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Major Professor: Steve Ramirez, Ph.D., Professor of Psychological and Brain Sciences
ABSTRACT

Memory is one of the most extensively-studied phenomenon in neuroscience as it
provides the basis for our day-to-day human experience. A continued unmet need is
understanding how memory processing can go wrong, whether in the degeneration of our
ability to form or access memories (i.e. dementia) or in maladaptive memory processing
(i.e. Post-Traumatic Stress Disorder). Animal models have enabled tremendous insight into
the molecular and systems-level underpinnings of healthy and pathological memory states
that advance our understanding of the human condition. Within the memory field, the
primary focus has traditionally been on how neuronal activity within regions such as the
hippocampus enable the formation, consolidation, maintenance, and extinction of episodic
memories, i.e. the memories of our personally experienced events defined along what-
where-when dimensions. While the majority of this work has focused on neurons despite
extensive work indicating that memories recruit heterogenous cell types, recent work has
supported the idea that astrocytes, a type of glial cell, are active modulators of learning and
memory processes ranging from fear encoding to spatial navigation. To expand upon this
growing literature, we investigated the role of astrocytic calcium dynamics using multiple

imaging modalities within the amygdala and hippocampus, in an effort to understand how
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they may be intimately interacting with neurons to enable higher-level cognitive
processing.

To that end, my thesis puts forth three experiments that link the activity of neurons
and astrocytes to cognition and behavior. In the first experiment, we recorded real-time
astrocytic calcium dynamics in the basolateral amygdala (BLA) across contextual fear
conditioning (CFC), recall and extinction using single-color fiber photometry. We showed
that BLA astrocytes robustly responded to foot shock during CFC, resulting in persistent
changes in calcium activity across subsequent days compared to controls. Additionally,
astrocytic calcium dynamics became correlated with freezing epochs during CFC and recall
only in mice that received foot shocks, and this activity became uncoupled across
extinction days. Further, chemogenetic inhibition of BLA fear ensembles had no effect on
astrocytic calcium activity or freezing behavior. The results of our first experiment revealed
that astrocytes play a real-time role in the acquisition and maintenance of contextual fear
as it relates to behavior. Our second experiment then sought to understand how artificial
stimulation of fear affects intra-hippocampal neuron-astrocyte dynamics as well as their
behavioral consequences. Here, we utilized a combination of activity-dependent labeling
strategies in the dentate gyrus (DG) and in vivo fiber photometry of neurons and astrocytes
in ventral CA1 of the hippocampus (vCA1) across fear acquisition, natural recall and
artificial reactivation of a fear memory or engram. In line with our first experiment, both
cell types in vCAL displayed shock-responsiveness during CFC, with astrocytic calcium
events uniquely modulated. Optogenetic activation of a DG-mediated fear engram was

sufficient to induce calcium dynamics in neurons and astrocytes that were akin to those
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displayed during natural recall. Further, these dynamics in both cell types were coupled to
fear-related behaviors, such as freezing, during both natural and artificial reactivation of
fear. These findings provide the first evidence of neuron-astrocytic coupling as a shared
mechanism that enables both natural and artificially-induced memory retrieval, as well as
the behavioral expression of fear. The final experiments sought to investigate how
astrocytes contribute to contextual fear learning and memory at the single-cell level,
enabling a higher-resolution understanding of our previous findings. To accomplish this,
we performed freely-moving one-photon calcium recording of dorsal CAl (dCAl)
astrocytes as mice underwent CFC and a subsequent day of contextual recall (Context A;
Cxt A) or novel context exposure (Context B; Cxt B). Further, we performed the first
longitudinal registration of astrocytes using one-photon imaging to enable analysis of their
dynamics across learning. We showed that astrocytes respond to aversive foot shock with
sequential calcium activity, akin to that displayed by hippocampal time cells. Notably,
these sequences reappear during contextual recall (Cxt A) but not novel exposure (Cxt B),
and seem to be driven by reactivated astrocytes across days. Our ongoing work will
characterize these sequences across days and explore how they may be coupled with the
behavioral expression of fear. These preliminary findings suggest that astrocytes may be
involved in temporal coding and provide the first evidence that sequential activity during
recall may serve as a memory-specific retrieval process. In summary, my dissertation work
presents evidence for the active role of amygdalar and hippocampal astrocytic calcium in

the real-time processing of fear learning and memory as it relates to behavior.

viii



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...t 0\
ABSTRACT .ttt re e Vi
TABLE OF CONTENTS . ... IX
LIST OF FIGURES ... .o Xiv
LIST OF ABBREVIATIONS ... . XV
CHAPTER ONE - INTRODUCTION.......oiiiiiiiiieitie e 1
1.1 ASErOCYLES: FUNCLION ...ooviiiiiie et 1
1.2 Astrocytes: ChEMOGENELICS .....ccveiuieieiieieee st 3
1.3 ASLroCYtes: OPLOGENELICS ...cvveveiivieieeie sttt ste e e et be e sreenne e sree e 6
1.4 Astrocytes: Alternatives to DREADDSs or Optogenetics to Modulate Activity ....... 8
1.5 Astrocytes: Cellular and Molecular Modulation..............cccooveveiieiiciecce e, 10
1.6 ASLrOCYLES: IMAGING ....cviiiieiieeie ettt e st e et esreesae e 10
1.6.1 Fiber PROTOMELIY ....ccveeveeeice st 12

1.6.2 One- and Two-Photon IMaging ........cccccccveieiieieiie e 14

A o 1T ] oTo 0% 10 o o LU S PP PP 17
S 10 o] =T o o] PRSP RUPPR 18

1.7.2 How are the dorsal and ventral hippocampus structurally, functionally and

GENELICAITY TIVEISE? ... it e et e et e e snee e 20
L8 AMYQAAIA... ..ot 22
1.9 CONAITIONEA FEAN.......ciiiiiiiieiete e 24
1.10 Conditioned Fear: AmMygdala...........ccociiiiiiiinieiiee e 24



1.11 Human amygdala and fEAN ...........ccouiiiiiiiieee e 26

1.12 Condtioned Fear: HIPPOCAMPUS ........eiieiiieienieriesie st 27
1.13 Neuronal ensembIles OF 'NGrams'.......cccoveiiereririeere e 28
1.13.1 What IS @N ENGIAM?.....eiiieiieieciesieeie et sre e sbe e neas 28
1.13.2 HOW d0O We StUdY ENGraAMS? .......coeeieieieieniesie st 29
1.13.3 Foundational insights from engram Work .............cccceveienencnienennnenn. 30
1.13.4 The allocation NYPOTNESIS .........ccoieieiiiiiieiee s 32
1.13.5 EXINCLION ENQIAIMS ...cvviutiiiiiitiniesiieieeie et sie sttt sn e enes 32
1.13.6 Engrams outside Of frEEZING ........cccoevieriiiiiii e 34
1.14 Organization Of diSSErtatioN............coiiiiririiieie e 35

CHAPTER TWO - BASOLATERAL AMYGDALA ASTROCYTES ARE ENGAGED

BY THE ACQUISITION AND EXPRESSION OF A CONTEXTUAL FEAR

IMEMORY ..ottt ettt e ettt e e e e b e et ee e abeeenbaeenaeas 38
2.1 INEFOTUCTION ...ttt bbb bbbt 39
2.2 Materials and MEthOGS. ...........ooiiiiiiiiee s 43
2.3 RESUITS ...ttt et te et re et et e e e nraenteeneenreere s 53
2.4 DISCUSSION ...ttt etttk b et b bttt et et bbb e beenes 66
2.5 ACKNOWIBAGIMENTS. .....ccuiiiiiiieiieieie ettt bbb 73
2.6 AULhOr CONEITBULIONS ... s 74
2.7 Declaration of COMpPeting INEIeStS ........ccvvieieieieie e 74
2.8 Data Availability STatemeNnt...........cccoviveii i 74
2.9 FIQUIES ..ttt sttt ettt ne et e e e e st e s se e aeeneeete e teeneeeneenreeneeaneenreenrean 75



CHAPTER THREE: ENGRAM REACTIVATION MIMICS CELLULAR

SIGNATURES OF FEAR ..o 91
B L INEOTUCTION ... 92
3.2 Materials and MEthOUS. ..........coviiiiiiiiree e 94
BB RESUILS ... 110

3.3.1 In vivo calcium recordings of neurons and astrocytes in the ventral
hippocampus during natural and artificial memory reactivation...................... 110
3.3.2 Neurons and astrocytes respond robustly to foot shock and freezing epochs
during contextual fear conditioNiNg. ........cccccviveiieii i 112
3.3.3 Neuronal and astrocytic calcium are responsive to freezing epochs during
CONEEXTUAN TECAIL ... .o s 114
3.3.4 Neuron-astrocyte calcium responds to freezing epochs during optogenetic
reaCtiVation OF FEAN ........coviieie e 116

3.3.5 Predictive reliability of freezing is present only in the Shock-ChR2 group

3.3.6 Mice display low freezing and no differences in calcium dynamics across
all groups during habituation ............cccocv i 119
3L DIHSCUSSTON ...ttt bbbt b bbbt n e 121
3.4.1 The role of neuron-astrocyte dynamics during natural and artificial fear
(001=] 04 [0] YRR OURPPSPIN 121
3.4.2 Optogenetic stimulation of a fear engram elicits atypical behavioral

(1] 010] 15T R P PR OUPPPPRPPPRR 121

Xi



3.4.3 Correlation between neuronal and astrocytic calcium can predict fear states

............................................................................................................................. 123

3.4.4 Statistical modeling engances interpretability of engram research.......... 124

3.4.5 Advancing the study of natural and artificially-driven memories. .......... 125

3.4.6 Limitations Of this StUAY.........cccecveiiiiiii e 127

3.5 AULNOr CONIIBULIONS ... 127

3.6 ACKNOWIEAGEMENTS......cviiiieie e 128

3.7 Declaration Of INTErESES ..........couiiiiiiirieieise e 128

3.8 Data and Code Availability..........c.cccooiiiiiiii e 128

LD FIQUIES. ..ttt ettt et et et e e e et e te e e e e reenee e 129
CHAPTER FOUR: SEQUENCES OF ASTROCYTE ACTIVATION MIRROR

MEMORY FOR FEARFUL EVENTS IN DORSAL HIPPOCAMPUS................... 148

4.1 INEFOTUCTION ...ttt ettt ab e 148

4.2 Materials and Methods. ..o 150

A3 RESUILS......ceeiiteee ettt 158

4.3.1 One-photon imaging of dorsal hippocampal astrocytes across contextual
fear learning and recall.............cooo i 158
4.3.2 Longitudinal registration Of aStroCYtes.........ccoevvveiiieiie i 159

4.3.3 Astrocytes are shock-responsive during contextual fear conditioning .... 161

4.3.4 Evidence of astrocytic temporal sequences after foot shock onset.......... 162
4.3.5 How does astrocytic sequential activity map onto spatial footprints?..... 164
4.3.6 Evidence of astrocytic sequences during memory recall .............c........... 164

xii



4.3.7 Reactivated astrocytes maintain temporal information during recall. ..... 165
I T o0 3] o] PSSP P PP PR 166

4.4.1 How might astrocytes and neurons differ in their temporal encoding? ... 167

4.4.2 ONQOING WOTK......iiiiiiiiecie ettt ste e esreeae s 168

4.5 AULNOT CONEIIDULIONS ... 170
4.6 FIQUIES ..ttt ettt e et et e et e e st e s ae e teeae e s te e beeneenreenreenee e 171
BIBLIOGRAPHY ...t 181
CURRICULUM VITAE ...ttt 229

Xiii



LIST OF FIGURES

10 0200 SRS 75
FIQUIE 2.2 .ottt ettt et et e h et e et e e st e et e et e e ntesae e teeneeane e teeneenneeres 77
FIQUIE 2.3 ettt ettt et e e h et e et e e Rt e et e et e e Rt e s re e teeneeeRe e teentenneeren 79
FIQUIE 2.4 ottt ettt e et et e et e et e e st e s ae e teeseesbeesteeneeaneers 81
FIQUIE 2.5 ettt et e et e et e e be et e e a b e a e et e e na e re e re e aeareers 83
1o U TSRS 85
1o O OSSR 87
FIQUIE 2.8 ettt et e et e et e et e et e e s e e s ae e teereesae e teenteareers 90
1o U 7 ST 129
FIOUIE 3.2 ettt et e et e b e e e s ae e teene e e be e re et e nra e re e e 132
10U T T TSSO 136
1o U T 0 OSSP 138
Lo U T 7 TSRS 141
FIQUIE S .ottt et et e et e st e e e s be e teeseeebe e be et e sraeareenne e 143
FIQUIE S2.. ettt b et e et e e et e e s ae e e beeabeeeteenree s 146
1o U= ST RRPPP 171
FIQUIE 4.2 ottt et et b et e et e e et e e at e e be e e b e e e re e ree s 174
1o U= SRR OPP 175
1o U= USSR RPPPP 176
FIQUIE 4.5 ettt e b et b et b e et et e b e 177
FIQUIE 4.6 ..ttt bbbt et b e e be et et nee e 179

Xiv



LIST OF ABBREVIATIONS

A RS s Adenosine 1 Receptor
A2 ARS . Adenosine 2A Receptor
ACC . Anterior Cingulate Cortex
ALC . Akaike Information Criterion
A Y Amygdala
ANOV A Analysis of Variance
AP e Anteroposterior
ATC..oiii i Activity-Regulated Cytoskeleton-Associated Protein
ATC T . e Archaerhodopsin
AT P Adenosine Triphosphate
AU Area Under the Curve
B A Basal Amygdala
B A Basolateral Amygdala
B . Basomedial Amygdala
BN ST . Bed Nucleus of the Stria Terminalis
A L Cornu Ammonis 1
A Cornu Ammonis 2
A Cornu Ammonis 3
G A Central Amygdala
7] Central Lateral Amygdala

XV



M. . Central Medial Amygdala

CRR .. Channelrhodopsin
CFC . Contextual Fear Conditioning
0 Confidence Interval
CN O s Clozapine-N-Oxide
L Conditioned Place Preference
CR Conditioned Response
CREB.....oiiii cAMP-Response Element Binding Protein
CreER™2. ... e Tamoxifen-Inducible Cre recombinase
O Conditioned Stimulus
Xt AL e e Context A
XL B Context B
DAPL. . 4',6-diamidino-2-phenylindole
QO A L. Dorsal CAl
DG Dentate Gyrus
AF/F, DE/E .o Change in Fluorescence/Baseline
DH, dHPC. ... e Dorsal Hippocampus
DIMIS O Dimethyl Sulfoxide
dnSNARE. ..., Dominant-Negative SNARE Domain
D)o TR Doxycycline
DREADDsS.........cccuvnnne. Designer Receptors Exclusively Activated by Designer Drugs
DT e Diptheria Toxin

XVi



DIV e Dorsoventral

B Entorhinal Cortex

BB Endocannabinoids
EY R P Enhanced Yellow Fluorescent Protein
MR .. Functional Magnetic Resonance Imaging
FOV Field of View

B Fiber Photometry
F-RAM. ..o, Fos-dependent Robust Activity Marking
FWHM. Full Width Half Maximum
GECL .o Genetically-Encoded Calcium Indicators
GEAP. . Glial Fibrillary Acidic Protein

GLAST .. Glutamate-Aspartate Transporter
I I Glutamate Transporter 1
GPCR ... G-Protein Coupled Receptor
G, Green Fluorescence Protein
GLM ., Generalized Linear Model
G e Globus Pallidus
GRIN . . Gradient Reflective Index
HP . . Hippocampus
hPMCA2W/b.....c.ceeeenn.. Human Plasma Membrane Calcium Pump PMCAZ2; CalEx
Haz. . Frequency
TACUC. ..o Institutional Animal Care and Use Committee



iBAPTA......... Intracellular 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid)

iBARK..................... 122-Residue Inhibitory Peptide 3-Adrenergic Receptor Kinase 1

L e e ————— Insular Cortex
DD Identification
e G Immediate Early Genes
P Intraperitoneal
IP3R . Inositol 1,4,5-triphosphate (IP3) Receptor
THC . Immunohistochemistry
LA e e Lateral Amygdala
LH Lateral Hypothalamus
7 1 Long-term Memory
1 Long-term Potentiation
M B . Mammillary Bodies
M A e Medial Amygdala
ME . ., Medial Entorhinal Cortex
P Mediolateral
MLRT .. Maximum Likelihood Ratio Test
MPEC . Medial Prefrontal Cortex
1Y/ 1 Medial Temporal Lobe
N A C ettt Nucleus Accumbens
NIH. o National Institutes of Health
NMDAR. ... N-methyl-D-aspartate Receptor



N-RAM.........ceeeeiieeeeiviee eee e e e e . Npas4-dependent Robust Activity Marking

NREM. ..o Non-Rapid Eye Movement
O B .o e ————— Olfactory Bulb
OPtOX RS . .t Light-Activated GPCR

PAG . . Periaqueductal Gray
PAPS. . Perisynaptic Astrocytic Processes

P S . Phosphate Buffered Saline
PB ST e PBS with 0.2% Triton X-100
PET . Positron Emission Tomography
P A Paraformaldehyde
PP Perforant Pathway

PTSD. . Post-Traumatic Stress Disorder
PV, Paraventricular Nucleus of the Thalamus

RE M . Rapid Eye Movement
R Repeated Measures
RO S . Regions of Interest

ROUT. ..o Robust Regression Followed by Outlier Identification

RS . e Retrosplenial Cortex
S Schaffer Collaterals
N T Subcutaneous
A Tamoxifen
P, t-Confidence Interval

Xix



TRAP. ..o, Targeted Recombination in Activated Populations

TRE. . Tetracycline Response Element
L N Tetracycline Transactivator
L Unconditioned Stimulus
VOA L e, Ventral CAl
VH, VHP C .. Ventral Hippocampus
VIPAG. ..o Ventral Lateral Periaqueductal Gray
VT A Ventral Tegmental Area
Zif268. ..o, Zinc Finger-Containing Transcription Factor 268
L One-Photon
2D e Two-Photon

XX



CHAPTER ONE: INTRODUCTION

1.1) Astrocytes — Function

Astrocytes are a star-shaped glial cell type that rivals the number of neurons in the
brain (von Bartheld, 2016), yet remain vastly understudied in neuroscience. In the past, the
main focus of experiments has been neuronal in nature, largely excluding the role of
astrocytes and their fellow glial cells, microglia, and oligodendrocytes. Early studies
provided foundational evidence that astrocytes are unique in that they maintain metabolic
homeostasis (Alberini et al 2018; Steinman et al 2016), actively support the blood-brain-
barrier (Giaume et al, 2010), modulate neurotransmitter release, and release their own
gliotransmitters in complex, bidirectional communication with their neuronal neighbors
(Araque et al 2014; Bezzi & Volterra, 2001; Covelo & Araque, 2018). Further, they
actively contribute to synaptic plasticity (Navarette et al 2012; Papouin et al 2012;
Henneberger et al 2020) through uptake and binding of neurotransmitters and release of
these gliotransmitters, such as glutamate (Fellin et al 2004; Parpura et al 1994), adenosine
triphosphate (ATP)(Zhang et al 2003; Koizumi, Fujishita & Inoue, 2005),
endocannabinoids (eCBs) (Navarette & Araque, 2014) and D-serine (Papouin et al 2017)
at the tripartite synapse. This is composed of the pre- and postsynaptic neurons, as well as
perisynaptic astrocytic processes (PAPs) (Araque et al 1999; Porter & McCarthy, 1997;
Haydon, 2001; Perea, Navarette & Araque, 2009; Volterra & Meldolesi, 2005). Here,
astrocytes rapidly change their morphology in response to internal and external state
changes, and make or break contact with neurons to dynamically control synaptic

transmission. Astrocytes exhibit dynamic changes in calcium in response to their external



environment, as well as exhibit calcium-independent responses to release of
gliotransmitters (Bazargani & Attwell, 2016; Perea & Araque, 2005; di Castro et al, 2011;
Shigetomi, Patel & Khakh, 2016; Goenaga et al 2023). Like neurons, they respond to their
external environment via a wide variety of receptors and transporters, such as NMDARS,
AMPARSs, glutamate transporter 1 (GLT-1) and glutamate-aspartate transporter (GLAST),
all of which are involved in modulation of glutamatergic signaling.

Because astrocytes do not demonstrate ‘typical’ action potentials as neurons do,
these calcium dynamics and gliotransmitter release are common read-outs of their ‘activity’
and changes during behavior, disease, and injury (Santello, Toni & Volterra, 2019).
However, recent work has shown that astrocytes undergo rapid, focal membrane voltage
changes at PAPs in response to neuronal activity, unlocking a novel mechanism by which
astrocytes and neurons communicate in the brain (Armbruster et al, 2022). Future work
will continue to elucidate novel mechanisms that explain how astrocytes and neurons work
together to modulate healthy and disease states.

Recently, a boom in imaging and genetic strategies has conferred much finer
temporal and spatial resolutions to study astrocytic functioning and their role in cognition
and behavior in animal models. In the following sections, | will dive into how these novel
tools have built upon the foundational cellular and molecular work described in this

section.



1.2) Astrocytes — Chemogenetics

Knowledge of astrocytic functioning has grown in recent years due to the
implementation of chemogenetic, optogenetic and pharmacological perturbation in various
behaviors, disease-states, and brain regions. The use of Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) (Roth, 2016; Armbruster et al 2007) has
enabled G-protein coupled receptor (GPCR) activation specifically in astrocytes via
selective expression through the glial fibrillary acidic protein (GFAP) promoter.
Importantly, recent work has shown that chemogenetic activation in astrocytes is not quite
as straightforward as manipulation of these receptors in neurons. Specifically, stimulation
of Gi/o and Gg-coupled receptors both stimulate release of glutamate from astrocytes that
increases neuronal excitability, thus suggesting that inhibition with Gi may be a unique
property to neurons and must be considered in perturbation experiments involving
astrocytes (Durkee et al, 2019). Further, Gi and Gq activation of astrocytes in vitro induces
synaptic potentiation, but each pathway utilizes a different mechanism to achieve the same
outcome. Gg- and Gi-activation drives these synaptic changes in calcium-dependent and
independent mechanisms, respectively (Van Den Herrewegan et al., 2021). These results
suggest that astrocytic perturbation with chemogenetic methods may induce similar or
different neuronal responses via unique mechanisms. This may provide different outcomes
depending on the brain region, GPCR pathway targeted, or behavior monitored due to these
nuanced changes in how and when they bidirectionally communicate with neurons.

Chemogenetic experiments have revealed that astrocytes have the ability to

modulate local and projection-specific neuronal activity. Gi activation of astrocytes in



dorsal hippocampus (DH) during learning impairs remote, but not recent fear memory
recall via projection-specific inhibition of dorsal CA1 (dCA1)-anterior cingulate cortex
(ACC) neurons (Kol et al, 2020). More recently, Gi activation of astrocytes were capable
of disrupting dCA1-ACC projecting neurons and their engagement during memory schema
development in rodents, further supporting their evolving role in projection-specific
modulation of neural circuits (Liu et al, 2022). Additionally, Gq activation of astrocytes in
the basolateral amygdala (BLA) was shown to modulate BLA-medial prefrontal cortex
(mPFC) projecting neurons during fear learning, increasing auditory but not contextual
recall of fear (Lei et al, 2022). Further, Gq activation of astrocytes via chemogenetics or
endogenous endocannabinoids (eCBs) in the central medial amygdala (CeM) exerted
projection-specific effects on neurons within the AMY. Specifically, this activation
depressed excitatory synapses from the BLA to the CeM via adenosine 1 receptors (A1Rs)
and enhanced excitatory synapses from the lateral CeM via adenosine 2A receptors
(A2ARs) to reduce auditory cued fear responses (Martin-Fernandez et al., 2017). Finally,
Gq activation of BLA astrocytes after cued fear extinction was shown to maintain low
levels of fear during extinction recall a day later (Shelkar et al 2021). Together, these
findings suggest that modulation of astrocytes, although less straightforward than neurons,
provides ample evidence that they are vital players in learning and memory processes.
Although the above studies have primarily focused on astrocytes' role in learning
and memory in canonical brain regions like the amygdala (AMY), hippocampus (HPC)
and prefrontal cortex (PFC), their involvement in other realms of behavior are just as

informative. Within the striatum, Gi activation of astrocytes increased hyperactivity in the



open field, reduced attentional focus, and induced deficits in novel object detection
(Nagai et al, 2019). These findings further validated the idea that astrocytic Gi-coupled
signaling pathways, such as GABA:. receptors, can increase astrocytic intracellular calcium
levels and fail to ‘inhibit’ them as occurs in neurons. Astrocytes are also involved in the
processing of pain signals, as indicated by their modulation in the ventrolateral
periagueductal gray (VIPAG). Gq activation of these cells induced neuropathic pain and
pain-related aversion, while Gi activation alleviated sensations of pain and promoted pain-
related preference behaviors (Yang et al, 2022), showing their bidirectional control in
chronic pain. Astrocytic modulation has been shown to have an effect on cocaine
conditioned place preference (CPP) in dCAL via Gi-activation (Nam et al, 2019), as well
as inhibition of cue-induced reinstatement of cocaine-seeking through Gq activation in the
nucleus accumbens (NAc), indicating their possible role in positive emotional valence
(Scofield et al, 2015). Additionally, Gq activation of astrocytes in the ACC promotes
oligodendrogenesis and remyelination in a rat model of visceral hypersensitivity.
Interestingly, this activation rescues decision-making deficits and desynchronization in
neurons projecting from ACC-BLA (Hasan et al, 2023). Further, Gi activation of cortical
astrocytes alone does not evoke spontaneous glutamate or GABA release, but when
coupled with a visual-stimulus it does increase extracellular glutamate (Vaidyanathan et al,
2022). This suggests that astrocytic activity is primarily modulated by salience or
behavioral state, with lower levels of ‘baseline’ activity during home cage or context
exposure, an emerging theme in recent literature (Adamsky et al, 2018; Suthard & Senne

et al, 2023; 2024). This plethora of astrocytic modulation protocols across attentional, pain



and reward processing provides a unique perspective on how these cells may complete the

picture that neurons already exist within diverse brain processes.

