably higher correlations, indicating less remapping. J)
Heatmap of all peaks in within-specified context(s). Top two rows are apical planes, bottom two
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rows are basal planes. Top-most row is apical peaks across all familiar contexts, showing strong
preference for the end of the track. Middle-top row is apical peaks in the unrewarded context,
showing lack of preference for the end of the track. Middle-bottom row is basal peaks across all
familiar contexts, showing preference for the beginning of the track. Bottom row is basal peaks
in the unrewarded context, showing lack of change from the familiar rewarded context. Heatmap
represents peaks/s.
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Supplementary Figure 4.4. Additional dendritic place field metrics by context

All metrics are for all place fields identified in that context. No metrics showed
context-dependent effects in two-way ANOVAs. A) Width in basal (top) and apical (bottom)
dendrites by context. B) r2 in basal (top) and apical (bottom) dendrites by context. C) out/in
field firing ratio in basal (top) and apical (bottom) dendrites by context. D) Precision in basal
(top) and apical (bottom) dendrites by context. E) Slope in basal (top) and apical (bottom)
dendrites by context. F) Center-of-mass in basal (top) and apical (bottom) dendrites by context.
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SYNTHESIS
Summary of Findings

This dissertation has explored the role of hippocampal dorsal CA1 (dCAl) in the
encoding of aversive experiences through three different lenses, with a special emphasis on the
role of thalamic nucleus reuniens (NR). Presented in Chapter 2, we used a novel virtual-reality
contextual fear conditioning paradigm (VR-CFC) in parallel with chemogenetics and two-photon
imaging to inactivate, record from, and model NR axons in dCA1l throughout VR-CFC. In
Chapter 3 we built on these techniques to image the same population of dCA1l excitatory
pyramidal somata across days throughout VR-CFC with and without NR-dCA1 inactivation. We
analyzed these neural recordings for somatic contextual discrimination, place maps, shock and
freeze-tuning, and co-activation events. Finally, in Chapter 4 investigated differential activity
across the dendritic arbor during novelty and reward manipulation, including the first in vivo
recordings of distal apical tuft dendrites in the hippocampus. Overall, this work represents a
significant leap forward in our understanding of subcellular and population-level dynamics in the
hippocampus during aversive experiences and the role of the NR-dCA1 pathway, including a
range of discoveries and technique development that can be built upon in future investigations.
Below, I will summarize the major findings from each chapter.

In Chapter 2, we first established that VR-CFC can induce context-dependent fearful
freezing responses in mice, to our knowledge the first head-fixed fear conditioning paradigm that
used shocks as the unconditioned stimulus to be more well-aligned with the freely-moving
contextual fear conditioning literature, and the first head-fixed paradigm to elicit characteristic
freezing responses. We next used a retro-Cre strategy to selectively inactivate NR somata that

project to dCA1 on the first day of post-shock re-exposure to the shocked and neutral contexts.
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This strategy elicited a significant increase in fearful freezing behavior in both the shocked and
neutral contexts by increasing freezing-epoch durations, an increase which persisted across
non-NR-inhibited retrieval days 2 and 3. We next imaged NR axons in vivo during behavior,
tracking some of the same axons over days, and demonstrated that they selectively increased
their activity during fearful freezing in both the shocked and neutral contexts. Modeling the
activity of NR axons using a boosted-trees strategy, revealed that freezing dynamics and
relatedly mouse velocity were the primary dynamics driving NR-axon activity in dCA1. This
investigation led to the development of new techniques, including the first in vivo imaging of
difficult-to-access NR axons in dCA1, demonstrated the vital importance of the NR-dCAI
pathway in contextual fear suppression, discrimination, and extinction through freeze-tuned
activity, and laid a solid foundation for future investigation of the NR-dCA 1 pathway.

In Chapter 3, we investigated how the NR-dCA1 pathway influenced population
dynamics of excitatory pyramidal neurons to exert the effects reported in chapter 2. We first
re-affirmed the critical role of NR-CA1 axons in suppressing inappropriate fear responses and
enabling extinction. We then used behavioral analysis to categorize our mice into three groups:
those that generalize their fear responses, those that fail to produce a fear response, and those that
correctly discriminate between contexts. We found that discriminators are better at extinguishing
the fear response than generalizers. We next observed that mice that discriminated well between
the contexts behaviorally also expressed greater discrimination in their neural activity between
contexts, and that inhibition of the NR-dCA1 pathway on retrieval day 1 prevented neural and
decreased behavioral discrimination between contexts. We then showed that our VR-CFC
paradigm induced near-global remapping in NR-dCA1 intact mice to more unstable, flexible