1.3) Astrocytes — Optogenetics

As described previously, DREADDs have primarily been used in astrocytes to
perturb function, as they take advantage of native GPCR signaling mechanisms compared
to other techniques like optogenetics, that were developed primarily with neuronal action
potentials in mind (Boyden et al, 2005). Specifically, the light-gated ion channel,
channelrhodopsin-2 (ChR2) (Nagel et al, 2003) functions to excite neurons via rapid
membrane depolarization that is not as physiologically relevant to increases in astrocytic
intracellular calcium. However, optogenetic tools have been developed to enable selective
activation of GPCR signaling pathways in astrocytes with spatial and temporal precision,
such as melanopsin (Mederos et al 2019) and OptoXRs (Airan et al 2009), such as
Optoal AR (Adamsky 2018) that are coupled to astrocytic Gq pathways. A comparative
study observed that both ChR2-variants and OptoARs (Gqg- and Gs-coupled) in astrocytes
induced reliable intracellular calcium elevations in an ATP and P2YR-dependent manner
(Figuierdo et al 2014), suggesting that these adapted methods are useful for understanding
astrocytic functioning.

A recent study used both Optoal AR and Gq-DREADDSs to activate astrocytes
during memory acquisition in dCA1 and observed enhanced contextual, but not cued
memory recall (Adamsky et al, 2018). This study shows that a similar elevation of neuronal
activity in this region induced an impairment in memory recall, providing evidence that

astrocytes are likely responding to neurons in a tailored, task-dependent manner. This idea



of astrocytes responding in a task or stimulus-dependent manner has been supported by
other work that showed Gi activation of cortical astrocytes alone does not elicit glutamate
or GABA release, it must be paired with a meaningful visual stimulus (Vaidyanathan et al
2022). Interestingly, optogenetic activation of astrocytes with ChR2 in dCA1 within a
defined time window after a traumatic experience disrupts memory consolidation and
reduces subsequent contextual memory recall in an ATP/adenosine-dependent manner (Li
et al, 2020). This provides evidence that the timing (e.g. acquisition, recall, consolidation)
of astrocytic manipulation in the same brain region may produce different, task-dependent
changes in behavior. This sheds light on the dynamic nature and precise timing of astrocytic
involvement in higher cognitive processes like memory formation and retrieval.

In addition to regulating memory, astrocytes have been shown to be crucial for a
suite of behaviors and brain states, such as anxiety, depression, sleep, and wakefulness,
using optogenetic techniques. Recent work elevating astrocytic intracellular calcium levels
using ChR2 in DH induced anxiolytic effects in the elevated plus maze and open field (Cho
et al, 2022). Complementary studies have elucidated the role of astrocytes in sleep and
wake states in multiple regions of the brain (Pelluru et al, 2016; Yamashita et al, 2014;
Peng et al, 2023). Pelluru et. al. argues that ChR2 activation of astrocytes in the posterior
hypothalamus at varying stimulation frequencies increases both non-REM (NREM) and
REM sleep during the dark period where mice are typically active (Pelluru et al, 2016).
Yamashita et. al. defines astrocytic involvement in sleep disturbances through ChR2
activation in the ACC, which reduces NREM sleep and promotes wakefulness (Yamashita

2014).



1.4) Astrocytes — Alternatives to DREADDs or Optogenetics to Modulate Activity

Many of the tools developed to modulate electrical and cellular activity in the brain
have been targeted towards neurons. As astrocytes have been shown to primarily
communicate primarily with changes in calcium dynamics and gliotransmitter release,
efforts have been made to repurpose and develop new techniques to modulate these unique
cells in order to uncover their role in brain functioning. As discussed above, chemogenetics
can have varying effects on astrocytic calcium signaling, gliotransmitter release and
behavioral outcome. This is especially noted in Gi-coupled modulation, where this would
normally inhibit neuronal action potentials, but has been shown to increase astrocytic
calcium levels (Nagai et al 2019; Durkee et al 2019). Other studies have added to the
complexity of astrocytic modulation, showing that Gi activation initially increases
astrocytic calcium and then transiently decreases levels over time (Kol et al, 2020). Earlier
efforts showed that astrocyte calcium signaling is dependent on inositol 1,4,5-triphosphate
(1P3) receptor (IP3R) signaling in vivo and in vitro (Petravicz, Fiacco & McCarthy, 2008;
Di Castro et al 2011; Takata et al 2011). Mouse models of genetic knockout of astrocytic
IP3R to modulate calcium signaling have yielded complex behavioral results (Petravicz,
Boyt & McCarthy, 2014; Pinto-Duarte et al 2019; Tanaka et al 2013), suggesting the idea
that astrocyte calcium signaling and gliotransmitter release can also be IP3R-independent
(Srinivasan et al 2015; Agulhon et al 2010). Further, selectively blocking gliotransmitter
release from astrocytes using a transgenic mouse line expressing dominant-negative
SNARE domain (dnSNARE) showed that the release of ATP and adenosine is vital for

synaptic transmission and plasticity (Pascual et al 2005). Further, using dnSNARE to



impair gliotransmission desynchronizes dCA1-PFC theta oscillations, but supplemental D-
serine rescues this phenotype and accompanying cognitive deficits (Sardinha et al, 2017).
These methods provide alternatives to non-selective modulation of astrocytes using chemo-
or optogenetics with very specific changes to aspects of functioning (intracellular calcium
stores; gliotransmission, etc.)

More modern efforts to modulate astrocytic functioning have targeted astrocytic
calcium using application of intracellular BAPTA (iBAPTA), a calcium chelator, in
addition to the IP3R2 knockout (IP3R2-/-) mouse model discussed previously. For
example, IP3R2-/- mice in vivo and iBAPTA application ex vivo change astrocytic calcium
in a similar manner to a corticosterone model of major depressive disorder, providing
insight into the dysfunction present in brain disorder (Gonzalez-Arias et al 2023). Further,
the human plasma membrane calcium pump PMCA2 (hPMCA2w/b; “CalEx) was
modified to selectively extrude calcium from astrocytes using viral expression and was
shown to increase excessive grooming behaviors in mice (Yu, Nagai et al 2020). Further,
reduction of cortical astrocytic calcium using CalEx during development resulted in
impairments in social interaction, increases in depression-like behaviors and aberrant
synaptic structure and transmission (Luo et al 2023). Most recently, the same researchers
developed 122-residue inhibitory peptide [-adrenergic receptor kinase 1 (iBARK) to
selectively attenuate Gg-, but not Gs- or Gi-coupled, calcium signaling in astrocytes and
demonstrated meaningful changes in behavior when used in the striatum and visual cortex

(Nagai et al 2021). This tool allowed researchers to not only modulate astrocytic calcium,
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but do so in a cell-type and GPCR pathway-specific manner, allowing for greater

interpretability of results.

1.5) Astrocytes — Cellular and Molecular Modulation

These systems-level modulations of astrocytes in vivo have provided meaningful
evidence that these cells are actively involved in complex brain function. Building upon
these findings, many studies have performed more targeted molecular and cellular
manipulations in vivo to understand how these changes are occurring. For example,
conditional knockout of Racl, a cytoskeletal remodeling protein, in astrocytes before fear
learning was able to improve fear memory acquisition, as well as contextual and cued recall
(Liao et al 2017). This finding was further supported by findings that fear acquisition alone
can downregulate Racl protein levels and facilitate the formation of a conditioned fear
memory in mice (Fan et al 2021). Further, connexin-43, an astrocytic gap junction protein,
was shown to be necessary for fear memory consolidation in the BLA. Inhibition of this
protein during memory consolidation decreased auditory cued fear memory during recall
(Stehberg et al 2012). These findings, amongst many others, show that astrocytic
functioning at the cellular level is vital to the acquisition, consolidation, and retrieval of

memory-related information in the rodent brain.

1.6) Astrocytes — Imaqging

DREADDs and optogenetics only allow for perturbation without any real-time
understanding of their natural state during behavior. Like neurons, astrocytes display

complex intracellular calcium dynamics that can be spontaneous or triggered by responses
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to external stimuli, such as neurotransmitter binding of astrocytic receptors. Importantly,
some astrocytic release of gliotransmitters occurs in a calcium-independent manner,
making even these methods incomplete analysis of their unique functioning. Genetically-
encoded calcium indicators (GECIs), such as GCaMP, RCaMP, and jRGECO allow for
recording of these calcium dynamics in real-time with unique Kinetics, signal-to-noise
ratios, and fluorescence excitation spectra. These GEClIs can be specifically expressed in
astrocytes through the use of astrocyte-specific promoters, like GFAP, in the form of viral
vectors expressed in the brain region of interest or transgenic mouse lines with ubiquitous
expression. Researchers have used these tool developments to image and record from
astrocytes in mice, rats, zebrafish and more, using fiber photometry (FP), one-photon (1p)
and two-photon (2p) imaging methods. Bridging this gap, studies have begun using a
combination of modulatory techniques like opto- and chemogenetics and imaging to
understand the real-time effects of astrocytic calcium disruption. Building upon work
showing that astrocytes are essential for sleep-wake regulation in the basal forebrain and
brainstem (Pelluru et al 2016; Yamashita et al 2014), optogenetic-evoked elevations in
astrocytic calcium were not able to increase extracellular adenosine, as measured by an
ATP sensor and FP (Peng et al 2023). The use of imaging techniques like FP, 1p and 2p
imaging will be described in the subsequent sections, as well as how these tools unlock our

ability to monitor real-time astrocytic involvement in cognition and behavior.
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1.6.1) Fiber Photometry

To begin, FP is an optical recording technique that measures the population-level
fluorescence changes of GECls in a cell type of choice during freely moving behavior. FP
was originally developed to answer questions about how specific projections in the brain
are actively involved in animal behavior (Gunaydin et al, 2014; Cui et al, 2014). For
example, original use of this method showed that ventral tegmental area (VTA) to NAc-
projecting neurons can modulate social interaction in combination with optogenetics in
freely-moving mice (Gunaydin et al, 2014). This technique has a low barrier of entry, as
the implants are relatively simple to localize to the brain region of interest and are less
invasive than other imaging methods. Due to the nature of the implant, calcium recordings
from deep and superficial brain regions can be obtained with ease. These implants are lower
in weight, less stressful and thus, easier to record freely-moving behavior from an animal
during complex tasks. FP is compatible with other techniques, such as optogenetics and
chemogenetics, allowing for perturbation of circuits during recordings.

Only in recent years has FP been used to record bulk calcium dynamics from
astrocytes rather than neurons. Similar to its use in Gunaydin et al, a novel study showed
that fiber photometry recordings of astrocytic calcium dynamics in the NAc are directly
modulated by synaptic dopamine release from the VTA and this is amplified by
administration of amphetamine (Corkrum et al., 2020). Astrocytic calcium has also been
recorded within the DH and cortex, with previous work showing delayed-onset peak events
in response to locomotion onset and foot shock ranging from 5-10 seconds (Qin et al,

2020). Recent work has also utilized astrocytic population-level calcium recordings to
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understand their involvement in the sleep-wake cycle across the cortex, HPC,
hypothalamus, cerebellum, and pons (Tsunematsu et al, 2020). These experiments have
demonstrated significant decreases in astrocytic calcium during REM sleep and increases
with the onset of wakefulness across all brain regions, but dynamics in NREM sleep were
dependent on brain region. These findings altogether show that astrocytes are involved in
a diversity of behaviorally-relevant states (e.g. sleep, wake, locomotion, stimulus-
response) and this activity differs across brain regions.

FP can also be used to record multiple cell types (e.g. neurons and astrocytes)
simultaneously using non-overlapping GECIs (e.g. JRGECO and GCaMP) within the same
brain region to understand their functioning within neural circuits. For example, dual-color
recordings in dCA1 using FP have shown a strong, correlated, and antagonistic relationship
between neurons and astrocytes during the encoding and retrieval phases of a working
memory task (Lin et al, 2022). Specifically, this antagonistic relationship shows a rise in
astrocytic calcium that is coupled with a decrease in neuronal calcium, which they
speculate may involve the release of ATP/adenosine and GABA to inhibit nearby neuronal
activity with a 3-second delay. As these imaging methods have advanced in astrocytes, the
field has been able to combine FP with modulation tools described previously. For
example, recent work used FP to measure astrocytic calcium in the globus pallidus (GPe)
and its temporal dynamics across habit- and goal-directed learning. Here, they showed that
there is an inverse relationship between neurons and astrocytes in the region, with
chemogenetic Gq activation of astrocytes or Gi inhibition of neurons in GPe facilitating

the transition from habitual to goal-directed reward seeking behaviors (Kang et al, 2023).
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This combination of calcium imaging and chemogenetic tools enabled a more nuanced
understanding of how astrocytes and neurons in reward circuits are changing across
learning and working with one another to enable habit formation in healthy and

maladaptive (addiction, obsessive-compulsive disorder) brains.

1.6.2) One- and Two-Photon Imaging

FP has provided foundational insight into astrocytic calcium dynamics in freely-
moving animals. As with any technique, FP has its limitations, specifically its low cellular
and spatial resolution. This tool only allows for recording of aggregated activity within a
specific brain region, thus providing only ‘bulk’ population-level changes in fluorescent
signal. However, 1p and 2p imaging of astrocytes has enabled unprecedented analysis of
their calcium dynamics on the single-cell level, in both head-fixed and freely-moving
animals.

Microendoscopes (“miniscopes”) are light-weight, head-mounted, miniature
microscopes that enable monitoring of GECI fluctuations within individual cells during
freely-moving behavior in rodents. These miniscopes enable both deep and superficial 1p
imaging when coupled with either gradient-refractive-index (GRIN) lenses or cortical
windows. Like FP, this imaging technique allows for recording of genetically-defined cell
populations (e.g. astrocytes, CaMKII+ neurons, PV+ interneurons), with the advantage of
high spatial resolution (e.g. single cells vs. population-level). However, this technique has
low sensitivity and high noise, as 1p imaging produces lower spatial resolution compared
to multi-photon methods like 2p microscopy that may be necessary to answer specific

research questions. 2p imaging alternatively offers higher cellular resolution, allowing for
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investigation of calcium dynamics even at the subcellular level (e.g. dendrites, axonal
boutons, astrocytic processes). This method requires the assistance of an optical cannula or
GRIN lens to image deeper into the brain, like 1p, but alone can penetrate much deeper
with only a cortical window. Typically, 2p imaging requires that the animal remains head-
fixed during behavior, but recent developments have melded the benefits of miniscopes
and 2p imaging into the Mini-2p (Zong et al, 2022). This tool is open-source and will likely
lead to the rapid adoption across many labs, as it provides higher-resolution imaging during
naturalistic behaviors that are necessary for many experimental questions.

In astrocytes, most work investigating their in vivo calcium dynamics has utilized
two-photon recordings, capturing their unique morphology at higher spatial resolution, and
enabling subcellular analysis of their somas vs. processes. Fundamental questions about
the properties of astrocytic calcium signaling have been rigorously investigated using 2p
imaging. Astrocytic calcium dynamics in different subcellular compartments (processes,
somas, end feet) have been shown to display distinct spontaneous and stimulus-evoked
signaling characteristics (Stobart et al, 2018). Early work showed that cultured cerebellar
astrocytes required synchronous calcium release from three or more subcellular sites in
order to trigger a global calcium response (Croft et al, 2015). Further in vitro and in vivo
imaging of astrocytes in response to sensory stimuli or locomotion have shown that their
calcium signals originate in the distal processes and propagate towards the soma once a
spatial threshold (>23%) is surpassed (Lines et al, 2023; Fedotova et al, 2023), suggesting
how these cells may integrate local synaptic activity into a summed neuromodulatory

response. Interestingly, this previous work (Fedotova et al, 2023) also showed that neuronal
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calcium peaks at the onset of locomotion, while astrocytes lagged behind by 2.5 seconds,
further suggesting that astrocytic calcium may be slower as they’re integrating sensory
information via filtering, processing, and comparison to past experiences.

With this growing knowledge about astrocytic calcium functionality, understanding
their complex role in animal behavior using high-resolution imaging has become an
important next step. In vivo imaging of cortical astrocytes has demonstrated that their
calcium signals precede switches into a slow-oscillation state characterized by
synchronized neuronal firing (i.e. local field potential recordings) that is important for sleep
and memory (Poskanzer & Yuste, 2016). Further, 2p recordings of dCA1 astrocytes have
shown that they ramp their calcium activity towards reward in familiar, but not novel
environments (Doron et al 2022). Further, they find no evidence of ‘place astrocytes’ in
dCAL1 that tile the entire virtual environment, only that ~30% of cells contained significant
spatial information. Other dCA1 2p imaging work has demonstrated that both astrocytes
and neurons contain spatial information, working together in a complementary and
synergistic manner (Curreli et al, 2022). Interestingly, they claim that single astrocytes can
encode spatial information from more than one ‘place field’. Reconciling these findings, it
may be possible that astrocytes are representing the environment in a way that is unique
from neurons, but still contain important spatial information within the circuit. To fully
understand the role of astrocytes in spatial representations, it will be important to perform
imaging in freely-moving rather than head-fixed animals, in line with foundational work

on neuronal place cells.
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Very few experiments have utilized this freely-moving 1p imaging of astrocytes to
dissect their functioning during behavior. Work from Ingiosi et al 2020 demonstrated that
cortical astrocytic calcium displays dynamic changes at the boundary between REM sleep
and wakefulness using head-mounted miniscopes. However, these findings assessed gross
calcium activity within the cortical field-of-view (FOV) rather than single astrocytic
regions-of-interest (ROIs). In order to quantify subcellular somatic and process calcium,
they instead utilized 2p microscopy, in line with previous work (Ingiosi et al, 2020).
Further, GRIN lens imaging has been used in the striatum to monitor calcium signals from
GCaMP+ medium spiny neurons and CalEx-expressing astrocytes, but this analysis
focused on neuronal dynamics during behavior when astrocytes were depleted of calcium
(Yu et al, 2018). These experiments shed light on a major gap in the field, where the role
of astrocytes in freely-behaving mice is yet to be explored at the single-cell level.

As my research in this dissertation focuses on the role of astrocytes and neurons in
learning and memory processes, | will pivot to exploring the foundational roles of the HPC

and AMY.

1.7) Hippocampus

The hippocampus is a region within the medial temporal lobe (MTL) that is
responsible for processing context and temporal information, two domains that provide the
basis for episodic memory (Squire et al 2009; Scoville & Milner, 1957; Eichenbaum,
2004). Early work in Patient H.M. showed that lesioning regions within the MTL, such as
the HPC and portions of the AMY, resulted in retrograde amnesia or the inability to form

new episodic memories (Scoville & Milner, 1957). This idea of episodic memory was first



18

described by Endel Tulving as “receiv[ing] and stor[ing] information about temporally-
dated episodes or events, and temporal-spatial relations among these events,” representing
“a more or less faithful record of a person’s experiences” (Tulving, 1972). We now
understand episodic memory as a vivid, detailed representation of an experience as
described by a specific time and place, as well as the accompanying external sensory and
internal context. Tulving proposes a particularly poignant idea that remembering is just a
form of “mental time travel,” where we are able to replay events as if reliving them in real-

time (Tulving, 1983; Eichenbaum & Cohen, 2001).

1.7.1) Subregions

The HPC is composed of four main subregions: the dentate gyrus (DG), CAl, CA2
and CA3. The DG receives inputs conveying cortical sensory information via the perforant
pathway (PP) from the entorhinal cortex (EC). It is thought that the DG performs a function
called pattern separation, working to reduce the overlap between similar input patterns
that are communicated to downstream CA3 (McNaughton & Morris, 1987; Leutgeb et al
2007). The molecular layer of the DG is almost entirely lacking cell bodies, and contains
primarily the dendrites of granule cells, where the PP fibers enter the hippocampus from
the EC. The granule cell layer contains densely-packed granule cell bodies in the DG that
perform the complex computations of this region. Finally, the polymorphic layer of the DG
is primarily mossy cells that project and communicate information to the CA3 region of
the hippocampus.

Once CA3 receives this disentangled information from the DG, it performs pattern

completion to associate linked components of an episodic memory and trigger successful
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retrieval. A retrieval cue, such as an odor, texture, or visual stimulus, can activate a subset
of CAS3 cells and cascade into activation of an entire episodic experience, akin to smelling
a candle that reminds you of baking cookies with family in your childhood home (Marr,
1971). CA3 sends projections via the Schaffer collaterals (SC) to CA1, the main output
region of the hippocampus that compares this current experience with those you’ve
previously encountered. Specifically, CA1 compares the current reconstructed version of
an experience from CAS3 to the existing sensory information provided by EC (Levy, 1989;
Eichenbaum & Buckingham, 1990). In summary, sensory information from primary and
association cortices are funneled into the EC (Amaral & Witter, 1989; Lipton &
Eichenbaum, 2008), where similar information is separated by the DG into unique
representations. Here, this information is sent to CA3 for reactivation of the experience and
CA1 compares this representation to the existing sensory environment that EC is conveying
to the HPC.

For many years, astrocytes were viewed largely as a homogenous group of cells,
unlike neurons that display genetically, structurally and functionally-defined subtypes
across brain regions. However, recent work has shown that within hippocampal subregions,
astrocytes display heterogeneity in the complexity of their morphology that is maintained
across the dorsoventral axis (Viana et al, 2023). Further, single-cell RNA sequencing
analysis of astrocytes within the cortex and hippocampus revealed transcriptionally-
distinct subtypes that display similarly unique morphological and physiological properties

(Batiuk et al, 2020). Ongoing work in the field aims to uncover more about astrocytic
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diversity within and across brain regions, and how it relates to functional differences during
cognition and behavior.

In Chapters Three and Four, | will explore how astrocytes are engaged in memory
processing within the DH and ventral (VH) hippocampus, and will describe how these

regions are unique in the subsequent section.

1.7.2) How are the dorsal and ventral hippocampus structurally, functionally, and
genetically diverse?

The hippocampus is a single structure that has been traditionally understood as two
distinct functional divisions: DH and VH (Moser & Moser, 1998; Fanselow & Dong,
2010), with unique inputs and outputs (Swanson & Cowan, 1977; Amaral & Witter, 1989).
Structurally, DH and VH share many inputs, but differ in how they receive this information
via distinct local organization of incoming projections (Tao et al 2021). However, DH
receives stronger intrahippocampal inputs from CA2 and CAS3, while VH receives
information from CA3 and EC. Further, DH receives projections from sensory cortices via
the EC, while VH receives more direct olfactory and amygdalar nuclei inputs that DH does
not (Burwell and Amaral, 1998; Witter et al 1989; Tao et al 2021). Both subdivisions
project to the hypothalamus via the septum, but interestingly, DH and VH project to the
dorsal and ventral lateral septum, respectively, showing some level of topographical
mapping (Risold & Swanson, 1996). VH projects monosynaptically to regions like the
prefrontal cortex (PFC), AMY, NAc, and hypothalamus, and these projection-specific
neurons differ in their gene expression profiles (Pitkanan et al 2000; Gergues et al 2020;

Strange et al 2014). Further, DH projects to the mammillary bodies (MB), retrosplenial
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cortex (RSC), anterior cingulate cortex (ACC), NAc and the anterior thalamic nuclei
(Trouche et al 2019; Opalka et al 2020). Over time, the anatomical connectivity patterns of
the DH and VH have evolved drastically, uncovering new and unique ways that these brain
regions communicate with the rest of the brain.

Early functional studies in rodents demonstrated that the DH, but not VH, is
necessary for spatial memory and navigation (Moser et al 1993; 1995; Bannerman et al
1999; Pothuizen, 2004). On the other hand, lesions of the VH alter stress response and
emotional behaviors (Henke, 1990), whereas DH lesions do not. Further, VH
manipulations have been shown to impact fear, anxiety, motivation, and reward responses
(Kjelstrup, 2002; Maren & Holt, 2004; Ferbinteanu and McDonald, 2001; Bannerman et
al 2002; McHugh et al 2004). Place cells, first discovered in region CAL, even show
functional differences across the HPC long-axis (O’Keefe & Dostrovsky, 1971; O’Keefe
& Speakman, 1987; McNaughton, 2006). VH has a lower density of place fields and
increased place field size, resulting in a coarser representation of space that is paralleled
by a reduction in theta rhythm, vital for spatial learning (Jung, Wiener, & McNaughton,
2004; Royer et al 2010). In humans, these DH and VVH differences are mirrored across the
anterior-posterior axis of the brain. In the famous London taxi driver experiment, the
posterior HPC (analogous to dorsal) was significantly larger compared to control
participants as measured by functional magnetic resonance imaging (fMRI), suggesting
that this region is vital for spatial representations and navigation behaviors (Maguire et al

2000).
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Early work showed molecular evidence for a dorsal-ventral pattern of gene
expression within the HPC that supported the structural and functional dissociation
previously observed in rodents and humans (Lein et al 2007; Fanselow & Dong 2010). The
HPC could be divided along this longitudinal axis into the dorsal, intermediate, and ventral
domains based on shared gene expression profiles (Dong et al 2009). Interestingly, VH
gene expression was more correlated with extra-hippocampal regions like the AMY,, lateral
septal nucleus, bed nucleus of the stria terminalis (BNST) and hypothalamus, suggesting
shared genetic characteristics between the input/output regions of HPC subregions.
However, there were early signs that the HPC may not vary across the axis quite as neatly
as anticipated, with greater genetic and functional heterogeneity (Leonardo et al 2006). In
light of this, there has been movement away from these strict functional, structural, or
genetic subdivisions of the HPC over the past two decades. Instead, researchers have found
evidence of both gradients and discrete transitions in HPC connectivity and gene
expression in rodents, primates, and humans alike (Cembrowski et al 2016; Vogel et al

2020; Strange et al 2014).

1.8) Amygdala

The AMY is an essential limbic structure in the brain that has been evolutionarily
conserved across species for emotional processing (Jarvis, 2005; Johnston, 1923; Kappers,
1936). This region is composed of multiple subnuclei that are heavily interconnected and
receive inputs from cortical and subcortical regions (Sun et al 2020). The BLA is composed
of the lateral amygdala (LA), basal amygdala (BA) and the basomedial amygdala (BM)

and is the primary region (Maren & Quirk, 2004). Next, the medial amygdala (MeA)
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houses both glutamatergic excitatory and GABAergic inhibitory interneurons (Maren &
Quirk, 2004). The central amygdala (CeA) is composed of the central lateral amygdala
(CeL) and central medial amygdala (CeM) and contains GABAergic interneurons that
locally project from CeL to CeM. The CeA is the main output region of the AMY and
projects to autonomic (blood pressure, heart rate), behavioral (freezing, aggression,
avoidance) and endocrine centers (midbrain, pons, BNST, hypothalamus)(Ressler et al
2011; Davis, 1992; LeDoux, 1992). From the external environment, multimodal sensory
information is sent from the sensory cortices and thalamus to these deep nuclei. From here,
the AMY bidirectionally communicates with the PFC, HPC, striatum, brainstem, and other
widely distributed areas to signal behavioral outputs (Roozendaal, McEwen and Chattarji,
2009).

Specifically, the amygdala has been shown to be actively involved in fear, reward,
social and anxiety-related behavioral processing (Tye & Janak, 2015). Interestingly, the
amygdala contains genetically-defined subpopulations across the anterior-posterior axis of
the BLA (Kim et al, 2016; 2017). Rspo2+ (anterior) and Ppplrlb+ (posterior) neurons in
the BLA bidirectionally drive behaviors when optogenetically stimulated. Specifically,
Rspo2+ neurons drive defensive responses, while Ppplrlb+ neurons drive appetitive
responses (Kim et al, 2016). Both of these defined cell types project to the NAc and CeA.
Further, optogenetic stimulation of projections from BLA— CeA increased anxiety,
BLA— CeL decreased anxiety-related behaviors and BLA-> VH stimulation decreased

social interaction propensity, showing how unique projections from amygdalar nuclei can
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have complex and differing effects on emotion-related and motivated behaviors (Feliz-

Ortiz et al 2014; Tye et al 2011).

1.9) Conditioned Fear

Conditioned fear is widely used to study how the brain acquires, maintains, and
retrieves memories, a phenomenon that is observed in rodents, primates, and humans alike
(Janak & Tye, 2015). Fear conditioning couples a conditioned stimulus (CS), like a tone or
context, with an unconditioned stimulus (US), like a foot shock, that is inherently aversive.
When paired multiple times, the CS and US become associated and the CS alone becomes
sufficient to drive a conditioned response (CR), such as freezing, darting or escape behavior
(Maren, 2001). During extinction, subsequent presentations of the CS without the US will
decrease fear as it no longer predicts an aversive outcome. Extinction is understood as not
eliminating the CS-US association, but instead producing a new inhibitory CS-no-US
association and simultaneously weakening the original to prevent its reactivation. This
paradigm allows us to study how memory systems behave under normal conditions and
understand how changes in circuit functioning can lead to debilitating disorders of

maladaptive fear like Post-Traumatic Stress Disorder (PTSD).

1.10) Conditioned Fear - Amygdala

The AMY is critical for encoding, storing, and retrieving the associations between
contexts or cues and emotional stimuli (Maren & Quirk, 2004; LeDoux, 2000; Davis &
Whalen, 2001). This is evident as lesions of the AMY impair acquisition of fear when a

tone or context (CS) is paired with an aversive foot shock (US) (Philips & LeDoux, 1992).
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Conditioned fear relies on the convergence of CS-US information onto single neurons
within the LA, resulting in local N-methyl-D-aspartate receptor (NMDAR)-dependent
synaptic plasticity (Romansky et al 1993; Malenka & Nicoll, 1993; Goosens & Maren,
2004; Fanselow & Dong, 1999). Modulation of long-term potentiation (LTP) within these
inputs to the BLA can induce or prevent memory acquisition (Nabavi et al 2014). Auditory
CS inputs to the LA primarily originate from the thalamus and cortex (LeDoux et al 1990;
Romanski et al., 1993), while contextual CS inputs are first routed through the HPC and
then converge onto the LA (LeDoux, 2000). From here, this tone-context CS information
is conveyed to the CeA, a region that is well-positioned to mediate conditioned fear
responses via auditory and contextual cues (Pitkanen, Savander & LeDoux, 1997). The
CeA projects to regions such as the hypothalamus, midbrain, and lateral hypothalamus to
control the expression of fear responses (LeDoux, 1988; Kapp 1992). Interestingly,
selective lesioning of CeA— lateral hypothalamus (LH) projections disrupts blood
pressure changes, while CeA— periaqueductal gray (PAG) projections disrupts freezing
behaviors, shedding light on the nuanced projection-specificity involved in mediating
complex expression of fear (LeDoux, 1988). Importantly, the AMY can also modulate
incoming sensory information from the cortex, playing a vital regulatory role (Turner,
Mishkin & Knapp, 1980). Disruption of neurons in the BLA or CeA has detrimental effects
on the encoding and expression of conditioned fear (Maren et al., 1996; Campeau & Davis,

1995).

Plasticity in the AMY is also important for the retrieval and extinction of

conditioned fear (Quirk & Mueller, 2008; Herry et al 2010). Neurons in the AMY increase
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their firing in response to presentation of the CS (tone or context) during retrieval and this
response decreases in magnitude after extinction (Repa et al 2001; Maren, Poremba &
Gabriel, 1991; Maren 2000; Quirk, Repa & LeDoux, 1995). However, some neurons in the
AMY increase their firing in response to the CS in the extinguished context (Herry et al
2008; Goosens, Hobin, & Maren, 2003), suggesting that there are multiple populations of
cells that dynamically encode a new extinction memory (CS-no-US) and decrease the

strength of the original (CS-US).

1.11) Human amygdala and fear

A classic study in nonhuman primates demonstrated that broad amygdalar lesions
from temporal lobe resection resulted in reduced aggression, fear, and defensive behaviors,
that were typically observed in these animals when intact (Kluver & Bucy, 1937). Further,
lesioning of the AMY impaired an animal’s ability to learn positive and negative
reinforcing stimuli (Weiskrantz, 1956). In humans, positron emission tomography (PET)
and fMRI has shown increased amygdalar activity in response to fearful faces, images, and
cues (LaBar, 1998; Morris, Ohman, & Dolan, 1998). In patients with PTSD, where there
IS @ more severe stress response, there is increased amygdalar activation in response to
fearful stimuli compared to controls (Liberzon & Sripada, 2007). Human amygdalar
damage results in impaired processing of emotionally-salient stimuli, such as recognition
of facial emotion and tone of speech (Adolphs, 1995; Calder et al., 1996). Patient S.M., an
individual with genetic bilateral degeneration of the AMY, showed severe deficits in
conditioned fear response via skin conductance measures despite being able to describe the

fearful events (Bechara et al 1995).
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1.12) Conditioned Fear - Hippocampus

Contextual fear conditioning (CFC) requires both the HPC and AMY (Blanchard
& Blanchard, 1972; Maren, Aharonov, & Fanselow, 1997; Kim & Fanselow, 1992). As
mentioned previously, the HPC is responsible for routing information related to the CS
(context) to the AMY where it converges with other CS’s (tone) and the US (shock) to
generate an associative memory. This information is routed to the AMY directly via
connections between the VH and the BLA or indirectly through the medial entorhinal
cortex (MEC) (Kim & Cho, 2020). Inhibition of these HPC pathways providing contextual
information to the AMY during conditioning prevents learning (Kim & Cho, 2020; Maren
& Fanselow, 1995). Interestingly, lesioning the HPC before acquisition impairs an animal’s
ability to form and store the contextual information about the environment, requiring more
shock trials or pre-exposure to the context to overcome this deficit (Wiltgen et al 2006;
Young, Bohenek & Fanselow, 1994). This ties in nicely with the idea that the AMY is

forming the CS-US association and the HPC is providing information about the context.

Memory consolidation occurs after acquisition, with reorganization of the memory
from its initial encoding sites to a widely-distributed network of brain regions (Takehara-
Nishiuchi, 2021). Canonically, during consolidation of a contextual memory, there is a shift
from the HPC to the PFC and other regions like the paraventricular nucleus of the thalamus
(PVT), insular cortex (IC) and PAG from recent to remote memory (Denny et al 2014;
Kitamura et al 2017; Penzo et al 2015; Johansen et al., 2010). This is supported by findings

that post-training lesions of the HPC have a greater effect when performed immediately
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after conditioning compared to later time points (Kim & Fanselow, 1992; Maren, Aharonov
and Fanselow, 1997; Anagnostaras, Maren and Fanselow, 1999). This phenomenon is

observed in human HPC lesions as well (Bayley, Gold, Hopkins, & Squire, 2005).

Activity within the AMY-HPC circuit is vital for fear extinction memory formation,
as evidenced by inhibition of BLA— VH projections (Nguyen et al, 2023). This suggests
that the AMY instructs the formation of contextual and tone safety representations in the
VH to enable extinction memory generation. Even after a memory is extinguished, this
AMY-HPC communication is vital for fear renewal and involves regions like the PFC as
well. Lesions of the HPC disrupt this reinstatement of fear after extinction (Wilson, Brooks,
& Bouton, 1995). Further, VH projections to the BLA and mPFC are essential for fear
renewal after extinction, with the HPC and mPFC modulating amygdalar output on the
expression of fear in response to an extinguished CS (Corcoran & Quirk, 2007; Orsini et

al 2011).

1.13) Neuronal ensembles or ‘engrams’

1.13.1) What is an engram?

In the early 20th century, Richard Semon proposed that memories are encoded as
physical changes in the brain resulting from a specific experience (Semon, 1921; 1923).
Lesioning of various cortical regions impaired spatial memory only after a large area was
removed, providing the first evidence that memories may not be stored in discrete locations
and are instead widely-distributed throughout the brain, which came to be known as the

Mass Action Principle (Lashley & Franz, 1917; Lashley, 1950; Josselyn, 2010). Further
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work in humans showed that damage within cortical regions produced very little effect on
memory, mirroring early findings by Lashley and colleagues, and providing evidence for
Hebb’s ‘cell assembly’ theory where there is a widely distributed neural substrate of
memory (Hebb & Penfield, 1940; Hebb, 1949). Experimental evidence of synaptic
plasticity via LTP sparked the idea that synaptic strengthening within these cell assemblies
during an experience may provide the basis for long-term memory (LTM) and
recapitulation of this activity provides basis for retrieval (Josselyn, Kohler & Frankland,
2017; Bliss & Lomo, 1973; Collingridge, Kehl & McLennan, 1983). Digging deeper into
the mechanisms behind neuronal ensemble formation, DG engram cells that were tagged
during CFC had greater intrinsic cellular capacitance and dendritic spine density than non-
engram cells, providing evidence for increased structural plasticity between memory-

bearing cells (Ryan et al 2015).

1.13.2) How do we study engrams?

To understand the nature of memory engrams, research over the past two decades
has used the Tet-tag and Targeted Recombination in Activated Populations (TRAP)
systems to label and manipulate neurons activated during an experience. Both systems rely
on the expression of immediate early genes (IEGS) like cfos, arc and zif that encode for the
proteins c-Fos, activity-related cytoskeletal protein (Arc) and zinc finger-containing
transcription factor 268 (Zif268) which are all upregulated when neurons are sufficiently
activated and express on different timescales (Guzowski et al 1999; 2001; Flavell &
Greenberg, 2008; Greenberg & Ziff, 1984). Specifically, the Tet-tag system relied on the

cfos promoter to drive transcription of an actuator like ChR2 or green fluorescent protein
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(eYFP) in active neurons. This process occurs when activation of the cfos promoter drives
expression of the tetracycline transactivator (tTA) which binds to the downstream
tetracycline response element (TRE) and drives expression and labeling of the actuator in
cells. The binding of tTA-TRE is blocked by the presence of doxycycline (Dox) in the
animal’s diet, allowing for temporally-specific ‘tagging’ of active neurons when removed
(Reijmers et al, 2007; Liu et al, 2012). The TRAP system relies on a tamoxifen (TAM)-
inducible Cre recombinase (CreER™) that is expressed under control of an IEG promoter
with a loxP-flanked STOP signal. In the presence of TAM, Cre recombinase translocates
to the nucleus, cleaves the loxP sites and removes the STOP signal, allowing for expression
of the transgene in active cells within a more precise temporal scale than the Tet-tag system
allows (Guenther et al, 2013; Denny et al, 2014; DeNardo et al, 2019). Both of these
systems have enabled labeling of active engram cells during the encoding of a salient
experience (i.e. fear conditioning) and analysis of those cells that are preferentially

reactivated during retrieval in the HPC, AMY and many other brain regions.

1.13.3) Foundational insights from engram work

Foundational work using the Tet-tag system showed that there is an overlapping
population of cells in the AMY that are activated during the acquisition and retrieval of a
fear memory (Reijmers et al, 2007). This is in line with work in humans showing stark
similarities between the neural correlates of memory encoding and recall (Polyn, 2005;
Rugg, 2008). Further, selective ablation or inhibition of an amygdalar fear ensemble
interfered with recall of the memory (Han et al 2008; Zhou et al 2009). Building upon this,

researchers showed that optogenetic reactivation of fear engram cells in the hippocampal
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DG was sufficient to drive freezing response and memory recall (Liu & Ramirez, 2012).
This suggested that the activation of these memory-bearing cells was able to act as a
retrieval cue. Interestingly, labeling DG cells active in a neutral environment (Cxt A) and
subsequently optogenetically reactivating them during CFC (Cxt B) increased freezing
when the mice were placed back into the original Cxt A, showing that these cells can serve
as a CS for the formation of an artificial CS-US association (Ramirez et al 2013; Ohkawa
et al, 2015). The cells become active in this new fearful environment and take on that
information to become part of the original ensemble, essentially transferring this fear to a
never-shocked-before environment. In human epilepsy patients, focal stimulation of the
brain can also artificially induce memory recall (Penfield & Perot, 1963). Importantly, the
necessity of engram cells was shown with optogenetic inhibition of fear-bearing cells in
hippocampal DG, CA1 and CA3 impairing contextual fear memory during retrieval using
both the Tet-Tag and TRAP systems (Tanaka et al, 2014; Denny et al, 2014). Foundational
work has even used engram labeling techniques to elucidate the progression from encoding
to consolidation to recent and remote memory recall across the brain. When a contextual
fear memory was labeled in both the HPC and PFC during encoding, recent recall only
reactivated the HPC portion of the ensemble, while remote recall resulted in the opposite
(Kitamura et al, 2017). More recent work has built upon this finding to show that encoding
involves strengthening of connections within HPC ensembles, but through consolidation,
excitatory connections between PFC engram cells become progressively strengthened,

allowing for decreased reliance on the HPC representation for recall (Lee et al 2023).
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1.13.4) The allocation hypothesis

Seminal work has shown that neurons expressing high levels of cAMP-response
element binding protein (CREB), a transcription factor, are more likely to ‘outcompete’
their neighboring cells to become allocated to the engram (Han et al, 2007; Josselyn, 2010).
Further, these high-CREB neurons were demonstrated to be more excitable than their
neighbors (Zhou et al 2009; Yiu et al, 2014). Using this principle, neurons could be
artificially allocated to the engram by increasing their activity before conditioning via
optogenetics or chemogenetics in the LA (Han et al, 2007; Hsiang et al, 2014; Yiu et al,
2014; Park et al, 2016). The necessity of these allocated cells to memory retrieval was
shown with ablation of CREB-overexpressing neurons with diphtheria toxin (DT) in the
amygdala after conditioning decreasing expression of fear (Han et al 2009). With this
knowledge that manipulating neuronal excitability can allocate cells to a memory-bearing
ensemble, recent work has shown that dCA1 cells are also endogenously more active
before an experience (Mocle et al, 2024). Interestingly, they also found that these allocated
(‘engram’) cells ramp in activity at the onset of freezing bouts compared to non-engram
cells, in line with our findings from astrocytes and neurons in the BLA and ventral CA1

(vCA1L) (Mocle et al 2024; Suthard & Senne, 2023; 2024).

1.13.5) Extinction engrams

One of the major outstanding questions in the engram field was what happens to
these neuronal ensembles after the fear is extinguished? Does the original memory
inherently change or get erased? Does a new extinction memory form that competes or

inhibits the original? Early work demonstrated that pharmacological or optogenetic
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reactivation of engram cells tagged during learning was able to ‘bring back’ the memory
after being extinguished, suggesting that some portion of the original memory trace
remains even after extinction (Yoshii, Hosokawa & Matsuo, 2017; Lacagnina et al, 2019).
Further, repeated optogenetic stimulation of an original fear ensemble was able to
accelerate extinction in the training environment, showing that these original cells do
undergo changes during the extinction process, becoming more weakly coupled to the
aversive stimulus (Khalaf et al, 2018). Interestingly, even repeated optogenetic stimulation
of a fear ensemble in the absence of exposure to the training context could induce extinction
of the memory (Chen et al, 2019). More recently, calcium imaging in the BLA and DG
revealed that fear ensembles decrease their activity in real-time during extinction and are
re-engaged during relapse or spontaneous recovery, supporting this idea that the original
ensemble is changing throughout extinction but maintains some representation of the fear
memory (Zaki & Mau et al, 2022). This further supports earlier work showing that
silencing of the fear ensemble was sufficient to impair extinction and maintain maladaptive
levels of fear (Khalaf et al, 2018). In parallel, optogenetic inhibition of a newly-formed
‘extinction ensemble’ in the DG increased fear after extinction and produced spontaneous
recovery, showing that a competing extinction engram is generated that co-exists with the
original conditioning engram (Lacagnina et al, 2019).

Building upon previous work from the BLA described above, Ppplrlb+ neurons
are uniquely activated by contextual fear extinction and inhibited by aversive stimuli
during conditioning and recall, while Rspo2+ neurons are the opposite (Kim et al, 2016;

Zhang, Kim & Tonegawa, 2020). As these Rspo2+ cells in the anterior BLA drive
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defensive behaviors, while Ppplrlb+ cells in the posterior BLA drive appetitive responses,
this finding sheds light on ‘positive’ valenced ensembles dampening the ‘negative’ aspects
of a fear memory during extinction. Specifically, they show that these Ppplrlb+ cells are
necessary and sufficient to drive fear extinction, suggesting that shifting from fear to safety
learning requires a ‘positive’ valenced extinction ensemble to inhibit the original ‘negative’

Rspo2+ fear conditioning ensemble within the BLA.

1.13.6) Engrams outside of freezing

While engram tagging strategies have been mainly utilized to uncover the basis of
fear learning and memory, many researchers have used the tagging and manipulation of
neuronal ensembles to study their roles in internal and external states, such as reward,
anxiety-related behaviors, body regulation (feeding, temperature, etc.), social interaction,
and more. Early work showed that optogenetic stimulation of DG engram cells that were
labeled during a rewarding experience was sufficient to suppress depression-like
behaviors, showing the modulatory power of valenced cellular ensembles in the brain on
behavioral state (Ramirez et al, 2015). Interestingly, optogenetic stimulation of fear or
reward engrams in the BLA and HPC was sufficient to drive approach or avoidance,
respectively, showing that these ensembles can drive behavioral changes outside of
freezing (Redondo et al, 2014). With greater specificity, inhibition of vCA1 projections to
the NAc, olfactory bulb (OB) and BLA show selective recruitment of vCA1-NAc during
social discrimination behavior and recognition of familiar conspecifics (Okuyama et al,
2016). Researchers have further utilized engram strategies to understand the underlying

circuits of reward learning and how these undergo maladaptive changes in addiction. For
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example, cocaine CPP relies on recruitment of ensembles within the AMY and HPC, where
inhibition of neurons labeled during CPP training disrupted memory recall (Hsiang et al,
2014; Trouche et al, 2016; Zhou et al, 2019). Strategic use of engram tagging has enabled
projection-specific understanding of addiction circuits, such as preferential strengthening
of vCA1-NAc communication being necessary for cocaine CPP memory retrieval (Zhou

et al 2019).

1.14) Organization of dissertation

The remainder of the dissertation has been organized into three chapters. In Chapter
Two, | sought to record real-time astrocytic calcium dynamics in the AMY to understand
how these cells are actively involved in the acquisition, retrieval, and extinction of
contextual fear. To accomplish this goal, we performed FP recordings of astrocytes within
the BLA as mice underwent CFC, recall and extinction. Here, we show that BLA astrocytes
are robustly responsive to negative stimuli, such as foot shock, and display changed
calcium activity patterns through fear learning and memory. Additionally, astrocytic
calcium responses become time locked to the initiation and termination of freezing bouts
during fear learning and recall, and become uncoupled from behavior during extinction.
We find that astrocytes display calcium dynamics unique to a fear-conditioned context, and
chemogenetic inhibition of BLA fear ensembles does not have an impact on freezing
behavior or calcium dynamics. These findings show that astrocytes play a key real-time
role in fear learning and memory and will allow future investigation into the mechanism

behind this coupling of calcium to behavioral responses.
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Chapter Three sought to expand the engram field by exploring the real-time role of
astrocytes and neurons in the hippocampus across both natural recall and artificial
reactivation of a fear memory. Combining these activity-dependent labeling strategies with
in vivo FP, we studied the interplay between neurons and astrocytes across fear acquisition,
natural recall and optogenetic activation of a fear memory or ‘engram’. Most excitingly,
we find that optogenetic activation of a fear memory is sufficient to induce cellular calcium
signatures in neurons and astrocytes that are akin to those seen during natural recall, and
these are coupled to meaningful retrieval behavior, such as freezing. These findings will
help to advance our understanding of how neurons and astrocytes cooperatively drive
behavior during fear recall and provide evidence that optogenetic activation of memories
may meaningfully recapitulate hippocampal dynamics during natural fear.

Chapter Four pivoted to higher spatial resolution imaging of astrocytes in the dorsal
hippocampus during fear acquisition and retrieval using one-photon calcium imaging.
Here, we showed that astrocytes at the single-cell level are shock-responsive, recapitulating
our previous findings in other limbic regions of the brain. However, we showed that
astrocyte sequences are triggered by foot shock onset during fear acquisition in a similar
manner to activity displayed by hippocampal time cells. Further, these sequences
reappeared during contextual retrieval only in mice that were re-exposed to the aversive
context, but not a novel environment. Finally, these reactivated sequences appear to be
driven by reactivated astrocytes that were present across days. Together, these findings
provide a novel role for astrocytes in temporal coding within contextual fear conditioning

and these sequences may provide functional information that allows for context-specific
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retrieval of fear. For all of the experimental chapters described above, | formulated the
research plan, designed, and performed experiments, interpreted, and analyzed
experimental data, and wrote the published manuscript with my co-authors, where
applicable. An in-depth summary of the findings, limitations and future directions are

located at the end of each Chapter within the Discussion subheadings.
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CHAPTER TWO: BASOLATERAL AMYGDALA ASTROCYTES ARE
ENGAGED IN THE ACQUISITION AND EXPRESSION OF A CONTEXTUAL

FEAR MEMORY

Data and portions of the text in this chapter were originally published as:

Suthard, R. L., Senne, R. A., Buzharsky, M. D., Pyo, A. Y., Dorst, K. E., Diep, A. H., Cole,
R. H., & Ramirez, S. (2023). Basolateral Amygdala Astrocytes Are Engaged by the
Acquisition and Expression of a Contextual Fear Memory. The Journal of Neuroscience.

43(27), 4997-5013. https://doi.org/10.1523/JNEUROSCI.1775-22.2023.