maps post-extinction, while unshocked mice and NR-dCAT1 inhibited mice remapped partially,
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retaining more stable maps post-extinction. We additionally identified shock-tuned somata, to
our knowledge the first identification of shock-tuned activity in vivo in dCA1. We re-affirmed
the existence of freeze-tuned somata post-CFC, with NR-dCA1 inhibited generalizing mice
preferentially re-activating freeze-tuned somata in the shocked context on retrieval day 1.
Finally, we developed a novel method for identifying synchronized co-activations, i.e. groups of
somata activating simultaneously, and demonstrated that these co-activations are modified by
shocks to increase in size and frequency specifically in the shocked context on retrieval day 1.
NR-dCA1 inhibition decreased the frequency of co-activations on retrieval day 1. On retrieval
day 2, post-inhibition co-activation size increased in a 'rebound' effect. We showed that the
composition of these co-activations was significantly overrepresented by somata with tunings to
contextual discrimination, shock, freezing, and place both pre- and post-CFC. These results
represent a meaningful contribution to our understanding of how dorsal CA1 encodes contextual
fear and contextual fear extinction over time. These results additionally demonstrate the myriad
ways in which the NR-dCA1l pathway impacts population dynamics throughout CFC.
Furthermore, in the process we developed multiple new analysis techniques for future
investigations of somatic dynamics beyond place maps.

In Chapter 4, we created a novel technique for imaging basal and distal apical tuft
dendrites of excitatory pyramidal somata in vivo in dCA1, to our knowledge the first in-vivo
measurement of this dendritic population. We demonstrated that basal dendritic place fields are
more common, more reliable, and emerge later than apical tuft dendritic place fields, which we
also showed are more differentially responsive to novelty and reward, are more biased toward
rewarded locations, and more readily remap their place fields after reward removal. These results

demonstrate that basal dendrites have more 'CA3-like' activity, potentially reflecting their
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excitatory inputs via the Schaffer collateral from CA3. Meanwhile, apical tuft dendrites are
fundamentally less spatially modulated, and more responsive to surprising or aversive
experiences, like change, novelty, and reward removal. This potentially reflects synthesis of the
less spatially-tuned excitatory inputs from lateral entorhinal cortex, as well as thalamic nucleus
reuniens. Overall, this chapter offers novel insights into the role dendritic segmentation in vivo
during reward and novelty manipulation, with basal dendrites demonstrating strong
spatial-tuning and apical dendrites demonstrating reward preferences. Considering that the NR
pathway synapses directly on dCA1 apical tuft dendrites, these experiments provide the

foundation for future work exploring their role during contextual fear conditioning.

Remaining Questions

Despite the significant progress this dissertation represents, many questions remain.
While a fuller exploration of future directions can be found in individual chapter discussions,
here I highlight a few of the most pressing questions remaining across chapters as guidance for
future investigations.

One crucial question is the dendritic mechanisms underlying VR-CFC in dorsal CAl. In
this dissertation, I demonstrated differential processing between the basal and dendritic tuft, with
significantly higher non-spatial and saliency tuning represented in the apical tuft. An
investigation of the dendritic arbor throughout VR-CFC would help disentangle which aspects of
somatic encoding are from inputs unique to the CA1 apical tuft, and which are inherited from
CA3. A limitation of the present work to note is its primary basis in calcium imaging.

Incorporating a wider suite of methodological approaches such as sodium-based voltage
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imaging, in vivo glutamate detector imaging, or simultaneous local field potential recordings
could imbue more nuance into NR-induced changes to excitatory dendrites.

Another important consideration that is left unexplored in this dissertation is the role of
inhibitory interneurons in the hippocampal circuit. The most foundational missing experiments
are in vitro anatomic and slice-based explorations to determine which inhibitory dCA1
subpopulations are innervated by NR axons. The results of this in vitro work would pinpoint
relevant in vivo inhibitory interneuron populations for subsequent calcium imaging during
VR-CFC and NR-dCA1 manipulation. Ideally, recording from and manipulating these
interneuron populations will help reveal the mechanisms underlying how NR regulates dCA1
activity throughout VR-CFC.

On a population scale, incorporating a broader suite of techniques could be of use to
detangle the role of synchronized co-activations (COAs) and related NR axonal activity in
contextual fear conditioning. To investigate their relationship to hippocampal replay, the
experiments outlined in chapters 2 and 3 would need to be repeated with simultaneous calcium
imaging and electrophysiology. Relatedly, a better understanding of the relationship between
COA activity and engrams would require simultaneous immediate early gene tagging/monitoring
and calcium imaging. Lastly, our experiments were limited to a small suite of behaviors in a
head-fixed preparation in exclusively male mice. Increasing the suite of behaviors, adding new
behavioral recordings, expanding the NR-dCA1 pathway manipulation into activation and
inactivation, and modifying the parameters of contextual fear conditioning all are important
future directions. Ultimately, much work remains to fully understand role of the NR-dCAl

circuit in encoding, recalling, and adaptively modifying aversive experiences.
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