Abstract

Astrocytes are key cellular regulators within the brain. The basolateral amygdala
(BLA) is implicated in fear memory processing, yet most research has entirely focused on
neuronal mechanisms, despite a significant body of work implicating astrocytes in learning
and memory. In the present study, we used in vivo fiber photometry in C57BI1/6J male mice
to record from amygdalar astrocytes across fear learning, recall, and three separate periods
of extinction. We found that BLA astrocytes robustly responded to foot shock during
acquisition, that their activity remained remarkably elevated across days in comparison to
unshocked control animals, and that their increased activity persisted throughout
extinction. Further, we found that astrocytes responded to the initiation and termination of
freezing bouts during CFC and recall, and this behavior-locked pattern of activity did not
persist throughout the extinction sessions. Importantly, astrocytes do not display these

changes while exploring a novel context, suggesting that these observations are specific to
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the original fear-associated environment. Chemogenetic inhibition of fear ensembles in the
BLA did not affect freezing behavior or astrocytic calcium dynamics. Overall, our work
presents a real-time role for amygdalar astrocytes in fear processing and provides new

insight into the emerging role of these cells in cognition and behavior.

2.1) Introduction

Memory acquisition, recall, and extinction are critical phases for information
processing in the brain; disruption of any of these processes can lead to pathological states
of cognition and behavior. Fear memories are one of the most well studied forms of
memory, and have been shown to recruit numerous brain areas including the hippocampus
(HPC) and basolateral amygdala (BLA). Specifically, during Pavlovian fear conditioning,
the CAl and CAS3 subregions of the HPC relay information broadly to the amygdala via
the ventroangular pathway or through the entorhinal cortex (EC), which also projects to
the prefrontal cortex (PFC). The amygdala then is thought to send output to the central
medial amygdala (CeM) which in turn sends output to the lateral hypothalamus or
periaqueductal gray (PAG) to alter the sympathetic nervous system and gate freezing
behavior, respectively. This complex fear circuitry is necessary for proper memory
processing and these regions each differentially contribute to the behavioral expression of
fear.

Recent work has demonstrated the active involvement of astrocytes in cognition
and behavior by regulating synaptic plasticity, supporting metabolic homeostasis,

modulating neurotransmitter action, and releasing their own gliotransmitters to exert wide-
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ranging effects on the brain (Araque et. al., 2014; Bezzi et. al., 2001; Araque et. al., 2001;
Arague et. al., 1999; Haydon et. al., 2001; Perea & Araque, 2005; Perea et. al., 2009;
Parpura et. al., 1994; Porter et. al., 1997; Volterra & Meldolesi, 2005; Koizumi, Fujishita
& Inoue, 2005; Covelo et. al., 2018; Di Castro et. al., 2011; Fellin et. al., 2004; Durkee et.
al., 2019). Broadly, chemogenetic and optogenetic perturbations of astrocytic functioning
have been shown to impair or enhance both recent and remote memory in the HPC,
amygdala, and PFC (Kol et. al. 2020; Adamsky et. al., 2018; Li et. al. 2020; Martin-
Fernandez et. al., 2017; Liao et. al., 2017; Fan et. al., 2021). The effects of these
manipulations depend heavily on the brain region of interest, the signaling pathways
perturbed and the time point of manipulation during behavior. Mounting evidence suggests
that astrocytes may modulate local and projection-specific network activity in memory
processes (Kol et. al., 2020; Martin-Fernandez et. al., 2017). For example, a recent study
demonstrated that hippocampal dorsal CAl (dCA1) astrocytic Gq activation during
contextual fear conditioning is sufficient to promote long-term potentiation and enhance
subsequent recall in mice, whereas neuronal activation does not (Adamsky et. al., 2018).
Further research in the BLA has shown that fear conditioning itself downregulates
astrocytic Racl to facilitate the formation of a conditioned fear memory (Liao et. al., 2017,
Fan et. al., 2021). Additionally, BLA astrocytic Gq pathway activation during fear
conditioning increased auditory memory, but not contextual memory retrieval, dissociating
the role of these cells in multiple types of aversive learning (Lei et. al., 2022). Finally, Gq
activation of astrocytes in the BLA after cued fear extinction training decreases freezing

levels during extinction recall 24 hours later (Shelkar et. al., 2021). This evidence supports
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bidirectional astrocyte-neuron communication in multiple subdivisions of the amygdala
and suggests their active control over the functional connectivity of the amygdala with
other canonical fear-learning ‘hubs’.

Despite the recent interest in astrocytic contributions to memory, these studies
predominantly use perturbation approaches (e.g. cell-type-specific activation or inhibition
of cellular activity), whereas neuronal investigations may now multiplex these causal
approaches with optical imaging to gain real-time insight on cellular activity during
behavior. Still, there are relatively few studies utilizing these approaches, even with newer
genetically-encoded calcium indicators (GECIs) and transgenic mouse lines that are
capable of preferentially targeting astrocytes for dynamic calcium recordings across
behavior (Corkrum et. al., 2020; Lin et. al., 2021; Qin et. al., 2020; Lines et. al., 2020;
Tsunematsu et. al., 2021). Understanding the activity of astrocytes in real-time is essential
for understanding cognition, especially given that the brain predominantly consists of glia.

The BLA is a key hub for valence-specific memories. Prior work has shown that
the BLA is necessary for the encoding and retrieval of the emotional component of fearful
experiences, and lesioning experiments have shown that its disruption strongly inhibits
proper emotional responses (Zhang & Li, 2018; Maren, Ahranov, & Fanselow 1996; Maren
1999). Furthermore, the BLA has also been shown to be necessary for the acquisition and
extinction of contextual fear memory in mice, suggesting it plays a key role in every stage
of fear learning. Despite the relatively large body of literature implicating the BLA in fear
conditioning, almost all of this work has focused on neuronal responses, and there is

currently a limited understanding on how astrocytic calcium responses in the BLA manifest
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across fear acquisition, recall, and contextual extinction. Furthermore, previous work
suggests that perturbation of BLA neurons during fear recall is capable of diminishing
freezing behaviors (Han et al. 2009, Gore et al. 2015; Liu et. al., 2022; Redondo et. al.,
2014), although coupled activity at the astrocyte-neuron interface remains relatively
understudied activity.

To address this, we use freely-moving fiber photometry (Gunaydin et. al., 2014;
Cui et. al., 2014) to record population-level astrocytic calcium dynamics across the classic
contextual fear conditioning (CFC) paradigm. First, we find that astrocytes in the BLA are
shock-responsive, which suggests that astrocytes in this amygdalar sub-region process
salient and/or aversive-related stimuli. Next, we find that astrocytes in the shock condition
displayed unique calcium events across fear learning compared to the unshocked control
group. Then we observed calcium peri-events at the initiation and termination of freezing
bouts during recall, but this did not persist into extinction sessions. We then utilized
activity-dependent and chemogenetic-mediated inhibition of BLA cells to determine if this
affected animal behavior and/or astrocytic signaling, and found no change in freezing or
real-time dynamics. Finally, astrocytic changes were associated with the fear conditioned
environment, as in a novel context we observed no differences in exploratory behaviors,
nor any changes in calcium event characteristics across the shock and no-shock groups.

Together, our experiments provide a more comprehensive understanding of the
contributions of glial cells to learning and memory processes. Perturbation of these cells

during extinction memory formation and maintenance may pave the way for more
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successful therapeutic interventions in humans with disorders of maladaptive fear learning,

such as Post-Traumatic Stress Disorder (PTSD).

2.2) Materials and Methods
2.2.1) Subjects

Wild type, male C57BL/6J mice (P29-35) weight 17-19g; Charles River
Laboratories) were housed in groups of 4-5 mice per cage at the time of surgery. The animal
facilities (vivarium and behavioral testing rooms) were maintained on a 12:12 hour light
cycle (0700-1900). Mice received food and water ad libitum before and after surgery.
Following surgery, mice were group-housed with littermates and allowed to recover for 3
weeks before experimentation. All subjects were treated in accord with protocol
201800579 approved by the Institutional Animal Care and Use Committee (IACUC) at
Boston University. All n-values for each experimental group (shock, no-shock) can be

found within the legends of each figure.

2.2.2) Stereotaxic Surgery

For all surgeries, mice were anesthetized with 3.0% isoflurane inhalation during
induction and maintained at 1-2% isoflurane inhalation through stereotaxic nose cone
delivery (oxygen 1L/min). Ophthalmic ointment was applied to the eyes to provide
adequate lubrication and prevent corneal desiccation. The hair on the scalp above the
surgical site was removed using Veet hair removal cream and subsequently cleaned with
alternating applications of betadine solution and 70% ethanol. 2.0% lidocaine

hydrochloride (HCI) was injected subcutaneously as local analgesia prior to midsagittal
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incision of the scalp skin to expose the skull. 0.1mg/kg (5mg/mL) subcutaneous (SQ) dose
of meloxicam and 0.1-0.2 mL of sterile saline were administered at the beginning of
surgery. For fiber photometry implant surgeries, animals received a unilateral craniotomy
with a 0.5-0.6 mm drill-bit for basolateral amygdala (BLA) injections. A 10uL airtight
Hamilton syringe with an attached 33-gauge beveled needle was slowly lowered to the
coordinates of BLA: -1.40 anteroposterior (AP), -3.20 mediolateral (ML) and -4.80
dorsoventral (DV). All coordinates are given relative to bregma (mm). A volume of 500nL
of AAV-GfaABC1D-cyto-GCaMP6f-SV40 (Penn Vector Core) was injected at 50nL/min
using a micro-infusion pump for the BLA coordinate (UMP3; World Precision
Instruments). After the injection was complete, the needle remained at the target site for 5-
7 minutes post-injection before removal. Following viral injection, a unilateral optic fiber
(200um core diameter; 1.25mm ferrule diameter) was implanted at the site of injection.
The implant was secured to the skull with a layer of adhesive cement (C&M Metabond)
followed by multiple layers of dental cement (Stoelting). Following surgery, mice were
injected with a 0.1mg/kg intraperitoneal (IP) dose of buprenorphine for pain management.
They were placed in a recovery cage with a heating pad on medium heat until fully
recovered from anesthesia. To allow for recovery and viral expression, we waited 3 weeks
before beginning our behavioral paradigm. Histological assessment verified viral targeting
and data from off-target injections were not included in further analyses.

For activity-dependent (‘engram’) virus surgeries, mice were placed on
doxycycline (Dox) diet for 72 hours prior to surgery. The same injection, viral volume and

fiber photometry implantation methods were used as described above, with the addition of
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200-250nL AAV9-c-fos-tTA-TRE-hM4Di-mCherry or AAV9-c-fos-tTA-TRE-mCherry

virus in bilateral BLA to allow for inhibition of the neuronal fear engram during recall.

2.2.3) Fiber Photometry

A 470-nm LED (Neurophotometrics; FP3002) delivered an excitation wavelength
of light to astrocytes expressing GCaMP6f via a single fiber optic implant. The emitted
530-nm signal from the indicator was collected via this same fiber, spectrally-separated
using a dichroic mirror, passed through a series of filters, and was focused on a scientific
camera. Calcium-independent isosbestic signals were simultaneously captured by
alternating excitation with 415-nm LED to dissociate motion, tissue autofluorescence, and
photobleaching from true changes in fluorescence. All wavelengths were interleaved and
collected simultaneously using Bonsai (Lopes et. al., 2015). The sampling rate for the
signals was 28Hz (28 frames per second). Time series were analyzed using an in-house
pipeline and fluorescence signals were normalized to the median for comparison of event
amplitude (peak height; % dF/F), frequency (Hz), total fluorescence (area under the curve;
AUC) and duration (full-width half maximum; FWHM). Statistical analyses were

performed using Python and data reported as Mean £ SEM.

2.2.4) Behavioral Testing

Fear Conditioning, Recall, Extinction Experiments:

On Day 1, mice were placed into the shock context (Cxt A) where they underwent

a 360s contextual fear conditioning session. Foot shocks (1.5mA, 2s duration) were
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administered at the 120, 180, 240 and 300 second time points at 1.5mA intensity. On Day
2, mice were placed back in Cxt A for 360s of recall where they received shock on the
previous day. There were no shocks administered during this session. On Days 3- 5, mice
were placed back in Cxt A for 900s without shock administration to extinguish the fear
memory across days. On Day 6, mice underwent a 360s session of exploration in a novel
open field context (Cxt B) to assess the context-dependent nature of astrocytic calcium
changes, if present. At the completion of testing, mice in the no-shock group were
administered a single 1.5mA foot shock to confirm the presence of calcium signal.

Days 1-5 took place in mouse conditioning chambers (185 x 185 X
21.5cm)(Coulbourn Instruments) with metal-panel side walls, plexiglass front and rear
walls and a stainless-steel grid floor composed of 16 grid bars that were connected to a
precision animal shocker that delivered the four foot shocks. A video camera was mounted
on a tripod in a front-facing orientation to the conditioning chamber for fear conditioning,
recall and extinction. Day 6 took place in an open field arena (61cm x 61cm) with black
plastic walls and a taped area (45cm x 45cm) in the middle delineating a “center” region.
For this session, a top-down camera was used to record behavioral video during the session.
The chambers were cleaned with 70% ethanol solution prior to each animal placement. All

behavioral testing was performed during the animal’s light-cycle.

Neuronal engram behavioral experiments:

Mice were separated into two groups: hM4Di (experimental) and mCherry

(control). On Day 1, mice were taken off of their Dox diet for 48 hours to open the ‘tagging
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window’. On Day 3, mice were placed in the same contextual fear conditioning (CFC)
chamber described above, where they received four, 1.5mA foot shocks for 360 seconds.
All mice were placed immediately back on Dox after this session. On Day 4, mice were
placed back in the same conditioned context for a 360 second session of recall. Both groups
of mice received a single I.P. injection (3 mg/kg) of clozapine-N-oxide (CNO) 30 minutes
prior to the session to inhibit the ‘tagged’ fearful experience. 90 minutes after the start of
recall, mice were transcardially perfused to capture peak cFos protein levels in the BLA
due to inhibition of the tagged neuronal ensemble. Mice had calcium dynamics recorded
across all three sessions using fiber photometry. For these sessions, a front-facing video
camera was used to obtain behavioral videos during fear conditioning and recall, and a top-

down facing video camera was used to obtain home cage video.

Chemogenetic Parameters:

For chemogenetic silencing of bilateral BLA fear engram neurons, we used the
inhibitory Designer Receptor Exclusively Activated by Designer Drugs (DREADD:S),
hM4Di. hM4Di drives inhibition of infected neurons when bound to the ligand, CNO
(Sigma-Aldrich). A 0.6 mg/mL solution of CNO was prepared in sterile saline and 0.5%
dimethyl sulfoxide (DMSQO). All mice were I.P. injected with sterile saline for five days
prior to experimentation for habituation. On the day of contextual recall, mice were injected
with a 3 mg/kg dose of CNO solution 30 minutes prior to the start of the session to capture

peak drug concentration.
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2.2.5) Immunohistochemistry

On Day 6, mice were overdosed with 3% isoflurane and perfused transcardially
with cold (4°C) phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA,;
pH = 7.4) in PBS. Brains were extracted and kept in PFA at 4°C for 24-48 hours and
transferred to a 30% sucrose in PBS solution. Brains were sectioned into 50um thick
coronal sections with a vibratome and collected in cold PBS or 0.01% sodium azide in PBS
for long-term storage. Sections were washed three times for 10-15 minutes with PBS to
remove 0.01% sodium azide used for storage. Vibratome sections were incubated for 2
hours in PBS combined with 0.2% Triton (PBST) and 5% bovine serum albumin (BSA)
on a shaker at room temperature. Sections were incubated in the primary antibodies (1:1000
mouse monoclonal anti-GFAP [NeuroMab]; 1:1000 rabbit polyclonal anti-Ibal [Wako];
1:500 guinea pig anti-NeuN [SySy]) diluted in PBST/1% BSA at 4°C for 24 or 48 hours.
The slices were washed three times for 10-15 minutes each in 1xPBS. The secondary
antibodies were diluted in secondary antibody solution (PBST/1% BSA) and incubated for
2 hours at room temperature. The following secondary antibodies were used: 1:1000 Alexa
555 anti-mouse [Invitrogen], 1:1000 Alexa 555 anti-rabbit [Invitrogen], 1:200 Alexa 555
anti-guinea pig [Invitrogen]. The sections were then washed three times with 1xPBS or
PBST for 10-15 minutes each and mounted using Vectashield Mounting Medium with
DAPI (Vector Laboratories). Once dry, slides were sealed with clear nail polish on each
edge and stored in a slide box in the fridge (4°C). Mounted slices were imaged using a

confocal microscope (Zeiss LSM800, Germany).
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For activity-dependent (‘engram’) experiments, immunohistochemistry was
performed as described above with the use of the following primary (1:1000 chicken anti-
GFP [Invitrogen], 1:1000 guinea pig anti-RFP [SySy]) and secondary (1:200 Alexa 488
goat anti-chicken [Invitrogen], 1:200 Alexa 555 goat anti-guinea pig [Invitrogen])
antibodies to confirm co-expression of hM4Di-mCherry (RFP) and GfaABC1D-GCaMP6f
(GFP) in the BLA. cFos protein counts across hM4Di and mCherry groups were performed
using the additional primary antibody (1:1000 rabbit polyclonal anti-cFos [SySy]) and
secondary antibody (1:200 Alexa goat anti-rabbit 647 [Invitrogen]).

Brains from all mice used in fiber photometry experiments were analyzed to check
adequate fiber location and proper and selective viral expression. Animals that did not meet

the criteria for proper fiber location and virus expression were discarded.

2.2.6) Imaging and Cell Counting

Imaging was performed using a Zeiss LSM 800 epifluorescence microscope with
10x and 20x objectives using the Len2.3 software. Full slice images of BLA GfaABC1D-
GCaMP6f (green) and DAPI (Figure 1C) were captured with a 10x objective (6554 x 9319
pixels) along with a zoomed-in (1024 x 1024 pixels) single-tile z-stack at 20x
magnification (Figure 1B).

The cellular specificity and penetrance of the GCaMP6f viral vectors (Figure 1D-
F) was tested by immunohistochemical analysis of the BLA. These images of NeuN, Iba-
1 and GFAP were captured in z-stacks of the BLA at 20x magnification. 20x magnification,

single-tile (1024 x 1024 pixels) representative images are shown (Figure 1B). Cell counts
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for NeuN, Iba-1, GFAP and overlaps were performed using llastik, a machine-learning-
based image analysis tool (Berg et. al., 2019). Of the 2256 cells expressing GCaMP6f (n =
3 mice; 3 slices), 2242 were astrocytes (identified by GFAP), resulting in a specificity of
99.4%. Of the 662 cells expressing GCaMP6f (n=3 mice; 3 slices), 4 were microglia
(identified by lba-1), resulting in a specificity of 0.6%. Of the 1064 cells expressing
GCaMP6f (n = 3 mice; 3 slices), 0 were neurons (identified by NeuN), resulting in a
specificity of 0%. Finally, of 2381 GFAP+ astrocytes, 2251 were GCaMP6f+ (n=3 mice;
3 slices), resulting in a penetrance of 98.49%.

For engram experiments, bilateral BLA was imaged at 20x magnification to
confirm expression of neuronal hM4Di and mCherry and single-tile (1024 x 1024 pixels)
images were shown (Figure 7B; Left). For cFos counts, bilateral BLA was imaged at 20x
magnification for n = 3 mice/group x 6 ROIs each. In FIJI (Imagel), the images were
maximum z-projected, each ROI of the BLA was manually isolated and cropped using the
polygon tool, and the DAPI and cFos channels were separated for automated counting in
Ilastik. cFos+ cells were normalized to the DAPI+ cells for each ROl and averaged across

each mouse to generate an average %cFos/DAPI+ (Figure 7B; Right).

2.2.7) Behavioral Analysis

An automated video tracking system, Any-Maze, was used for supervised analysis
of freezing bout initiation and termination in the shock context (Cxt A), as well as the total
distance traveled, mean speed, number of entries into the center and total time spent in the

center of the open field (Cxt B). Additionally, the pose estimation algorithm, DeepLabCut,
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was used to perform unbiased animal behavioral evaluation of kinematics (position,
acceleration, velocity) for use in generalized linear modeling (GLM) (Mathis et. al., 2018).
This behavioral data was time locked to our fiber photometry time series data for all

analyses.

2.2.8) Statistical and Fiber Photometry Analysis
All statistical analysis and subsequent photometry analysis was performed via

custom python scripts freely available at https://github.com/rsenne/RamiPho. Our

environment was built off of scipy (ver. 1.7.3), statsmodels (ver. 0.13.2), numpy (ver.
1.22.3), pandas (ver. 1.4.2), matplotlib (ver. 3.5.1), numba (ver. 0.55.2), and seaborn (ver.
0.11.2).

All photometry signals were baseline corrected using an adaptive iteratively
reweighted penalized least squares method (Zhang, Chen, & Liang, 2010). We then
performed a simple kernel smoothing to increase the signal to noise ratio. For “event
detection” we used a method published in prior literature (Howe et al. 2019). DF/F was
calculated by subtracting the median of the trace from the current fluorescence value and
then dividing by the median, giving a percent difference from the median or “baseline”.
We then found any peaks greater than 1 standard deviation away from the mean, in both
the positive and negative direction. We then determined the minimum width such that the
ratio of positive to total transients (negative and positive) was greater than or equal to 0.99.

Any transients below this width were subsequently discarded.


https://github.com/rsenne/RamiPho
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For peri-event analysis, we used a tCl method as proposed previously (Jean-
Richard-dit-Bressel, Clifford & McNalley, 2020). For each window of interest, we
calculated a 95%, 99% and 99.9% confidence interval. If the CI did not contain the null
assumption (dF/F = median of the event window), for a period greater than 0.5 s we
concluded that a significant peri-event occurred. This type of method does not allow an
exact p-value and thus is omitted from the text.

For generalized linear modeling (GLM), we fit a model using a Gaussian family
and identity link function. We hypothesized that the calcium activity (dF\F) could be
explained by a combination of the isosbestic signal, velocity, and acceleration (up to the
third degree), the binary freezing values, the animal identification number, and an
interaction effect between the animal and a series of basis spline functions for: the 10
seconds following shock presentation, and 5 seconds following initiation of freezing
behavior, and 5 seconds following the termination of freezing. We chose to fit a singular
model as opposed to individuals models for each model because we wanted to maximize
the number of samples to get better fits for coefficients that should be shared across animals
(e.g. the contribution of velocity to the trace) while still including the animal specific terms
to account for individual variability within the SNR of each trace (e.g. the interaction effect
between the animals and splines will give unique coefficients for each animal helping to

model discrete events better). Thus, our model can be summarized as follows:
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Where 1 is the isosbestic channel, F is the freezing (binary: 1 is freezing, else 0),
An is a dummy variable encoding animal ID, A is acceleration, V is velocity, P is our
polynomial spline functions, k degree of the polynomial function applied to the kinematic
variables, An_tot is the total number of animals, Sp is the total number of splines, and

\beta_fin is the final index for the specific summation. Or more simply stated:

dF/F ~ lIsosbestic + Freezing + Animal + Acceleration Functions + Velocity Functions +
Animal Specific Splines + Error.

The above model is now considered the “full model” such that this is the highest
order model possible for our analysis. To do model selection, simpler models were tested,
and when nested, a maximum likelihood ratio test was performed (MLRT) to determine
the final model. If comparing two models that were not nested, the Akaike Information

Criterion (AIC) was used.

2.3) Results

Astrocytes in the basolateral amygdala are actively involved in fear memory (Liao
et. al., 2017; Fan et. al., 2021; Lei et. al., 2022; Shelkar et. al., 2021; Stehberg et. al., 2012),
but their real-time dynamics during the acquisition and maintenance of conditioned fear in
mice is relatively unknown. We monitored astrocyte calcium levels in the BLA using fiber-
photometry in freely behaving mice across the acquisition, retrieval, and extinction of
conditioned fear. Wild type mice were injected unilaterally with AAV-GfaABC1D-cyto-
GCaMP6f to express the genetically-encoded calcium indicator GCaMP6f selectively in

astrocytes (Figure 1A-C). To quantify the penetrance and specificity of our viral system,
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we co-labeled GCaMP6f+ cells with GFAP, Iba-1 and NeuN, markers for astrocytes,
microglia, and neurons, respectively (Figure 1D-F). Of 2381 GFAP+ cells, 2251 were
GCaMP6f+ (n=3; 4 slices/mouse), resulting in a penetrance of 98.49% (Figure 1D, F). Of
662 GCaMP6f+ cells, 4 were Ibal+, resulting in a specificity of 0.604% for microglia
(Figure 1E-F). Of 1064 GCaMP+ cells, 0 were NeuN+, resulting in a specificity of 0.0%
for neurons (Figure 1E-F). Finally, of 2256 GCaMP+ cells, 2242 were GFAP+, resulting
in a specificity of 99.4% for astrocytes (Figure 1E-F).

To test the hypothesis that astrocytes play an active role in the acquisition and
maintenance of contextual fear, we used in vivo fiber photometry to record their activity
across all experimental days of our behavioral task (Figure 1G-H). Recent literature using
calcium imaging in ventral hippocampus (VHPC) has shown that a subset of BLA-vHPC
projecting neurons were responsive to aversive shock during CFC (Jimenez et. al., 2020).
This provides ample evidence that BLA neurons and astrocytes are also likely to be shock-
responsive. On Day 1, mice underwent contextual fear conditioning with the administration
of 1.5mA foot shocks at 120, 180, 240 and 300 second timepoints (Figure 1H). To assess
whether BLA astrocytes responded specifically to footshock, we performed peri-event
analysis to determine if calcium transients were temporally locked to footshock. We used
a tCl confidence interval method to classify significant peri-events around a time-point of
interest as previously described (Jean-Richard-dit-Bressel, Clifford & McNalley, 2020; See
Methods). Astrocytes in the shock group displayed robust increases in population-level
calcium at the onset of each foot shock during the session compared to the no-shock

condition, as shown by a representative calcium time series (% dF/F) from each group
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(Figure 2A) and raster plots (z-scored % dF/F) including all mice from each group (Figure
2D-E). Further analysis revealed that the shock group had significantly increased % dF/F
from baseline after the onset of each foot shock compared to the no-shock condition
(Footshock peri-event analysis; 99% confidence interval (C1))(Figure 2B). Specifically, the
shock group had an increase of 44.6% dF/F from baseline after the onset of each footshock,
on average, compared to 1.6% increase dF/F for the no-shock condition (Independent
samples t-test; Welch’s correction, p=0.0022) (Figure 2C).

We next tested the hypothesis that astrocytes modulate their behavior in response
to the initiation and/or termination of freezing. There were significant peri-events, where
the event started prior to the initiation of freezing (Freeze initiation peri-event analysis;
99% CI)(Figure 2F) and the termination of freezing (Freeze termination peri-event
analysis; 99% CI), which indicates that astrocytic signaling becomes coupled to freezing
behavior during fear memory acquisition (Figure 2G). Behaviorally, mice in the shock
group had a higher freezing across the 360s session, compared to the no-shock group that
did not experience a foot shock (Independent t-test; p<0.0001)(Figure 2H). The shock
group successfully acquired fear across the CFC session compared to the no-shock
condition (Two-way ANOVA with repeated measures (RM); Interaction: F (5, 80) = 10.14,
p<0.0001; Time bin: F (1.750, 28.00) = 13.02, p=0.0002; Group: F (1, 16) = 23.59,
p=0.0002; Subject: F (16, 80) = 4.593, p<0.0001)(Figure 2H). Post-hoc analysis
demonstrated significant group differences in freezing at the 180, 240, 300 and 360 second
time bins (Sidak’s multiple comparisons: 180s: p=0.0167; 240s: p=0.0015; 300s:

p<0.0001; 360s: p<0.0001)(Figure 2H).
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We calculated event metrics such as peak height, full-width half max (FWHM),
area under the curve (AUC), and frequency (events/minute) for shock and no-shock groups.
The shock group had significantly increased event peak height, increased AUC, and
decreased full-width half max (FWHM) compared to no shock during CFC ([Peak height:
Independent t-test; Welch’s correction, p=0.0019][AUC: Independent t-test; Welch’s
correction, p=0.0011][FWHM: Independent t-test; p<0.0001][Frequency: Independent t-
test; p=0.069 (ns)](Figure 21-L).To further supplement these analyses, we tested if the
astrocytic calcium signals could be decoded as a linear combination of the isosbestic
channel, freezing, animal identification number (ID), kinematics, and a set of polynomial
spline functions to model the shock response, and the initiation and termination of freezing
bouts. For a full elaboration of the model and model selection, see Methods Section 2.8.
We found that during fear conditioning, the most parsimonious model that could explain
the most variability in the dataset contained only the animal specific splines and kinematic
information up to the third degree, meaning that these signals almost entirely encode the
shock information and some amount of motion related output. (R%cs=0.9988)(Figure
2M). Together, the calcium events for the shock condition (i.e. higher amplitude, higher
total fluorescence, shorter duration events) suggest that astrocytes become more active
after the presentation of a salient stimulus, as suggested by previous literature
demonstrating that these cells in dCAL are responding in a stimulus-dependent manner
(Adamsky et. al., 2018).

Recent studies have shown that manipulation of astrocytes during retrieval of a

conditioned fear memory does not affect recent or remote memory recall, though their
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activity within a given session remained unmeasured (Adamsky et. al., 2018; Kol et. al.,
2020). To that end, we investigated the real-time dynamics of these cells in mice that
received foot shock vs. neutral exposure to the same context. On Day 2 of our experiment,
mice underwent contextual recall without the presence of the unconditioned stimulus (US;
foot shock)(Figure 1H). When comparing population-level calcium activity across the
shock and no-shock groups, we observed stark differences in the engagement of astrocytes
(Figure 3A-B, D). Specifically, we observed that the presence of the US (i.e. footshock)
during fear conditioning continued to engage astrocytes when placed back in the original
context, while the no-shock group displayed low levels of calcium activity. As the US is
the most salient manipulated variable between these two groups, we speculate that
astrocytes may be engaged in a learning-dependent manner within the basolateral amygdala
(BLA). We also tested the hypothesis that astrocytes modulate their behavior in response
to the initiation and/or termination of freezing. There were significant peri-events, where
the event started prior to the initiation of freezing (Freeze initiation peri-event analysis;
99% CI)(Figure 3C) and immediately after the termination of freezing (Freeze termination
peri-event analysis; 99% CI)(Figure 3E). Behaviorally, mice in the shock group exhibited
increased freezing compared to the no-shock condition that did not receive the CS-US
pairing (Mann-Whitney U-test; p<0.0001)(Figure 3F). Across the recall session, mice in
the shock group maintained higher levels of freezing compared to no-shock controls (Two-
way ANOVA RM; Interaction: F (5, 80) = 1.163, p=0.3346; Time Bin: F (5, 80) = 1.906,
p=0.1024; Group: F (1, 16) = 93.18, p<0.0001; Subject: F (16, 80) = 8.924, p<0.0001)

(Figure 3G). Post-hoc analysis across groups supported significantly higher levels of
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freezing in the shock condition during recall across all time bins (Sidak’s multiple
comparisons: 60s: p<0.0001; 120s: p<0.0001; 180s: p<0.0001; 240s: p<0.0001; 300s:
p<0.0001; 360s: p<0.0001) (Figure 3G). Furthermore, to quantify these differences in the
traces across groups, we calculated the same average event metrics mentioned above (i.e.
peak height, FWHM, AUC, frequency). The shock group had increased average peak
height, decreased FWHM, increased AUC, and there were no differences in frequency of
events across the session ([Peak height: Independent t-test; Welch’s correction,
p=0.0009][AUC: Independent t-test; Welch’s correction, p=0.0156][FWHM: Independent
t-test; Welch’s correction, p=0.0005][Frequency: Independent t-test; Welch’s correction,
p=0.3642).(Figure 3H-K). This suggests that after context-shock association, astrocytes
retain similar calcium dynamics on the following day when placed back in the conditioned
environment in the absence of shock. We then fit a Gaussian generalized linear model
(GLM) as previously described, to determine which variables best accounted for our
calcium signal. Interestingly we saw that the kinematic information, freezing, freezing
initiation and termination splines, and animal information best accounted for the recall data
(R%cs=0.3059)(Figure 3L). This indicates that during recall there does not seem to be any
temporal encoding of the shock that we can detect with this analysis, and further suggests
that the activity of these astrocytes is tethered to freezing bouts.

To further evaluate the experience-dependent role of astrocytic calcium across the
extinction of contextual fear, mice underwent three days of extinction on Days 3-5 of our
behavioral paradigm (Figure 1H). When comparing astrocytic calcium levels during

extinction, we observed higher population activity in the shock group in the absence of the
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original US compared to the no-shock condition across all three days (Figure 4A-I). This
suggests that astrocytes are continuing to be engaged in the shock group, and perhaps in a
memory-dependent manner as an extinction memory is being formed across days. The no
shock group displayed minimal calcium activity, which may be due to continued
exploration of a novel environment as it becomes familiar (Qin et. al., 2020). Furthermore,
to quantify these differences across groups, we calculated event metrics for each extinction
session. For extinction day 1, the shock condition had calcium events with increased peak
height, increased AUC, decreased FWHM (i.e. duration of event), and decreased frequency
([Peak height: Independent t-test; Welch’s correction, p=0.0016][ AUC: Independent t-test;
Welch’s correction, p=0.0036][FWHM: Mann-Whitney U-test, p=0.0019][Frequency:
Independent t-test, p=0.0253])(Figure 4J-M). For extinction day 2, the shock condition had
calcium events with increased peak height, increased AUC, decreased FWHM and no
difference in frequency ([Peak height: Independent t-test, p=0.0001][AUC: Independent t-
test, p<0.0001][FWHM: Mann-Whitney U-test, p=0.0043][Frequency: Independent t-test,
p=0.2050])(Figure 4J-M). Finally, for extinction day 3, the shock condition had calcium
events with increased peak height, but no significant differences in FWHM, AUC or
frequency compared to no-shock controls ([Peak height: Independent t-test,
p=0.0010][AUC: Independent t-test; Welch’s correction, p=0.126][FWHM: Independent
t-test, p=0.1447][Frequency: Independent t-test, p=0.3851)(Figure 4J-M). Interestingly,
this suggests that astrocytes are initially impacted by the presence of the foot shock during
CFC, but do not adapt further across extinction days. To further investigate astrocytic

calcium responses to freezing behaviors, peri-event metrics for the initiation and
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termination of freezing were calculated as previously performed in contextual recall.
Interestingly, astrocytic calcium in the shock group was not responsive to the initiation or
termination of freezing behavior for all extinction sessions (Freeze initiation and
termination peri-event analysis; ns)(Figure 5A-B, D-E, G-H). Behaviorally, mice in the
shock group exhibited higher average levels of freezing than the no-shock condition group
for all three days ([Extinction 1: Independent t-test; Welch’s correction,
p<0.0001][Extinction 2: Independent t-test; Welch’s correction, p=0.0042][Extinction 3:
Independent t-test; Welch’s correction, p=0.0123])(Figure 5J). For each extinction session,
shocked mice displayed higher levels of freezing at each time bin than no-shock controls
([Extinction 1: Two-way ANOVA RM,; Interaction: F (14, 210) = 1.140, p=0.3247; Time
bin: F (4.530, 67.95) = 1.726, p=0.1467; Group: F (1, 15) = 22.92, p=0.0002; Subject: F(15,
210) = 18.83, p<0.0001)][Extinction 2: Two-way ANOVA RM; Interaction: F (14, 168) =
1.204, p=0.2765; Time Bin: F (4.306, 51.68) = 1.364, p=0.2574; Group: F (1, 12) = 18.86,
p=0.0010; Subject: F (12, 168) = 30.92, p<0.0001][Extinction 3: Interaction: F (14, 168)
= 0.9191, p=0.5395; Time bin: F (3.186, 38.23) = 1.160, p=0.3392; Group: F (1, 12) =
12.14, p=0.0045; Subject: F (12, 168) = 25.16, p<0.0001])(Figure 5C, F, I). Specifically,
post-hoc analysis for extinction days revealed specific time bin differences across groups,
and this declines across extinction days ([Extinction 1: Sidak’s multiple comparisons;
120s: p=0.0470; 180s: p=0.0202; 240s: p=0.0016; 300s: p=0.0013; 360s: 0.0002; 420s:
p=0.0003; 480s: p=0.0007; 540s: p=0.0020; 600s: p=0.0028; 660s: p=0.0094; 720s:
p=0.0073; 780s: p=0.0155; 900s: p=0.0105][Extinction 2: Sidak’s multiple comparisons;

240s: p=0.0039; 300s: p=0.0187; 420s: p=0.0181][Extinction 3: Sidak’s multiple
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comparisons; 360s: p=0.0094])(Figure 5C, F, ). We again fit a GLM to determine if any
variables could partially describe our calcium signals. We found that the best fit model
included the isosbestic channel and kinematic information(R%cs=0.1536)(Fig 5K).
Interestingly, freezing initiation and termination splines no longer significantly explained
any variance within the model, suggesting the astrocytic signals were becoming decoupled
to these moments. Through repeated exposures to the context, while calcium events are
still present, the amount of information that is able to be decoded from them decreases,
suggesting that these signals are more relevant to internal states. Overall, our data suggest
that astrocytic calcium remains elevated even as freezing levels decline naturally across
extinction sessions.

To further explore the memory-dependent nature of the observed astrocytic calcium
changes, a subset of mice from the shock and no-shock groups were placed into a novel
open field context (Cxt B) on Day 6 of our behavioral paradigm while recording astrocytic
calcium (Figure 1H; Figure 6A-C). Here, we did not observe any significant differences in
distance traveled, mean speed, number of center entries or total time spent in the center of
the open field across shock and no-shock conditions ([Distance: Independent t-test,
p=0.2773][Mean speed: Independent t-test; p=0.2750 ][Center entries: Independent t-test,
p=0.3681][Center time: Independent t-test; p=0.42547])(Figure 6D-G). Further, most mice
in both groups did not freeze at all for the entirety of the open field session; thus, we did
not further analyze freezing behavior between groups or perform peri-event analysis with
astrocytic calcium for freezing initiation or termination, as performed with other sessions.

Most importantly, we assessed calcium event metrics during this session to observe if
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changes observed during contextual fear learning and extinction are due to an enhancement
in activity maintained over time. Here, we did not observe any significant differences in
the peak height, AUC, FWHM or frequency of calcium events across the shock and no-
shock conditions ([Peak height: Mann-Whitney U-test, p=0.3429][FWHM: Independent t-
test, p=0.7049][AUC: Independent t-test, p=0.6321][Frequency: Independent t-test,
p=0.3262])(Figure 6H-K). This suggests that astrocytic calcium activity changes due to
shock are context-dependent and these cells are storing information related to the memory
of the aversive experience.

To further elucidate the role of astrocytes in context-dependent memory recall, we
utilized the Tet-Tag activity-dependent labeling strategy to chemogenetically inhibit a fear
memory while simultaneously performing astrocytic fiber photometry recordings (Figure
TA; left). This system relies on the coupling of the cfos promoter to the tetracycline
transactivator (tTA), which in its protein form, binds directly to the tetracycline response
element (TRE) in a doxycycline (Dox)-dependent manner and can drive expression of a
protein of interest (e.g. hM4Di and/or mCherry)(Figure 7A; left). Moreover, the expression
of the Designer Receptor Exclusively Activated by Designer Drugs (DREADDSs), hM4Di,
allows for chemogenetic silencing of the tagged experience (i.e., fear) during recall. To
confirm successful perturbation of the hM4Di-expressing ‘engram’ neurons in bilateral
BLA, we sacrificed mice 90 minutes after the start of the behavioral recall session to
capture peak endogenous cFos protein levels. We found that across the groups, there was
a significant increase in cFos+ cells in the hM4Di compared to the mCherry controls

(Independent t-test; p=0.0023) (Figure 7B). This increase in cFos with inhibition of a
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cellular population in the BLA may seem counterintuitive, but it has become clear in recent
studies that modulation of neurons with chemogenetics results in differential effects on
cFos and behavior. For example, inhibition of BLA engram cells during chronic
hippocampal stimulation resulted in equivalent levels of cFos across the hM4Di and control
groups (Chen et. al., 2019). This paper posits that CNO may have induced ‘rebound’
activity in the neighboring non-tagged cells of the BLA through local circuit mechanisms.
Additionally, previous work from our lab has shown that chemogenetic inhibition of
engram cells in dorsal CALl of the HPC increased cFos in neighboring non-engram cells,
which we also believe points to a local circuit “rebound” of neuronal activity in response
to inhibition (Trouche et al. 2016; Grella et. al., 2020).

As shown in our experiments above, we began by performing simultaneous
astrocytic calcium recordings with fiber photometry through the expression of AAV5-
GfaABC1D-cyto-GCaMP6f in the unilateral BLA (Figure 7A; left). Prior literature has
demonstrated that manipulation of the BLA with perturbation techniques impacts
behavioral freezing levels typically associated with context-dependent recall (Han et. al.,
2009; Gore et. al., 2015; Liu et. al., 2022). We hypothesized that bilateral inhibition of
tagged BLA “engram” neurons expressing hM4Di during recall would disrupt astrocytic
calcium dynamics that we observed in our first experiment. On Day 1, mice had Dox diet
removed to ‘open’ the tagging window 48 hours later. On Day 3, mice underwent a 360
second contextual fear conditioning (CFC) session with the administration of 4, 1.5mA
foot shocks, as described in our previous experiments while astrocytic calcium dynamics

were recorded in BLA (Figure 7A; right). Immediately after this CFC session, mice were
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placed back on their Dox diet to ‘close’ the tagging window (Figure 7A; right). On Day 4,
mice underwent a 360 second contextual recall session in the absence of foot shocks. 30
minutes prior to this session, mice received intraperitoneal (IP) injection of clozapine-N-
oxide (CNO) at 3 mg/kg to inhibit the ‘tagged’ fear neuronal ensemble during behavior
(Figure 7A,; right). Expression of hM4Di-mCherry in bilateral BLA with astrocytic
GCaMP was confirmed in each animal prior to behavioral and calcium time series analysis
(Figure 7B).

When comparing astrocytic calcium levels during CFC, both hM4Di and mCherry
groups displayed robust increases at the initiation of each foot shock (120s, 180s, 240s,
300s), as previously described above (Figure 7C). This was expected, as no CNO was on
board during the CFC session and we anticipated replication of our above findings.
Additionally, in both groups there was time-locking to behavioral freezing initiation and
termination epochs during CFC in both hM4Di and mCherry groups, further replicating
our prior experiment (Freeze initiation and termination peri-event analysis; 99% CI)(Figure
7D-E). As expected, hM4Di and mCherry mice displayed the same freezing levels on
average (Independent t-test; p=0.2395) and across time during CFC (Two-way ANOVA
RM; Interaction: F (5, 50) = 1.107, p=0.3688; Time bin: F (2.623, 26,23) = 82.43,
p<0.0001; Group: F (1, 10) = 1564, p=0.2395; Subject: F(10,50) =3.685,
p=0.0010)](Figure 7E). Finally, both groups displayed no significant differences in
astrocyte calcium event characteristics (peak height, full-width half maximum, area under
the curve, or frequency) during CFC, as expected ([Peak height: Independent t-test;

Welch’s  correction, p=0.6532][AUC: Independent t-test; Welch’s correction,
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p=0.5351][FWHM: Independent t-test; p=0.7292][Frequency: Independent t-test;
p=0.0623)(Figure 8G-J).

For fear memory recall, mice in the hM4Di and mCherry groups did not display
detectable changes in astrocytic calcium dynamics (Figure 7K). This was further confirmed
by peri-event analysis at the initiation and termination of freezing bouts during recall. As
shown in our above experiments, astrocytic calcium becomes time-locked to each of these
behavioral epochs for both hM4Di and mCherry groups compared to their respective
medians (Freezing initiation/termination: peri-event analysis, 99% CI)(Figure 7L-M). This
suggests that CNO does not have an effect on astrocytic calcium dynamics during
contextual recall. Interestingly, we did not observe any significant differences in behavioral
freezing levels between the two groups, suggesting that chemogenetic inhibition of a fear
engram in the BLA does not lead to a decrease in freezing levels (Independent t-test;
p=0.2028), nor the recall of fear across time within session (Mixed-effects model (REML);
Interaction: F (5,60) = 0.7030, p=0.6234; Time bin: F(1,60) = 5.257, p=0.0254; Group:
F(5,60) = 0.6997, p=0.6258)(Figure 7N).

Furthermore, to quantify any differences in astrocytic calcium event metrics, peak
height, FWHM, AUC and frequency (Hz) were analyzed. There were no significant
differences in any of these metrics, with both groups mirroring the results described in our
initial shock group findings ([Peak height: Independent t-test; p=0.3921][AUC:
Independent t-test; p=0.5271][FWHM: Independent t-test; p=0.6981][Frequency:
Independent t-test; p=0.6860])(Figure 70-R). Overall, our data suggests that inhibition of

a neuronal fear engram in BLA does not impact behavioral freezing levels, nor does it
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impact astrocytic calcium dynamics. It is important to note, however, that the freezing
behavior and its tie to astrocytic calcium was maintained.

To address the possibility that reduced dF/F (%) we see was a function of non-
experience related effects (i.e. photobleaching caused by repeated recordings), we assessed
the peak dF/F (%) across days. We found that there were no significant changes in the no-
shock group across days and only the fear conditioning session was significantly different
from other days in the shock group (Two-way ANOVA; Interaction: F(5, 74) = 4.924,
p=0.0006; Day: F(5, 74) = 4.769, p=0.0008; Group: F(1,74) = 19.72, p<0.0001)(Tukey’s
multiple comparisons: Shock [FC vs. Recall, p<0.0001; FC vs. EXT1, p<0.0001; FC vs.
EXT2, p<0.0001; FC vs. EXT3, p<0.0001; FC vs. Cxt B, p<0.0001], all other comparisons
across days for the Shock and No Shock groups were not significant)(Figure 8A). This is
an unsurprising result, as a negative experience like shock could easily cause such robust
differences for which we observed (Figure 2A). From this analysis we can conclude that
after fear conditioning the peak dF/F did not change in the shock group and such alterations

in event metrics were not caused by photobleaching or other technical considerations.

2.4) Discussion

Our results demonstrate that BLA astrocytes are differentially involved in the
acquisition, recall, and extinction of a contextual fear memory. Strikingly, these astrocyte
populations in the no-shock groups showed low levels of calcium dependent activity
relative to the shocked group. These results corroborate previous research demonstrating

that astrocytic populations are active specifically during salient experiences (Adamsky et.
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al., 2018). Furthermore, this could be related to an increased demand for neuronal
metabolic support due to cellular activity recruited during memory formation. Recent
models suggest that astrocytes become active during metabolically taxing experiences to
support memory encoding and consolidation by providing astrocytically derived lactate to
neuronal populations to increase ATP production (Steinman et. al., 2016; Adamsky &
Goshen, 2018; Alberini et al. 2018). In line with this possibility, in our study mice that did
not associate a noxious stimulus to the context displayed less activity than the shocked
group. This could indicate that during memory acquisition, where a CS is paired with a US,
astrocytic populations become involved to maintain this memory association. As the BLA
preferentially parses salient information (Sengupta et. al., 2018; Pryce et. al., 2018), this
could explain the lack of strong calcium events in the no-shock group, whereas in a
structure that processes both associations and emotional salience (Zheng et. al., 2017;
Eichenbaum, Schoenbaum, Young & Bunsey, 1996), such as the HPC, we predict to see
reliable but increased events during contextual exploration and after CS-US pairing.
Relatedly, and given that astrocyte assemblies are remarkably disengaged before the onset
of foot shock during CFC in our study, future experiments may test whether populations
of astrocytes are necessary for proper fear expression, and if after such salient experiences,
BLA neurons require glial participation for stable memory correlates.

Interestingly, we only observed differences in the calcium event characteristics (e.g.
FWHM, peak height) in the shock group when animals are undergoing CFC. This could
indicate there are two distinct populations of cells, one which becomes active for memory

encoding and maintenance, whereas the other is there to process incoming sensory input



68

into the BLA or motor output. This hypothesis is supported by our modeling approach
which reported significant contribution of kinematic related information as well as stimuli
specific and relevant behavioral information. Furthermore, while the no-shock animals
display minimal calcium transients these transients are significantly wider, possibly in
response to exploring the novel context. This could be explained by the observation that
AUC for these transients was also significantly lower for these animals, suggesting there
was less overall calcium binding and subsequent recorded fluorescence, and thus indicating
there may be cells that had sustained activity in response to non-discrete stimuli, in contrast
to something well defined like foot-shock. Furthermore, peri-events were observed in the
fear conditioning and recall sessions. Specifically, we observe an increase in activity prior
to the initiation and termination of freezing during fear conditioning. During recall, the
calcium response shifts, with the peak occurring simultaneously with the initiation of
freezing. Further, during recall we see a shift to the calcium peak occurring after the
termination of freezing. It is possible that astrocytes ramp up their activity to either induce
a state of freezing or become active in response to increased neuronal activation
immediately prior to bouts of freezing. Regarding the termination of a freezing bout
specifically, it is possible that astrocytes play a functional role in suppressing fear or
anxiety states within the BLA (Cho et. al., 2022), though it is important to note that separate
studies have also implicated their role in modulating locomotion (Qin et. al., 2020)--thus,
as termination of freezing by definition requires movement, these two explanations remain
to be reconciled. Notably, we did not observe these elevations in calcium activity at the

initiation or termination of freezing during extinction. Indeed, we lose our predictive power
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in our GLM during extinction sessions, further evidencing this putative decoupling, and so
it is likely these signals reflect internal physiological states that would be interesting to
further investigate with higher spatial resolution. This could be due to the difference in
session length causing changes to how these cells respond after the initial six-minutes, or
it could be that after this initial exposure some subsequent learning has occurred causing
these cells to respond to different local cues or internal states. While fiber photometry
renders this possibility difficulty to test due to the lack of cell-specific granularity it affords,
these hypotheses would be interesting to explore with higher resolution in vivo one-photon
imaging approaches as it would allow us to visualize multiple subpopulations of BLA
astrocytes, which could explain the diverse milieu of these signals.

Importantly, our findings that astrocytic calcium dynamics are modulated by salient
stimuli were specific to the fear conditioned context, as supported by the lack of astrocytic
calcium and behavioral changes in the neutral open field context. This is in line with
previous findings showing that astrocytic manipulation enhances memory allocation in a
task-specific manner during learning, but not in the home cage (Adamsky et. al., 2018).
Astrocytic activity is heavily dependent on the presence of salient stimuli during a learning
experience (i.e. foot shock) and that novel exploration of an environment is not sufficient
to induce changes in the underlying calcium dynamics of astrocytes. This is congruent with
data suggesting that the BL A shows sparse activity that is dependent on salient stimuli (i.e.
reward) (Pratt & Mizumori, 1998).

Our findings suggest that chemogenetic-mediated neuronal engram inhibition in

the BLA during recall does not abolish freezing behavior, nor affect astrocytic calcium
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dynamics. While other work in the field suggests that BLA engram cells are necessary for
fear recall (Han et. al., 2009), we speculate that both the behavioral schedules and
inhibitory strategies implemented constrain whether or not a BLA-mediated engram
becomes necessary for the behavioral expression of memory. Specifically, previous work
directly inhibiting BLA engram cells using the inhibitory opsin, ArchT, shows a decrease
in behavioral freezing during recall, in a light-dependent manner (Zaki & Mau et al., 2022).
However, this work performed inhibition after the extinction, reinstatement, and recall of
this reinstated memory. Thus, the differences in behavioral schedules and phases of
learning during which inhibition occurs can influence whether or not engrams are
necessary for the behavioral output of fear during recall. Another technical consideration
is that we are using chemogenetics whereas this previous work utilized an inhibitory opsin.
It is possible that the temporal specificity of the light-driven method was able to inhibit
these engram cells more effectively in a behaviorally-relevant manner. Additionally,
inhibition of a neuronal ensemble overexpressing CREB protein in the BLA resulted in
decreased freezing behavior during recall (Han et al., 2009; Rashid et. al., 2016). Notably,
this finding was in the context of auditory tone conditioning as opposed to contextual fear
conditioning in our experiments, which have separate circuits that could explain these
differential effects. We believe these differences point to boundary conditions under which
BLA-mediated engrams are revealed to be necessary for memory.

Future work may seek to express a pan-neuronal inhibitor throughout the BLA to
test if this global reduction in activity modulates astrocyte dynamics. It is possible that the

number of engram cells tagged in the BLA is not sufficient to abolish the behavioral
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expression of fear, or other brain regions may be compensating for or driving this behavior
in coordination with the BLA. Astrocytes may still be intimately associated with engram
cells in the BLA, but this perturbation is not sufficient to eliminate their activity. It would
be interesting to label BLA engram cells and their associated astrocytes with chemogenetic
tools to observe if the combination of cell inhibition (and thus, expanding the definition of
an ‘engram’ to include glial cells) abolishes memory recall. Promisingly, such strategies
that permit labeling and manipulation of both neurons and astrocytes will enable a better
understanding of how heterogeneous cell types contribute to the overall memory engram
as well as its behavioral expression. Broadly, since we are recording calcium dynamics
from astrocytes in these experiments, it may be possible that neuronal calcium is being
modified by hM4Di inhibition and our approach is unable to capture these changes.
However, even if neuronal activity was decreased, astrocytes could be ‘compensating’ for
the behavioral output of fear during recall. A general assumption of this mechanism is that
neurons and astrocytes are correlated in their calcium activity (Zhao et. al., 2012; Agulhon
et. al., 2008).

While our results demonstrate a functional role of astrocytes in fear learning, the
BLA is known to process additional salient information including fear, reward, novelty,
etc. For instance, recent studies have shown that there are heterogeneous, genetically
defined, populations within the BLA which may preferentially respond to a variety
of stimuli and valences (Kim et. al., 2016). While our experiments did not tease out any
valence-specific contributions of astrocytic calcium activity, future studies may deliver

multiple valence-specific stimuli (e.g. sweetened condensed milk, social interaction,
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restraint stress) to animals while recording the corresponding calcium transients in the
BLA. We posit that the BLA will display robust calcium dynamics to both positive and
negative stimuli, albeit in partially separate populations of cells. This is consistent with
recent literature showing that there are genetically-defined populations of cells along the
anterior-posterior axis of the BLA that process fear and reward uniquely (Kim et. al.,
2016).

While this work provides a role for astrocytes in conditioned fear, an ongoing issue
surrounds whether astrocytes are mere support cells for neurons or if they actively encode
information necessary for cognitive processes. Future experiments may concurrently
record from neuronal populations to identify putative relationships between each cell type,
and how real-time interplay between these populations supports learning and memory
processes. A tantalizing possibility that combines neuron-glia relationships with
neuromodulatory influences is that BLA astrocytes are necessary for proper adrenergic
signaling which has been proposed in prior work (Gao et. al., 2016; Akther & Hirase,
2021). Also, it has been shown that CFC induces a downregulation of astrocytic Racl (Liao
et. al., 2017; Fan et. al., 2021), promoting astrocytic plasticity, which may explain our
observed differences in calcium events between our two groups in that this increased
astrocytic plasticity could be necessary for remodeling synaptic connections for continued
signaling. Further, astrocytes have been shown to contribute to remote memory formation
via projection-specific modulation of hippocampal-cortical targets (Kol et. al., 2020). It
would be interesting to explore astrocytic contributions to natural forgetting of a fear

memory, rather than extinction, on a longer time scale. This could be performed with
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longitudinal calcium recordings throughout a fear memory paradigm, with the addition of
tracking throughout the decrease in freezing behavior that occurs over weeks.

Finally, future studies may causally dissect the role of astrocytes by Gq or Gi
pathway activation in these populations during recall or extinction to determine if cellular
manipulation is capable of inducing either a memory enhancing or amnesic response to
fear learning. As astrocytes do not have typical “inhibition/excitation” properties which are
more typically associated with neurons (Durkee et. al., 2019; Van Den Herrewegan et. al.,
2021), future research may take its amore complex signaling pathways into account and
yield crucial information in how astrocytes participate at the tripartite synapse to facilitate
the learning of conditioned fear. Indeed, higher resolution single-cell and populating
imaging methods, combined with causal perturbation strategies, could be used to further
delineate the role of these cells in memory formation and expression. Overall, our results
suggest an active role of astrocytes in contextual fear learning within the BLA and reveal

their dissociable role in contributing to memory recall and extinction.
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2.9) Figures
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Figure 2.1. Population-level calcium recordings of basolateral amygdala astrocytes
across contextual fear conditioning, recall and extinction. (A) Viral strategy and fiber
implantation strategy for shock and no-shock conditions. The GECI AAV5-GfaABC1D-
cyto-GCaMP6f-SV40 was unilaterally injected into the BLA region of wild-type mice. (B-
C) Representative image of GFAPGCaMP6f1 (green) and DAPIL (blue) cell expression
within the BLA at 20 magnification (B) and 10 magnification (C). Scale bar, 500 mm.
Dashed white lines indicate the approximate location of the unilateral fiber implantation.
(D) Penetrance of GCaMP6f (2251 GCaMP6f1/2381 GFAP1 = 98.49%; n = 3; 4
slices/mouse). (E) Specificity of GCaMP6f (4 1ba-11/662 GCaMP6f1 = 0.604% microglia;
0 NeuN1/1064 GCaMP6f1 = 0.00% neurons; 2242 GFAP1/2256 GCaMP6f1 = 99.4%

astrocyte; n = 3; 4 slices/mouse). (F) Representative expression of GCaMP6f expression
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and overlap with microglial (Iba-1), astrocytic (GFAP), and neuronal (NeuN) markers.
Scale bar, 50 mm. (G) In vivo fiber photometry setup. A 470 nM LED delivered an
excitation wavelength to GCaMP6f-expressing astrocytes via a patch cord and single fiber
optic implant in freely moving mice. The emitted 530 nM signal from the indicator was
collected via the same patch cord and fiber, spectrally separated using a dichroic mirror,
passed through a series of filters, and focused on a scientific camera. A representative
calcium time series trace is shown for astrocytic calcium. Calcium-independent isosbestic
signal was recorded simultaneously to account for motion, tissue autofluorescence, and
photobleaching across time. (H) Behavioral paradigm; mice underwent CFC on day 1 in
Cxt A for 360 s where they received four 1.5 mA foot shocks. On day 2, mice were placed
back into Cxt A for contextual recall for 360 s in the absence of foot shock. On days 3-5,
mice underwent three contextual extinction sessions for 900 s each. On day 6, mice were
placed in Cxt B for 360 s. Mice were perfused and brains extracted for histologic

assessment.
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Figure 2.2
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Figure 2.2: Basolateral amygdala astrocytes robustly respond to foot shock during
contextual fear conditioning and exhibit unique calcium event dynamics compared to
no-shock controls. (A) Representative calcium time series (dF/F percentage) for shock
and no-shock conditions during the 360 s CFC session; 1.5 mA foot shocks occurred at the
120, 180, 240 and 300 s time points, as indicated by vertical dashed lines. (B) Peri-event
analysis for 1.5 mA foot shock, with the onset of foot shock occurring at the dashed line
(time = 0). (C) Quantification of the average percentage change in peak dF/F at the onset
of foot shock. (D-E) The z-scored dF/F (percentage) across CFC for shock (D) and no-
shock conditions (E); each row represents a single subject across time within the session.
(F-G) Peri-event analysis for the initiation (F) and termination (G) of freezing behavior,
with each event occurring at the dashed line (time = 0). (H) Average percentage freezing
(left) and freezing across time within the CFC session (right). (I-L) Calcium event metrics;
peak height (1), full-width half-maximum (J), area under the curve (K), and frequency (L).
(M) True (pink) and predicted (green) calcium time series produced from a generalized
linear model. All error bars and bands indicate standard error of the mean (SEM). For t
tests and ANOVASs, *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant.
For peri-event metrics, *95% CI, **99% CI; ns. For t tests and ANOVAs, shock n = 11,
no shock n = 7. For foot shock peri-events, shock n = 11, no shock n = 7. For freezing peri-

events, shock n = 11, no shock n = 2 because of mice not freezing during this session.
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Figure 2.3: BLA astrocytes respond reliably to the initiation and termination of
freezing behavior during contextual recall. (A) Representative calcium time series (dF/F
percentage) for shock and no-shock conditions during the 360 s recall session in the
absence of foot shock. (B, D) z-scored dF/F (percentage) across recall for (B) shock and
(D) no-shock conditions; each row represents a single subject across time within the
session. (C, E) Peri-event analysis for the initiation (C) and termination (E) of freezing
behavior, with each event occurring at the dashed line (time = 0). (F-G) Behavioral
analysis; average percentage freezing (F) and freezing across time within the recall session
(G). (H-K) Calcium event metrics; peak height (H), area under the curve (1), fullwidth half-
maximum (J), and frequency (K). (L) True and predicted calcium time series produced
from a generalized linear model. Error bars indicate SEM. For t tests and ANOVAs,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant. For peri-event metrics,
*95% CI, **99% CI; ns. For t tests and ANOVAs, shock n = 11, no shock n = 7. For
freezing peri-events, shock n = 11, no shock n = 6 because of a mouse not freezing during

the recall session.
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Figure 2.4: BLA astrocytes in the shock condition exhibit increased peak height,
decreased duration, and increased total fluorescence of events compared to no-shock,
but these do not change across extinction days. (A, D, G) Representative calcium time
series (dF/F percentage) for shock and no-shock conditions during the 900 s contextual
extinction sessions; extinction day 1 (EXT1) (A), extinction day 2 (EXT2) (D), extinction
day 3 (EXT3) (G). (B, E, H) z-scored dF/F (percentage) across extinction for shock
condition; each row represents a single subject across time within the session. (C, F, 1) z-
scored dF/F (percentage) across extinction for the no-shock condition; each row represents
a single subject across time within the session. (J-M) Calcium event metrics; peak height
(J), full-width half-maximum (K), area under the curve (L), and frequency across all three
d of extinction (M). Error bars indicate SEM. For t tests, *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001; ns, not significant. Extinction 1, shock n = 11, no shock n = 6 (For the no-
shock group, recording for one animal was 90 s short. This animal was excluded from the
raster plot and behavioral analysis but still used for event metric calculations). Extinction

2, shock n =7, no shock n = 6. Extinction 3, shock n = 7, no shock n = 6.
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Figure 2.5: BLA astrocytic calcium does not respond to the initiation or termination
of freezing behavior during extinction sessions. (A-B) Peri-event analysis for the
initiation (A) and termination (B) of freezing behavior, with each event occurring at the
dashed line (time = 0) for extinction day 1. (D-E) Peri-event analysis for the initiation (D)
and termination (E) of freezing behavior, with each event occurring at the dashed line (time
= 0) for extinction day 2. (G-H) Peri-event analysis for the initiation (G) and termination
(H) of freezing behavior, with each event occurring at the dashed line (time = Q) for
extinction day 3. Percentage freezing across time within extinction day 1 (C), extinction
day 2 (F), and extinction day 3 (I). (J) Average percentage freezing across 3 d of extinction
for shock and no-shock conditions. (K) True and predicted calcium time series produced
from a generalized linear model. Error bars indicate SEM. For t tests and ANOVAs,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant. For peri-event metrics,
*95% ClI, **99% CI; ***99.9; ns. Extinction 1, shock n = 11, no shock n = 6. (For the no-
shock group, the recording for one animal was 90 s short. This animal was excluded from
the raster plot and behavioral analysis but still used for event metric calculations).

Extinction 2, shock n = 7, no shock = 6. Extinction 3, shock n =7, no shock n = 6.
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Figure 2.6: Astrocytic calcium event characteristics and behavior in a novel open field
environment do not differ between shock and no-shock groups. (A) Representative
calcium time series (dF/F percentage) for shock (coral) and no-shock (blue) conditions
during the 360 s novel open field Cxt B session. (B-C) z-scored dF/F (percentage) in Cxt
B for shock and no-shock conditions; each row represents a single subject across time
within the session. (D-G) Behavioral measures; distance traveled (meters; D), mean speed
(m/s; E), number of center entries (# entries; F), and time spent in the center (seconds; G).
(H-K) Calcium event metrics; peak height (%; H), full-width half-maximum (seconds; 1),
AUC (J), and frequency (Hz; K). Error bars indicate SEM. For t tests, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001; ns, not significant. Open field Cxt B, shock n =4, no shock n

=4,
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Figure 2.7: Neuronal fear engram inhibition in the BLA during recall does not modify
freezing behavior or astrocytic calcium event characteristics. (A) Surgical and
behavioral schematic. The genetically encoded calcium indicator, AAV5-GfaABC1D-
cyto-GCaMP6f-SV40, was unilaterally injected into the BLA in combination with bilateral
injection of either AAV9-c-fos-tTA-TRE-hM4DimCherry (hM4Di) or AAV9-c-fos-tTA-
TRE-mCherry (mCherry) control virus to allow chemogenetic control of labeled cells
while recording astrocytic calcium dynamics. On Day 1, mice were taken off of their Dox
diet to allow for the opening of the labeling window 48 h in advance of behavioral testing.
On Day 3, mice underwent CFC on day 1 in Cxt A for 360 s where they received four 1.5
mA foot shocks. They were immediately placed back on their Dox diet, thus closing the
labeling window. On Day 4, mice were placed back into Cxt A for contextual recall for
360 s in the absence of foot shock. Thirty minutes before this session, CNO was
administered at 3 mg/kg to inhibit the labeled engram during recall. Ninety minutes after
the start of the behavioral session, mice were perfused to capture peak endogenous cFos
protein levels. (B) (Left) Representative images of hM4Di-mCherry/GFAP+ co-staining
(red and green, respectively) and DAPI+ cells (blue). Scale bar indicates 50 mm. (Right)
The percentage of cFos/DAPI counts in the hM4Di and mCherry groups. (C)
Representative calcium time series (dF/F percentage) for hM4Di (red) and mCherry (black)
conditions during the 360 s CFC session. (D-E) Peri-event analysis for the initiation (D)
and termination (E) of freezing behavior during CFC, with each event occurring at the
dashed line (time = 0). (F) Behavioral analysis for CFC. (Left) Average percentage

freezing. (Right) Freezing across time within the recall session. (G-J) Calcium event
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metrics for CFC, peak height (G), full-width half-maximum (H), area under the curve (1),
and frequency (J). (K) Representative calcium time series (dF/F percentage) for hM4Di
(red) and mCherry (black) conditions during the 360 s recall session. (L-M) Peri-event
analysis for the initiation (L) and termination (M) of freezing behavior during recall, with
each event occurring at the dashed line (time = 0). (N) Behavioral analysis for recall. (Left)
Average percentage freezing. (Right) Freezing across time within the recall session. (O-
R) Calcium event metrics for recall, peak height (O), full-width half-maximum (P), area
under the curve (Q), and frequency (R). All error bars and bands indicate SEM. For t-tests
and ANOVAs, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant. For

peri-event metrics, *95% CI, **99% CI; ns; hM4Di = 7, mCherry = 5.
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Figure 2.8: Astrocytic calcium dF/F does not change after contextual fear
conditioning. dF/F (percentage) across FC, recall, extinction (EXT1-3), and exposure
to the novel open field context (Cxt B). All error bars and bands indicate SEM. For
ANOVA, p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant. Shock n = 4

11, no shock n =4-7.
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CHAPTER THREE: ENGRAM REACTIVATION MIMICS CELLULAR

SIGNATURES OF FEAR

Data and portions of the text in this chapter were originally published as:

Suthard, R. L., Senne, R. A., Buzharsky, M. D., Diep, A. H., Pyo, A. Y., & Ramirez, S.
(2024). Engram reactivation mimics cellular signatures of fear. Cell reports, 43(3),

113850. https://doi.org/10.1016/j.celrep.2024.113850

Abstract

Engrams, or the physical substrate of memory, recruit heterogeneous cell types.
Targeted reactivation of neurons processing discrete memories drives the behavioral
expression of memory, though the underlying landscape of recruited cells and their real-
time responses remain elusive. To understand how artificial stimulation of fear affects
intra-hippocampal neuron-astrocyte dynamics as well as their behavioral consequences, we
express channelrhodopsin-2 in an activity-dependent manner within dentate gyrus neurons
while recording both cell types with fiber photometry in hippocampal ventral CA1 across
learning and memory. Both cell types exhibit shock responsiveness, with astrocytic
calcium events uniquely modulated by fear conditioning. Optogenetic stimulation of a
hippocampus-mediated engram recapitulates coordinated calcium signatures time locked
to freezing, mirroring those observed during natural fear memory recall. Our findings
reveal cell-type-specific dynamics in the hippocampus during freezing behavior,
emphasizing neuronal-astrocytic coupling as a shared mechanism enabling both natural

and artificially induced memory retrieval and the behavioral expression of fear.


https://doi.org/10.1016/j.celrep.2024.113850
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3.1) Introduction

The HPC is a region within the medial temporal lobe that is indispensable for
episodic memory (Eichenbaum, 2000). In recent years, there has been an increasing focus
on the ventral HPC’s vital role in emotional processing and memory. Studies have
confirmed differential roles along the dorsal and ventral axis, where the dorsal
hippocampus (dHPC) is necessary for spatial and temporal encoding, while lesions to the
ventral hippocampus (VHPC) cause emotional dysregulation and impaired stress responses
(Fanselow & Dong, 2010; Ciocchi et al, 2015; Strange et al, 2014). More specifically, the
VCAL subregion contains a subset of basolateral amygdala-projecting neurons necessary
for contextual fear conditioning (CFC) and are responsive to the aversive conditioning
(Ciocchi et al, 2015). This body of work suggests a critical role for vCAL in aversive
conditioning and the subsequent emotional responses.

The HPC’s subregions and cell types have a complex and heterogeneous structure-
function relationship. The dentate gyrus (DG), CA3, and CA1 subregions of the HPC make
up the “trisynaptic loop,” which has shown to be a critical circuit for HPC mnemonic
processes. Moreover, the dHPC, specifically the DG, contains defined sets of cells that
undergo plasticity-related changes during learning which, when activated, are sufficient to
drive the behavioral expression of memory (Liu & Ramirez et al, 2012; Ramirez et al,
2013; Ramirez et al, 2015; Denny et al, 2014; Redondo et al, 2014). These studies rely on
inducible genetic tools, such as the Tet-tag system (Reijmers et al, 2007), to effectively
‘tag’ or label neuronal ensembles or engrams active during an initial experience which can

later be reactivated via chemo- or optogenetics. This field of work has enhanced our
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understanding of HPC computations and allows for a time-locked strategy for assessing a
causal role between circuitry and behavior. However, most studies to date have focused
almost exclusively on neuronal contributions to memory engrams, while the role of non-
neuronal cell types within this HPC circuitry have remained relatively understudied. Thus,
it is unknown whether these cells modulate intrahippocampal population dynamics in a
pattern akin to natural memory recall.

Astrocytes are a predominant glial cell type that have been shown to play a pivotal
role in the tripartite synapse, coupling with pre- and postsynaptic neurons to bidirectionally
modulate synaptic communication (Araque et al, 1999; Perea, Navarette & Araque, 2009;
Araque, Carmignoto & Haydon, 2001; Bezzi & Volterra, 2001; Haydon, 2001). These cells
perform vital functions including maintaining the blood-brain barrier, supporting metabolic
needs of surrounding neurons, releasing gliotransmitters and expressing neurotransmitter
receptors to appropriately respond to and modulate their neuronal neighbors (Araque et al,
2014; Covelo & Araque, 2018; Porter & McCarthy, 1996). Recently, there has been a shift
to studying astrocytes at the systems-level through the use of optogenetics, chemogenetics
and optical imaging techniques (Corkrum et al, 2020; Lines et al, 2022; Qin et al, 2020;
Tsunematsu et al, 2021; Ingiosi et al, 2020). For instance, manipulation of astrocytes in
hippocampal and amygdalar sub-regions has been shown to impair or enhance both recent
and remote memory formation and retrieval (Adamsky et al, 2018; Kol et al, 2020; Li et
al, 2020; Martin-Fernandez et al, 2017). Moreover, recent engram studies have
demonstrated the importance of non-neuronal cell types, microglia, and oligodendrocytes,

in experience- and activity-dependent processes (Pan et al, 2020; Wang et al, 2020;
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Steadman et al, 2020). Broadly, this burgeoning field suggests that glial cells are playing a
role in modulating local and long-range projections within the brain to regulate behavior.
Still, despite these recent advances little is known about how astrocytes may be playing a
role in emotional processing within vCAL during fear memory expression.

To that end, we combined activity-dependent tagging strategies with dual-color
fiber photometry to study neuronal-astrocytic interplay of activity across fear encoding,
natural recall, and artificial reactivation of a tagged engram. We injected a glial fibrillary
acidic protein (GFAP)-driven GCaMP6f virus paired with a neuronal human synapsin
(hSyn)-driven JRGECO1a in vCA1 to measure neuronal and astrocytic dynamics, while
concurrently tagging and reactivating cells active during CFC in the dorsal DG (dDG)
using Tet-tag viral constructs. We find that optogenetic reactivation of a fear memory is
sufficient to induce cellular signatures that are akin to those seen during natural recall.
These findings further enhance our understanding of the complex interplay of the cellular
machinery of the brain and suggest that neurons and astrocytes are important members of

the same processes.

3.2) Materials and Methods
3.2.1) Animals

Wild type, male C57BL/6J mice (P29-35; weight 17-19g; Charles River
Laboratories strain #027) were housed in groups of 3-5 mice per cage at the time of surgery.
The animal facilities (vivarium and behavioral testing rooms) were maintained on a 12:12

hour light cycle (0700-1900). Mice received food and water ad libitum before and after
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surgery. All mice were placed on a 40mg/kg doxycycline (Dox; Bio-Serv) diet 48 hours
prior to surgery to inhibit any ‘tagging’ that could occur with the infusion of the Tet-tag
viral cocktail. Following surgery, mice were group-housed with littermates and allowed to
recover for 4 weeks before experimentation for expression of genetically-encoded calcium
indicators (GECIs). All subjects were treated in accord with protocol 201800579 approved
by the Institutional Animal Care and Use Committee (IACUC) at Boston University. As a
limitation of this study, only male mice were utilized, and future work will investigate if
these findings generalize to females as well. All n-values for each experimental group
(Shock-ChR2, Shock-eYFP and Neutral-ChR2) can be found within the legends of each

figure.

3.2.2) Stereotaxic Surgery

For all surgeries, mice were initially anesthetized with 3.0-3.5% isoflurane
inhalation during induction and maintained at 1-2% isoflurane inhalation through
stereotaxic (David Kopf Instruments) nose cone delivery (oxygen 1L/min). Ophthalmic
ointment was applied to the eyes to provide adequate lubrication and prevent corneal
desiccation. The hair on the scalp above the surgical site was removed using Nair hair
removal cream and subsequently cleaned with alternating applications of betadine
solution and 70% ethanol. 2.0% lidocaine hydrochloride (HCI) was injected
subcutaneously as local analgesia prior to midsagittal incision of the scalp skin to expose

the skull. 0.1 mg/kg (5 mg/kg) subcutaneous (SQ) dose of meloxicam was administered
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at the beginning of surgery. All animals received craniotomies with a 0.5-0.6 mm drill-
bit for ventral CA1 (vCAL1) and dorsal dentate gyrus (dDG) injections and implants.

A 10uL airtight syringe (Hamilton Company) with an attached 33-gauge beveled
needle was slowly lowered to the coordinates of hippocampal ventral CA1 (vCAl): —3.16
anteroposterior (AP), —3.10 mediolateral (ML) and —4.50 dorsoventral (DV) for fiber
photometry recordings. All coordinates are given relative to bregma (mm). A volume of
undiluted 250nL:500nL AAV5-GfaABC1D-cyto-GCaMP6f-SV40 (AddGene
#52925)(Haustein et al, 2014) and AAV9-hSyn-NES-JRGECO1a-WPRE.SV40
(AddGene #100854)(Dana et al, 2016) was injected using a microinfusion pump for the
VCAL coordinate at 50 nL/min (UMP3; World Precision Instruments). After the injection
was complete, the needle remained at the target site for 7-10 min post-injection before
removal. Following viral injection, a unilateral optic fiber (200pum core diameter;
1.25mm ferrule diameter, NA = 0.37, length = 4.5mm; Neurophotometrics) was
implanted at —4.60DV, slightly below the site of viral injection.

To enable engram tagging and manipulation via optogenetics, bilateral dorsal
dentate gyrus (dDG) was infused with 1:1 undiluted AAV9-c-fos-tTA-BGHpa and AAV-
TRE-ChR2-eYFP/AAV9-TRE-eYFP (UMass Vector Core, custom) to label neuronal
ensembles with channelrhodopsin (ChR2), a blue-light sensitive protein. A volume of
250nL of the viral cocktail was infused at 100 nL/min into bilateral dDG at —2.20 AP, +
1.30 ML and —2.0DV. Mice received bilateral optic fiber implants 0.2mm above the site
of infusion (1.80 DV)(Doric Lenses). The implant was secured to the skull with a layer of

adhesive cement (C&M Metabond) followed by multiple layers of dental cement
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(Stoelting). Following surgery, mice were injected with a 0.1 mg/kg intraperitoneal (IP)
dose of buprenorphine. They were placed in a recovery cage with a heating pad until fully
recovered from anesthesia. Histological assessment verified viral targeting and data from

off-target injections were not included in analyses.

3.2.3) Tet-Tag System

The Tet-tag system is an inducible, activity-dependent labeling strategy that relies
on the neuronal expression of the immediate-early gene, cfos. This system is composed of
a viral cocktail of c-fos-tTA and TRE-ChR2-eYFP or eYFP control fluorophore. This
genetic strategy has been used to label (‘tag”) a neuronal ensemble, typically referred to as
a memory engram, that contains information that is vital to the encoding and recall of a
recent experience. This system couples the cfos promoter to the tetracycline transactivator
(tTA). In its protein form, tTA directly binds to the tetracycline response element (TRE) in
a doxycycline (Dox)-dependent manner and drives expression of a protein of interest (i.e.,
channelrhodopsin (ChR2) and/or fluorophore). This allows for the temporal regulation of
a ‘tagging’ window when removed from an animal’s diet 48 h prior to a salient experience
(i.e., contextual fear conditioning or home cage exposure). Returning the mice to Dox diet
immediately after the experience of interest ‘closes’ the tagging window, and they remain
untouched for 24 h to prevent off-target labeling. Most importantly, the expression of ChR2
allows for optogenetic reactivation of the experience tagged during encoding. Specifically,
optogenetic stimulation of ChR2+ negative engram cells with blue light in a ‘neutral’

context manifests as a freezing response, typically referred to as light-induced freezing.
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3.2.4) Fiber Photometry Data Collection

A 470-nm LED (Neurophotometrics; FP3002) delivered an excitation wavelength
of light to astrocytes expressing GCaMP6f via a single fiber optic implant. The emitted
530-nm signal from the indicator was collected via this same fiber and patch cord (Doric
Lenses), spectrally-separated using a dichroic mirror, passed through a series of filters, and
was focused on a scientific camera. Isosbestic signals were simultaneously captured by
alternating excitation with 415-nm LED to dissociate motion, tissue autofluorescence, and
photobleaching from true changes in fluorescence. For these dual-color experiments, we
acquired data simultaneously from two channels by adding a 560-nm LED to excite
JRGECO1a. All wavelengths were interleaved and collected simultaneously using Bonsai
interfacing with the Neurophotometrics system (Lopes et al, 2015). The sampling rate for

the calcium signals was 10 Hz per channel.

3.2.5) Behavioral Testing

On Day 1, mice were habituated for 600s to a neutral context (Cxt B) while
undergoing optogenetic stimulation to control for encoding of a novel environment and
light-stimulation alone (Coulbourn Instruments). Because they are still consuming a Dox
diet, there should be no experience or engram ‘tagged ’during this time. After this session,
the Dox-containing diet was replaced with standard mouse chow (ad libitum) 48 h prior to
behavioral tagging to open a time window of activity-dependent labeling. On Day 3, mice
were placed into the shock context (Cxt A) where they underwent CFC for 360s. Foot

shocks (0.75mA, 2s duration) were administered at the 120s, 180s, 240s and 300s time
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points and animals were immediately placed back on Dox diet for 24 h, closing the tagging
window. This labeled sufficiently active cells with ChR2-eYFP or eYFP alone. On Day 4,
mice were placed back in Cxt A where they received foot shocks on the previous day for
360s of ‘natural recall’. On the following Day 5, ChR2-eYFP+ or eYFP+ cells were
optogenetically stimulated (450nm laser diode, 20Hz, 10ms pulse, 15mW output) in Cxt B
with alternating 2-min light-ON and light-OFF epochs [off/on/off/on/off] for a total of 600s
(Doric Lenses). 90 min after the start of the last behavioral session, we performed
perfusions to measure endogenous c-Fos at its peak, providing a proxy of recent neural
activity resulting from optogenetic reactivation of dDG. Brains were sliced on a vibratome
at 50um thickness, immunohistochemistry, and confocal microscopy (Zeiss LSMS800,
Germany) were performed to quantitatively analyze the total number of ‘tagged’ cells in
dDG, number of overlaps between endogenous c-Fos+ and ‘tagged’ ChR2/eYFP+ cells
and expression profile of GCaMP6f and JRGECOla. Time series data were analyzed in
vCAL from neurons and astrocytes across all experimental days.

All of these sessions took place in mouse conditioning chambers (Coulbourn
Instruments) with metal-panel side walls, plexiglass front and rear walls and a stainless-
steel grid floor composed of 16 grid bars (18.5 x 18 x 21.5cm). The grid floor was
connected to a precision animal shocker to deliver 2 s duration, 0.75mA foot shocks.
Context A was composed of this standard fear conditioning chamber with white light and
no odorants. Context B was in a separate room, with a textured black floor to cover the
shock grid, striped laminated walls, an orange odor, and red light in the front of the room.

No auditory changes were made across contexts. A web camera was mounted in front of
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the chamber to record animal behavior that was triggered by the onset of calcium recording
in Bonsai/Neurophotometrics. The behavioral session was triggered by a computer running
FreezeFrame4 software (Actimetrics). The chambers were cleaned with 70% ethanol

solution prior to each animal placement.

3.2.6) Immunohistochemistry

On the final day of behavior, mice were overdosed with 3% isoflurane and perfused
transcardially with cold (4°C) 1 X Phosphate-buffered saline (PBS; Gibco) followed by
4% Paraformaldehyde (PFA; pH = 7.4; Sigma-Aldrich) in PBS. Brains were extracted and
kept in PFA at 4°C for 24-48 h. Brains were sectioned into 50um thick coronal sections
with a vibratome and collected in cold PBS or 0.01% sodium azide in PBS for long-term
storage. Sections were washed three times for 10-15 min with PBS or PBST to remove
0.01% sodium azide used for storage. Vibratome sections were incubated for 2 h in PBS
combined with 0.2% Triton (PBST; Teknova) and 5% bovine serum albumin (BSA;
Sigma-Aldrich) on a shaker at room temperature for blocking. Sections were incubated in
the primary antibodies (1:1000 rabbit polyclonal anti-cFos [SySy; #226 008]; 1:1000
chicken polyclonal anti-GFP [Invitrogen; #A10262]; 1:1000 guinea pig anti-RFP [SySy;
#390 004] diluted in PBS/1% BSA/Triton X-100 solution at 4°C for 24-48 h depending on
the stain of interest. The slices were washed three times for 10-15 min each in 1xPBS or
0.2% PBST. The secondary antibodies were diluted in secondary antibody solution
(PBS/1% BSA/Triton X-100) and incubated for 2 h at room temperature. The following

secondary antibodies were used: 1:200 Alexa goat anti-rabbit 555 [Invitrogen; #A-21428];
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1:200 Alexa goat anti-chicken 488 [Invitrogen; #A-11039]; 1:500 Alexa goat anti-guinea
pig 555 [Invitrogen; #A-11073]. The sections were then washed three times with 1xPBS
or PBST for 10-15 min each and mounted using Vectashield HardSet Mounting Medium
with DAPI (Vector Laboratories Inc.). Once dry, slides were sealed with clear nail polish
on each edge and stored in a slide box in the fridge (4°C). Mounted slices were imaged
using a confocal microscope (Zeiss LSM800, Germany). Brains from all mice used in fiber
photometry experiments were analyzed to check adequate fiber location and proper and
selective viral expression. Animals that did not meet the criteria for proper fiber location

and virus expression were discarded.

3.2.7) Image Acquisition

All coronal brain slices were imaged through a Zeiss LSM 800 epifluorescence
microscope with a 20x/0.8 numerical aperture objective using Zen2.3 software. Brains
from all mice used in fiber photometry experiments were analyzed to check adequate fiber
location and proper and selective viral expression. Animals that did not meet the criteria
for proper fiber location and virus expression were discarded.

Images of the dDG were captured in a 2 x 4 tile (1280 x 640 um) z-stack. DAPI,
cFos and green fluorescent protein (GFP) were imaged as separate channels for target
verification, ensemble size quantification and overlaps of ‘reactivation.” 3-4 slices (6-8

dDG ROIs) were imaged for each animal for averaging.
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3.2.8) Quantification and statistical analysis

All details of statistical analysis (statistical test used, n value, comparisons, test
statistics, p-values, post-hoc multiple comparisons, outliers removed, and results of
normality and variance measures) can be found in the Supplemental Statistical Table. Brief
notes of statistical tests are included in the main and supplemental figure legends (statistical
test, n value, outliers or mice removed). Statistical analyses were performed using Python

and GraphPad Prism v10.

Behavioral measures and event metrics: For behavioral measures and event

metrics, violin plots show the data distribution with dashed lines indicating the upper and
lower quartiles and the solid line indicating the median. All data were checked for
normality using Shapiro-Wilks and Kolmogorov-Smirnov tests, equality of variance
(standard deviation) using Brown-Forsythe test and outliers using the ROUT method. This
method was recommended by GraphPad Prism, which uses identification from nonlinear
regression. We chose a ROUT coefficient Q value of 10% (False Discovery Rate), making
the threshold for outliers less-strict and allowing for an increase in power for outlier
detection. Mice that were excluded for other reasons, such as a lack of freezing epochs,
were noted in the figure legends where applicable in peri-event analysis.

To analyze differences between groups for behavioral measures, event metrics and
cross-correlation measures, we used: One-way ANOVAs (normal) or Kruskal-Wallis test
(nonparametric) with Holm-Sidak’s (normal) or Dunn’s (nonparametric) post-hoc multiple
comparisons tests, if applicable. If variances were not equal, a Brown-Forsythe ANOVA

(normal) was performed instead with Dunnett’s T3 multiple comparisons test, if applicable.
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To analyze differences between groups and across time within a single session we used:
Two-way repeated measures (RM) ANOVAs (between-subject factor: Group; within-
subject factor: Time). Tukey’s multiple comparisons was performed as a post-hoc multiple
comparisons test, if applicable. For all tests, alpha was set to p < 0.05.

Cell counts: For cell counts, one-sample t-tests were used to statistically compare
each group’s mean overlap to chance/theoretical mean (1.0). For all tests, alpha was set to
p<0.05.

Simple linear regression: For simple linear regression, X was denoted as the

maximum cross-correlation value and Y as the average percent freezing for a single
session. The solid line indicated the line of best fit that predicts Y from X with the
associated 95% CI. R? goodness-of-fit measure, p-value and equation are reported in each

plot, as well as in the supplemental Statistical Table. For all tests, alpha was set to p<0.05.

Binomial generalized linear modeling: To determine the probability of freezing

behavior from neuron and astrocyte calcium signals, a binomial generalized linear model
with logit link was used. Beta coefficients for astrocyte and neuron calcium signals in the
regression models were compared across group using One-way ANOVAs (normal) or
Kruskal-Wallis test (nonparametric) with Games-Howell pairwise post-hoc multiple
comparisons tests. For area under the curve (AUC) comparison across groups, Welch’s
ANOVA or Kruskal-Wallis tests were performed on normal and nonparametric data. For

all tests, alpha was set to p<0.05.
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3.2.9) Cell Counting Analysis

dDG images were processed prior to quantification in FIJI (ImagelJ). Images were
processed using a custom macro to split channels, adjust brightness/contrast and z-project
(maximum intensity). Regions of interest were selected using the Polygon tool so that only
cells within the dDG granule cell layer were quantified. cFos, GFP and DAPI channels
were separately quantified in llastik,41 a supervised machine-learning analysis tool. This
method uses a pixel and object classification pipeline facilitated by a human annotator and
allows for automated batch processing once the algorithm has been properly trained.
Overlaps between cFos and GFP were quantified manually in F1JI (ImageJ) using the Cell
Counter plug-in due to the small number of cells.

Once cells were counted, the amount of cFos+, GFP+ and cFos+GFP+ (overlap)
cells in each slice were normalized to the total number of DAPI+ cells (cFos+/DAPI+,
GFP+/DAPI+ and overlap/DAPI+). The chance of an overlap was defined as
(cFos+/DAPI+) x (GFP+/DAPI+), which was calculated for each slice. Overlap/chance
was then calculated by dividing overlap/DAPI by chance for each individual slice.
Overlap/chance was averaged across all slices for each mouse to generate a single average

value that was used in statistical analysis.

3.2.10) Fiber Photometry Analysis

Pre-processing: All fiber photometry analysis was performed using an in-house

pipeline available at https://github.com/rsenne/RamiPho. Extracted photometry signals

first underwent baseline correction using the adaptive iteratively reweighted Penalized


https://github.com/rsenne/RamiPho
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Least Squares (airPLS) algorithm. For this algorithm we set 1 = 10.7 and p = 0.05 with a
maximum of 100 iterations. Following baseline correction, we used a Kalman Filter to
smooth each trace (Kalman, 1960). The Kalman Filter (or Gaussian Linear Dynamical
System) is a model of the form:

Xe = Axe—1 +q¢

yt =th+rt

Where A is the state transition matrix, H is the observation model matrix, g, is the
process noise which is zero-mean Gaussian distributed with Q, covariance, Q; :
q: ~ N(0,Q;), and r; is the observation noise which is zero-mean Gaussian noise with
covariance R;: r: ~ N(0,R;). To use the Kalman Filter we decided to use a p-order
Autoregressive (AR (p)) process as a process model. We found that almost all photometry
traces were well described by an AR(3) model by plotting the partial autocorrelation
functions and determining how many lags were outside of the theoretical 95% rejection

region. To this end, we modeled every photometry trace as an AR(3) process of the form:

Xe = Qg+ A1 X1 + AXpp +A3Xe_ 3+ €

Where x; is the current time step, x;_ is the k-th previous timestep, @, — a3 are

constant coefficients and e is a Gaussian distributed error term. Thus, for our state

transition matrix and observation model matrix we used:
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a; a; as
Azll 0 Ol
0 1 0

H=1[1 0 0]

For the model we set the initial covariance as the identity matrix I (3) and the initial
state as the zero vector (0, 0, 0). We used the expectation-maximization algorithm to find
the initial process noise and observation noise covariance matrices. We then used the

Kalman (Rauch-Tung-Striebel) Smoother and then used the smoothed estimate of the

hidden continuous state as our photometry trace. After smoothing, we then calculated A?F

- di . - di . .
Xe—medlan(x) 504 also a z-scored version as =4 Eoliowing this calculator, we
median(x) stdev(x)

then fit an ordinary least squares regression model to correct for motion and artifact noise
in the recording according to the following model:
Ve =Po+ Prxc +€

Where y_t is the calcium indicator x_t is the isosbestic channel the \beta are
constant coefficients and epsilon is Gaussian distributed noise. After fitting this model, we
used the residuals as our motion corrected trace.

For event detection we used the find_peaks() function in Scipy. Two researchers
manually choose parameters across all traces until they were both in agreement.
Importantly, all parameters were chosen before any statistical or exploratory analysis was

performed and were not altered at a later time point.
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Peri-event analysis: For event-triggered average significance, we used a tCl

confidence interval method previously proposed (Jean-Richard-Dit-Bressel, Clifford &
McNally, 2020). For our event triggered averages we aggregated all within-animal signals
so that we could assume that our samples were independent and identically distributed.
Thus, for this method we assumed each time point was distributed according to a student-
t’s distribution. We then marked any period of time greater than 0.8 s (this decision was
arbitrary and could be chosen to be longer for more conservative estimation, but this is
longer than the proposed time threshold in the original paper) that did not include the
baseline of O (traces were median-shifted to zero) was marked at a significant peri-event.

Binomial Generalized Linear Modeling: To assess how neural and astrocytic traces

could be used to predict freezing we used a Binomial GLM with the canonical logit link
function. For model selection, all data was pooled together on the Shock-ChR2 animals,
and we performed 10-fold cross validation and used the Maximum Likelihood Ratio test
to assess the following models 1) just a constant, 2) a constant and the astrocyte signal, 3)
a constant and the neuronal signal, 4) and a constant, the astrocyte signal, and the neural
signal. The MLRT results suggested that the full model was superior to all of the nested
models. Our cross-validation approach also found that the full model was the most
generalizable. After this model selection routine, we fit the chosen model to each animal’s
data separately.

Cross-Correlation Analysis: In the context of assessing the relationship between

neuronal and astrocytic signals over time, max-cross correlation is calculated to determine

the lag at which the similarity between the two signals is highest. The formula Rxy( 7) is
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the expected value of the product of deviations from the mean of both signals, where one

signal is shifted by the lag time t. The max-cross correlation is computed as follows:

ny(T) = E[(X(t) — W) - (Y(t + Targmax) - l'ly)]

Here, X(t) represents the neuronal signal at time t, and Y(t + Targmax) represents the

astrocytic signal shifted by the lag time 7 that maximizes the cross-correlation. px and py
are the means of the neuronal and astrocytic signals, respectively. The argmax function
identifies the lag T that maximizes the cross-correlation function. This approach identifies
the time offset at which the two signals are most linearly related to each other, which could
be indicative of the delay between neuronal activity and astrocytic response, or vice versa.
The calculation of Rxy(7) over different values of T allows the identification of the time lag
that corresponds to the peak of the cross-correlation function, hence the term "max-cross
correlation”. This peak value represents the strongest linear relationship between the two

signals at the optimal lag time.

3.2.11) Behavioral Analysis

To perform unbiased behavioral evaluation, the pose estimation algorithm,
DeepLabCut, was used for animal kinematics (position, acceleration, velocity)(Mathis et
al, 2018). This open-source toolbox allows for training of a deep neural network using a

small number of behavioral videos. This method was confirmed for accuracy by a blinded
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researcher that manually scored a subset of videos. Additionally, Any-Maze (Stoelting Co.)
was used for supervised automated analysis of freezing bout initiation and termination.
This behavioral data was time locked to our fiber photometry time series data for analysis.

To extract acceleration and velocity information from DeepLabCut, we again used
the Kalman Filter as described above. We first calculated the center of mass of the pose
estimates for the mice to estimate the x and y coordinates. After this we then formulated a

Kalman Filtering model using the following matrices:

1 0 At 0 0.5At? 0
0 1 0 At 0 0.5At2
A=100 1 0 At 0
00 0 1 0 At
00 0 O 1 0
0 0 0 O 0 1
10 0 0 0 0
H‘[o 100 0 o]
0 0 0 0 0 O
000 0 0 O
Q_o 00 0 0 O
o o 0o o 0 0
0 0 0 At2 0 0
0 0 0 0 At?2 ol
R = Var(x) 0
N 0 Var(y)]
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For the initial state mean we used: ( x4, y4,0,0,0,0) and for the initial covariance
we used the identity matrix: 1(6). Using this method, we were able to extract smooth

estimates of the (X, y) position, velocity, and acceleration.

3.3) Results
3.3.1) In vivo calcium recordings of neurons and astrocytes in the ventral hippocampus
during natural and artificial memory reactivation.

We first monitored neuron and astrocyte calcium dynamics in hippocampal vHPC
using dual-color fiber photometry in freely moving mice across habituation, CFC, natural
recall and optogenetic (‘artificial’) reactivation of a tagged fear memory. Wild type mice
were injected in vCAL unilaterally with AAV5-GfaABC1D-GCaMP6f and AAV9-hSyn-
JRGECO1a to express genetically-encoded calcium indicators (GECISs) in astrocytes and
neurons, respectively. Additionally, these mice were bilaterally injected with the Tet-tag
viral cocktail of AAV9-c-fos-tTA and AAV9-TRE-ChR2-eYFP or eYFP control in the
dorsal DG to allow for temporal control over ‘tagging’ and reactivating a neuronal
ensemble with this simultaneous recording of calcium dynamics (Figure 1A). JRGECOla
and GCaMP6f successfully and effectively expressed in VHPC neurons and astrocytes,
respectively (Figure 1B). Across all days of behavior, we used fiber photometry to record
freely moving neuronal and astrocytic calcium activity in the vHPC (Figure 1A, C). Mice
were placed into three groups: Shock-ChR2 (mice that received foot shock and expressed
active channelrhodopsin [ChR2] in tagged fear engram cells), Shock-eYFP (mice that

received foot shock and expressed control eYFP in tagged fear engram cells) and Neutral-
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ChR2 (mice that did not receive foot shock and express active ChR2 in tagged neutral
engram cells). On Day 1, all mice remained on doxycycline (Dox) diet while they freely
explored neutral Context B (Cxt B) and received blue-light stimulation for habituation.
After this session, mice had Dox diet replaced with standard chow for 48 hours prior to the
engram labeling. On Day 3, mice in the Shock-ChR2 and Shock-eYFP groups underwent
CFC in Context A (Cxt A). Here, they received 4, 0.75mA foot shocks while off Dox. Mice
in the Neutral-ChR2 group were placed in Cxt A for the same duration of time in the
absence of aversive stimuli. After this session, all mice were returned to the Dox diet to
close the ‘tagging window’. On Day 4, all mice were placed back in Cxt A for contextual
(‘natural’) recall. On Day 5, all mice were placed in the previously habituated Cxt B where
they received blue-light stimulation during the 120-240 seconds and 360-480 second time
periods. 90 minutes after the first light-ON epoch of optogenetic stimulation, mice were
transcardially perfused to capture peak cFos protein levels and allow us to examine the
‘reactivation rate’ of tagged vs. reactivated neurons in dDG (Figure 1C).

Next, we performed histology to visualize the tagged dDG engram cells (green),
reactivated cFos cells (red), DAPI (blue), and overlaps (yellow) for Shock-ChR2 (Figure
1D, top), Shock-eYFP (Figure 1D, center), and Neutral-ChR2 (Figure 1D, bottom). There
were no statistically significant differences in the active cFos+ cells (%cFos+/DAPI+)
across any group (Figure 1E). The percentage of tagged cells (%eYFP+/DAPI+) was
significantly different across groups. Post hoc multiple comparisons demonstrated
significantly greater eYFP+ “tagged” engram cells in the Shock-eYFP group compared

with both the Shock-ChR2 and Neutral-ChR2 groups (Figure 1F). Additionally, there was
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a significant increase in eYFP+ tagged cells in the Shock-ChR2 compared with the Neutral-
ChR2 group (Figure 1F). These increased eYFP+ cells in the Shock-eYFP group compared
with those expressing ChR2 is perhaps not unexpected because of the differences in
molecular weight and ultimate localization of the effector protein in the cell. ChR2 requires
trafficking to the cellular membrane for activation by optogenetics in addition to the
cytosolic expression of eYFP. Finally, to assess the similarity of the initially “tagged”
engram cells and those reactivated during optogenetic stimulation, we quantified the
number of overlaps for each group cFos+eYFP+/DAPI+ compared with chance
(eYFP+/DAPI+) x (cFos+/DAPI+). We observed that the overlaps/chance in the Shock-
ChR2 and Neutral-ChR2 groups were significantly greater than the chance theoretical
mean of 1.0 (Figure 1G). This result indicates that optogenetic stimulation of “active”
ChR2 protein in our tagged cells, both fearful and neutral in nature, increased the number
of reactivated cells from the initially labeled experience, whereas our eYFP group was not

activated.

3.3.2) Neurons and astrocytes respond robustly to foot shock and freezing epochs during
contextual fear conditioning.

To test the hypothesis that astrocytes and neurons play an active role in the
acquisition of contextual fear, we used in vivo fiber photometry to record the activity of
both cell types across all experimental days of our behavioral task (Figure 1A, bottom).
During CFC, mice in the Shock-ChR2 and Shock-eYFP groups had significantly increased

freezing levels compared with Neutral-ChR2 mice, which did not receive foot shocks
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(Figure 2A-B). These mice acquired fear across the session, with an increase in the Shock-
ChR2 and Shock-eYFP groups but not in the Neutral-ChR2 group (Figure 2A-B). Calcium
time series for astrocytes (Figure 2C) and neurons (Figure 2D) in the Shock-ChR2 and
Shock-eYFP groups indicated increased activity at the times of a 0.75-mA foot shock (120,
180, 240, and 300 s) but not in the Neutral-ChR2 group, which did not receive foot shocks.
To better understand this assessment, whole-session peri-event analyses for astrocytes
(Figure 2E) and neurons (Figure 2J) demonstrated a significant increase in activity at the
onset of each foot shock. During the foot shocks, we observed a significant increase in the
Z-scored %dF/F (change in fluorescence/baseline) for both astrocytes (Figure 2F) and
neurons (Figure 2K) in the Shock-ChR2 and -eYFP groups but not in the Neutral-ChR2
group, as expected. Further, calcium event characteristics were calculated for neurons and
astrocytes in all groups, as averaged for events within the entire session. Astrocytes that
underwent shock displayed an increase in peak height (%dF/F) and area under the curve
(AUC) as well as a decrease in full width half-maximum (FWHM) compared with those
that did not receive shocks (Figure 2G-21). On the other hand, neuronal calcium
characteristics were not significantly different across any groups within CFC as a whole
(Figure 2L-2N).

Next, we hypothesized that astrocytes and neurons would be time locked to the
onset and offset of behavioral freezing bouts, in line with previous work from BLA
astrocytes during fear learning (Suthard & Senne et al, 2023). Peri-event analysis of foot
shocks showed that neurons and astrocytes are both time locked to 0.75-mA foot shocks,

with neurons displaying a smaller amplitude event that begins shortly before astrocytic
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calcium (Figure 20, top and center), compared with those that did not receive an aversive
stimulus (Figure 20, bottom). For freezing onset, both neurons and astrocytes displayed a
significant decrease in activity immediately before the start of the freezing bout,
rebounding around 1-2 s post event (Figure 2P, top and center), which we did not observe
in Neutral-ChR2 mice (Figure 2P, bottom). Interestingly, both astrocytes and neurons
displayed a significant decrease in activity at the offset of freezing bouts in the Shock-
ChR2 and -eYFP groups with little delay between the two cell types (Figure 2Q, top and
center). As neurons and astrocytes showed coordinated activity at freezing bouts, we
hypothesized that, as the freezing percentage increased, there would be an increase in
correlation between cell types (max cross-correlation). To understand this, we performed
cross-correlation between the neuron and astrocyte calcium time series for the entire CFC
session (Figure 2R). We observed that the maximum cross-correlation value was not
significantly different across the three groups (Figure 2S). Further, we performed a simple
linear regression to see whether an increase in maximum neuron-astrocyte Cross-
correlation can predict an increase in an animal’s freezing level. For CFC, we did not
observe a significant relationship between cross-correlation and average percent freezing

(Figure 2T).

3.3.3) Neuronal and astrocytic calcium are responsive to freezing epochs during
contextual recall.
To understand VHPC neuron-astrocyte calcium dynamics during natural recall,

mice were placed back in Cxt A in the absence of any aversive stimuli the next day. During
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recall, mice in the Shock-ChR2 and Shock-eYFP groups expressed high levels of fear, as
shown by increased freezing across the session (Figures 3A-B) compared with Neutral-
ChR2 mice that did not experience foot shock the day before. Whole-session individual
calcium time series (Figures 3C-D) and average traces (Figures 3E-F) for astrocytes and
neurons showed qualitatively similar activity in shock groups during recall. Similar to
CFC, there was a significant dip and rapid increase in the Z-scored %dF/F for both
astrocytes and neurons at the onset of freezing bouts for the Shock-ChR2 and Shock-eYFP
groups (Figure 3G, top and middle) that was not observed in the Neutral-ChR2 calcium
(Figure 3G, bottom). Further, we observed a similar rapid decrease in calcium activity
across cell types at the offsets of freezing bouts (Figure 3H, top and middle), which again
was not observed in the Neutral-ChR2 mice (Figure 3H, bottom). Calcium event
characteristics were calculated for both neurons and astrocytes across all groups during the
entire recall session. Similar to CFC, astrocytes in the Shock-eYFP group displayed
significantly increased peak height and AUC compared with the Neutral-ChR2 group
(Figure 3I, K). The Shock-ChR2 group had a trend toward the same significant increase in
peak height and AUC compared with Neutral-ChR2, with no difference between Shock-
ChR2 and Shock-eYFP (Figure 3l, K). Again, neuronal calcium events did not differ
significantly in any metric across groups during this entire session (Figures 3L-3N). We
further investigated the relationship between neuron-astrocyte cross-correlation and
freezing during recall, as consolidation of the memory may contribute to a stronger
relationship between these factors. We observed that the maximum cross-correlation value

was significantly higher in the groups that received foot shocks previously compared with
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Neutral-ChR2 (Figure 30). Finally, a simple linear regression revealed a significant
positive relationship between the maximum cross-correlation and freezing with an increase
in neuron-astrocyte correlation predictive of an increase in the animal’s freezing behavior.
With this information, we can conclude that increased maximum cross-correlation is

positively associated with freezing levels (Figure 3P).

3.3.4) Neuron-astrocyte calcium responds to freezing epochs during optogenetic
reactivation of fear.

To optogenetically reactivate a fear memory, mice were placed in previously
neutral Cxt B for 600 seconds while receiving blue light stimulation during the 120-240
and 360-480 second time intervals. In our experiment, optogenetic reactivation drove the
highest level of freezing in the Shock-ChR2 group, as expected (Figure 4A-B), though in
an atypical manner from previously reported light-induced studies but nonetheless
consistent with an overall increase in freezing behavior during stimulation (Kitamura et al,
2017; Power et al, 2023; Rahsepar et al, 2023). Interestingly, while we observe increases
in freezing with the onset of blue light at the 120 and 360 second timepoints, the already
extant freezing levels we believe reflect contextual generalization, which provides us with
an opportunity to study global increases in freezing and its effects on intra-hippocampal
dynamics. The Shock-eYFP group displays a moderate level of fear that is likely due to
fear generalization (Figure 4A-B). As anticipated, Neutral-ChR2 mice display the lowest
level of freezing, hovering around 20% on average across the session (Figure 4A-B).

Qualitatively, there were no significant differences in individual nor in whole session
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calcium timeseries across groups for both astrocytes (Figure 4C, E) and neurons (Figure
4D-1). There were no changes in calcium event metrics across all the groups in both cell
types for the entire optogenetic session (Figure 4F-H, 4J-L). To further understand how
these calcium event metrics may change within the optogenetic stimulation epochs, we
compared the peak height, AUC and FWHM for each group (Shock-ChR2, Shock-eYFP,
and Neutral-ChR2) across light ON (120-240s, 360-420s) and OFF (0-120s, 240-360s,
420-600s)(Figure S2). We found no significant differences between light ON and OFF
epochs in any group for astrocytic calcium (Figure S2A-C). For neurons, there was a
significant increase in AUC during the light ON epochs only for Shock-ChR2, but no
differences in peak height or FWHM (Figure S2D-F). This is interesting, as this increase
in AUC is unique to the group that is receiving optogenetic reactivation of a fear memory.

Additionally, there was no significant difference in maximum cross-correlation
across all the groups during the optogenetic reactivation session (Figure 4M). However, a
simple linear regression revealed a significant relationship between maximum cross-
correlation and average freezing during this session (Figure 4N). However, the R? value for
cross-correlation (R? = 0.2114) was lower during this session compared to recall (R? =
0.3071)(Figure 3P).

Interestingly, we observed coordinated calcium signatures in the Shock-ChR2
group time-locked to freezing onset and offset resembling those during natural recall in
both Shock-ChR2 and Shock-eYFP mice (Figure 3G-H). Most notably, this time-locking
to freezing epochs was not present in the Shock-eYFP and Neutral-ChR2 group during

optogenetic reactivation (Figure 40-P). Both the Shock-eYFP and Neutral-ChR2 exhibited
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some level of freezing behavior, likely due to generalization of fear, but artificial
reactivation of a fear memory re-engaged astrocytes and neurons calcium activity in a
stereotyped manner characteristic of natural recall. Optogenetic stimulation onset and
offset did not appear to significantly change calcium activity in either cell type, although
blue light onset may have led to a decrease in calcium in both cell types specific to fear

memory activation (Figure 3Q-R).

3.3.5) Predictive reliability of freezing is present only in the Shock-ChR2 group.

As astrocytes and neurons changed their dynamics in response to freezing onset
and offset during optogenetic and natural memory recall, we next asked if freezing could
be reliably predicted from the fiber photometry traces (Figure 3G-H, Figure 40-P). To this
end, we fit a binomial generalized linear model (GLM) with a logit link to the freezing as
a function of the astrocytic and neuronal photometry signals. During model selection, (see
Methods), we found that a model that used both neuronal and astrocytic signals was best
able to predict freezing. Both coefficients were found to be statistically significant. We
then fit this model to each animal during recall (Figure 5A-B). We found that the
coefficients for the Shock-ChR2 group corresponding to the astrocytic photometry signal
were not significantly different from the Shock-eYFP group but were significantly different
from the Neutral-ChR2 group during natural recall (Figure 5B). Interestingly, we found no
significant differences between the Shock-eYFP group’s coefficients and the other groups,
and we saw no significant differences in the coefficient values that correspond to the

neuronal signal (Figure 5B). To assess the predictive validity of our model, we used
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receiver operating characteristic (ROC) curves and the AUC metric (Figure 5C-D, 5G-H).
We found during natural recall that the Shock-ChR2 group was not significantly better at
predicting freezing than the Shock-eYFP group but was significantly better at predicting
freezing than the Neutral-ChR2 group (Figure 5D). Again, we found that the Shock-eYFP
group was not significantly different from either group. We next wanted to see how these
results would change during artificial reactivation, especially as we saw a decoupling of
the peri-event responses to freezing onset and offset between the Shock-eYFP groups
during artificial reactivation (Figure 40-P). Furthermore, we found that the astrocyte signal
corresponding beta coefficients were significantly different in the Shock-ChR2 group
compared with both other groups (Figure 5F). We again observed no statistical differences
in the neuronal signal coefficients (Figure 5F) and then found that, in the AUC metrics, the
Shock-ChR2 group had significantly better predictive power than both the Shock-eYFP
and Neutral-ChR2 groups (Figure 5H). Overall, this analysis suggests that our optogenetic
stimulation paradigm preserves freezing-specific information within the photometry

signals of vCAL1 neurons and astrocytes.

3.3.6) Mice display low freezing and no differences in calcium dynamics across all groups

during habituation

On Day 1, mice were placed in a neutral Cxt B for a habituation session while
receiving blue light stimulation during the 120-240 and 360-480 second time intervals. As
expected, mice exhibited low levels of freezing because no cells were tagged with ChR2

(Figure S1A-B). Calcium timeseries and whole session peri-event analysis for astrocytes



120

(Figure S1C-E) and neurons (Figure 3D, 31) showed qualitatively similar activity in all
groups during habituation. Calcium event characteristics were calculated for all groups for
both neurons and astrocytes by averaging across all events during the entire session. In
both cell types, there were no significant differences in any event metrics: peak height, area
under the curve, and full-width half-maximum (Figure S1F-M, S1J-L). Further, we
calculated neuron-astrocyte cross-correlation, observing, as expected, non-significant
differences across the three groups (Figure S1IM). We fit a simple linear regression to test
if differences in cross-correlation can predict the animal’s average freezing level. During
the habituation session, we did not observe a significant relationship between cross-
correlation and freezing (Figure SIN). Next, we performed peri-event analysis to examine
astrocytic and neuronal calcium dynamics at the timepoints of freezing initiation and
termination, and the onset and offset of blue-light stimulation. During habituation, we did
not observe the same stereotyped decreases and increases in calcium time-locked to
freezing bouts observed during natural or artificial fear memory recall (Figure S10-P).
This confirms that the calcium signatures we observe during recall for both shock groups
and artificial fear memory recall in the Shock-ChR2 group are unique to fear memory
engagement. Blue-light stimulation onset and offset during habituation did not reliably
time-lock to calcium in any group, with significant events likely related to spurious, noisy
activity that we commonly observe during ‘neutral’ contexts (Figure S1Q-R)(Suthard &

Senne et al, 2023).
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3.4) Discussion
3.4.1) The role of neuron-astrocyte dynamics during natural and artificial fear memory
In this study, we asked how artificial reactivation of fear ensembles affects
intrahippocampal neuronal and astrocytic calcium activity and how this interfaces with fear
behavioral states. Our data demonstrate the emergence of coordinated calcium signatures
time locked to onset and offset of freezing during CFC that become more distinctive during
natural recall in the Shock-ChR2 and -eYFP groups. This is consistent with previous
findings from our lab showing that astrocytes in the BLA are time locked to freezing epochs
during CFC and recall. Optogenetic reactivation of a dDG fear engram recapitulates these
dynamics during freezing bouts, whereas stimulation of neutral-tagged neurons (Neutral-
ChR2) and control Shock-eYFP mice do not, suggesting that this manipulation mimics the

natural expression of fear.

3.4.2) Optogenetic stimulation of a fear engram elicits atypical behavioral response
Based on previous work and the work of others, when mice with tagged Shock-
ChR2+ cells undergo optogenetic stimulation of these fear-related neuronal ensembles,
they display light-induced freezing behavior. For this reason, we expected that our mice in
the Shock-ChR2 group would display high levels of freezing during the light-ON epochs
and a decrease during light-OFF epochs. This “seesaw” effect is not typically observed in
Shock-eYFP and Neutral-ChR2 groups, where they display lower levels of freezing
overall. This is because the eYFP+ cells are not blue light sensitive and, thus, should not

be “reactivated” or brought back online to drive fear, and the Neutral-ChR2 group has a
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non-shock-related experience labeled. Our behavioral findings during optogenetic
reactivation showed an increase in freezing with the onset of blue-light stimulation that
was modest in the Shock-ChR2 group. In line with our observations, previous engram
research has shown a range of variability in light-induced freezing behaviors driven by
differences in stimulation frequency and brain region (Roy et al, 2022). For instance, recent
work has shown a very modest increase between light-ON and -OFF epochs (e.g., ~5%
changes in freezing) with optogenetic stimulation of the prefrontal cortex (PFC), which is
consistent with our findings (Kitamura et al, 2017). This is further supported by other work
showing large variability in freezing, with the distributions between shock and no shock
largely overlapping and few mice driving this significant difference during the light-ON
periods (Power et al, 2023). Further, when collapsed across the entire optogenetic session
(light-ON and light-OFF epochs together for each group), this study observed no
significant differences across shock and no-shock mice. Both of these studies nonetheless
successfully dissociated light-induced changes in behavior from light-induced changes in
cellular dynamics. Importantly, our optogenetic stimulation, although similarly modest in
behavioral effects, indeed recapitulates coordinated calcium signatures resembling natural
recall that are time locked to freezing behavior, only in the Shock-ChR2 group. This may
suggest that, during fear states, and specifically during bouts of freezing, fear engram
reactivation alters downstream neuronal and astrocytic calcium dynamics and that this

alteration mimics natural fear states.
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3.4.3) Correlation between neuronal and astrocytic calcium can predict fear states.

Due to the robust coordinated responses between neurons and astrocytes at the
onset and offset of freezing epochs, we next tested whether the two cell types become more
correlated with an increase in average fear. Our analysis showed no significant differences
in maximum cross-correlations between groups during CFC. This is likely due to the
emergence of the fear state across the session and may require consolidation of the memory
(Kitamura et al, 2017). In line with this hypothesis, in natural recall there was increased
correlation between neurons and astrocytes in the shocked groups compared with the no-
shock group. A simple linear regression analysis revealed that cross-correlations had a
linear relationship to average freezing in the session. During the artificial recall session,
although the Shock-ChR2 group exhibited increased freezing levels and stereotyped
calcium signatures time locked to freezing characteristic of natural fear, there were no
significant differences in maximum cross-correlations. Moreover, we observed more
variability in cross-correlations between animals in both shock groups compared with
natural recall. We speculate that optogenetic stimulation of an engram multiple synapses
upstream (Fanselow & Dong, 2010) alters natural dynamics and leads to decreased
coordination between cell types across the session compared with recall. Despite the
induction of elevated fear levels and stereotyped calcium time locking to freezing epochs
during optogenetic reactivation, this artificial perturbation is likely to produce more

variability, both behaviorally and cellularly.
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3.4.4) Statistical Modelling Enhances Interpretability of Engram Research

The ability to manipulate engrams via inhibition or activation has been
technologically feasible for the past two decades (Han et al, 2009; Liu & Ramirez, 2012),
but the majority of research relies on using behavioral metrics (e.g., freezing) and or
measurements of immediate-early gene (IEG) expression as the primary readouts.
However, as real-time recording and concurrent optogenetic perturbations are becoming
more prevalent, a higher level of cellular and behavior resolution is warranted to measure
phenotypes in an unbiased manner. One caveat with using a single behavioral dimension
to assay memory is that it makes a prima facie assumption that subjects are independent
and identically distributed. However, several studies have shown that metrics including
freezing are not always universally expressed and show considerable variability. For
instance, the often-observed “bi-directional freezing” often observed during optogenetic
stimulation is not always present (Kitamura et al, 2017; Power et al, 2023; Rahsepar et al,
2023). In this study, we propose that, as real-time recording approaches become more
prevalent in engram research, statistical modeling will become indispensable. We used a
classic statistical model, the GLM, which has been seminal in many other fields of
neuroscience (McCullagh & Nelder, 1989). We found that using our two photometry
signals from astrocytes and neurons reliably predicted freezing behavior in mice even
though we observed non-traditional freezing curves. Accordingly, we speculate that
engram stimulation preserves encoded “fear” states within the activity of vCA1 neurons
and astrocytes. This suggests that, while engram stimulation is undoubtedly an artificial

approach, we nonetheless observe physiological responses expected under natural fear
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memory recall. We believe that this result, paired with our observation of significant peri-
events in the Shock-ChR2 group only during optogenetic stimulation, advances the idea
that our stimulation is recapitulating fear-related neuronal responses. It is worth
underscoring that our model selection procedure suggests that neuronal signals are playing
an important predictive role in our model, despite the absence of significant group-level
differences in the corresponding beta coefficients. We believe that there are a few
reasonable explanations that could resolve this conflict. For example, like other red calcium
indicators, JRGECO1a has lower signal-to-noise ratio than its GCaMP6f counterpart, and
so it is feasible that some animals will have much more reliable predictive capabilities in
this channel than others. An additional caveat is that we fit a separate model to each of the
animals and assume that each mouse is independent. Thus, future research could augment
our approach in at least two manners: one could use a generalized linear-mixed effects
model that would supply a maximum a posteriori estimate of the posterior distribution of
the beta coefficients, or one could use a fully Bayesian approach and partial-pool all of the
data to consider the inherent variability of different mice. Regardless, we believe that even
simple statistical models, such as the ones used here, will enhance the interpretation of

future engram studies.

3.4.5) Advancing the study of natural and artificially-driven memories
Our study demonstrates that optogenetic reactivation of a fear engram induces
neuronal-astrocytic dynamics that resemble the cellular responses observed during natural

fear memory recall. Interestingly, recent work has characterized the relationship between
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phase-specific optogenetic stimulation of the DG and theta oscillations in dCA1 of the HPC
using local field potentials. Here, they find that stimulation during the trough of theta is
more effective at driving freezing behavior compared with the peak of theta. The variability
in freezing behavior in our data could be potentially explained by imprecise stimulation
patterns that do not yet consider phase-specific relationships between engram activation
and ongoing rhythms in the brain (Rahsepar et al, 2023). This study also did not observe
significant light-induced freezing during light-ON epochs at 20 Hz in the dDG but did
observe this during trough stimulation, further supporting the notion that the brain contains
optimal rhythmic windows during which optogenetic stimulation of an engram may be
most effective at driving behavior. This work builds on others that have recorded from
within or downstream of DG engram stimulation. For example, calcium recordings of Fos-
dependent (F-RAM) and Npas4-dependent (N-RAM) ensembles expressing GCaMP after
CFC revealed that they were differentially reactivated during recall in the DG, with the N-
RAM ensemble uniquely engaging for memory discrimination (Sun et al, 2020). Further,
single-unit electrophysiological activity in the BLA of mice while simultaneously
activating DG positive engram cells had both excitatory and inhibitory effects on individual
cells (Ramirez et al, 2015). Finally, 20-Hz stimulation of a sparse population of DG granule
cells has been shown to excite and inhibit an equal number of neurons downstream in the
CAZ3, which provides a putative mechanism for how both excitation and inhibition work
together to effectively_express a memory (Lee et al, 2019). Together with this previous
work, our study supports the idea that optogenetic reactivation is sufficient to induce

behavioral and cellular fear states similar to those observed during natural recall.
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3.4.6) Limitations of the study

In this study, we primarily use fiber photometry, which, despite its many
applications in systems neuroscience research, has inherent spatial-temporal limitations for
recording cellular activity in vivo. One such issue is the lack of standardization and
agreement in the field for optimal photometry recording preprocessing. Furthermore,
photometry’s spatial resolution is such that activity of GECI+ cells is recorded as a 1-
dimensional time series, which captures bulk fluorescence in a brain region of interest but
is incapable of resolving individual cell responses. Importantly, calcium responses at the
single-cell level have been shown to encode complex behavioral variables through a variety
of physiological processes, including sequence development, polysynaptic input-output
architectures, and within the cells themselves. Additionally, our optogenetic protocol
specifically stimulates a fraction of dDG granule cells, and while this approach has been
successful in prior engram work, increasing numbers of studies have shown that these
memory ensembles are distributed units whose activity evolves with experience and time
(Roy et al, 2022). Thus, it remains an open question whether stimulating engrams across
the brain would also recapitulate endogenous physiological activity across multiple cell

types, as we observed in our study.
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Figure 3.1: In vivo calcium recordings of neurons and astrocytes in the ventral
hippocampus during natural and artificial memory reactivation. (A) Neuron-astrocyte
fiber photometry recordings hippocampal ventral CA1 (vCAL) coupled with optogenetic
stimulation of a dorsal dentate gyrus (dDG)-mediated neuronal ensemble. Mice were
injected in vVCAl with AAV5-GfaABC1D-cyto-GCaMP6f-SV40 and AAV9-hSyn-
JRGECO1a-WPRE.SV40, and received a unilateral optical fiber implant to enable Ca2+
recordings. dDG was infused with AAV9-c-fos-tTa and AAV9-TRE-ChR2-eYFP or
control vector, and implanted with bilateral optical fibers. (B) Representative confocal
microscopy image of the vCAL pyramidal cell layer expression of hSyn-jRGECO1a (red:;
neurons), GfaABC1D-GCaMP6f (green; astrocytes) and DAPI (blue; nuclei) that was the
site of fiber photometry recordings. (C) Schematic representation of the viral tagging
strategy used during behavioral testing: On Day 1, mice were placed in Context B (Cxt B)
for 600 seconds of habituation in the presence of blue light optogenetic stimulation while
on DOX diet. DOX diet was removed for 48 hours immediately after this session to open
the ‘tagging’ window. On Day 3, mice were split into three groups: Shock-ChR2, Shock-
eYFP and Neutral-ChR2, where they underwent a neutral (no-shock) or contextual fear
conditioning (4-shock; 0.75mA, 2 second duration foot shocks) experience for 360 seconds
in Context A (Cxt A). Mice were placed immediately back on DOX diet to close the
‘tagging’ window. On Day 4, all mice were placed back in Cxt A for a 360 second natural
recall session. Day 5 mice underwent a 600 second session in Cxt B where they received
optogenetic blue light stimulation (450nm laser diode, 20Hz, 10ms pulse, 15mW) to

‘reactivate’ the tagged ensemble. 90 minutes after the start of optogenetic stimulation, mice
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were transcardially perfused to capture peak endogenous cFos protein resulting from
stimulation. (D) Representative 20x confocal images of dDG histology visualizing DAPI+
cells (blue), eYFP+ cells (green; active during FC), cFos+ cells (red; active during
optogenetic stimulation) and overlaps (yellow; active during both sessions) between these
three channels for each group: shock-ChR2 (top), shock-eYFP (middle) and neutral-ChR2
(bottom) to show the effects of optogenetic reactivation of ChR2+ or eYFP+ cells in the
hippocampus. Zoomed representative 20x images of these overlaps (yellow) are shown in
the far-right of each row with arrows highlighting these. (E) %cFos+/DAPI+ cells were
not different across groups; One-way ANOVA. (F) %eYFP+/DAPI+ cells was
significantly increased in Shock-ChR2 and Shock-eYFP groups; One-way ANOVA and
Holm-Sidak’s multiple comparisons. (G) %cFos+eYFP+/chance (overlap) cells were
significantly greater than chance in Shock-ChR2 and Neutral-ChR2 groups; One-sample t-
tests of each group against chance (1.0). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, ns = not significant. Per group: n=3-4 mice x 8 dDG regions of interest (ROI) each
were quantified for statistical analysis of cell counts. Error bars indicate SEM. Scale bars
for 1B represent 100um and 1D represent 200um (20x; DAPI, eYFP, cFos, Merge) and

50um (40x; Merge).
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Figure 3.2: Neurons and astrocytes respond robustly to foot shock and freezing
epochs during contextual fear conditioning. (A-B) Mice in Shock-ChR2 (green) and
Shock-eYFP (blue) groups acquired fear during contextual fear conditioning (CFC) as
shown by increased freezing percentage across the session (A) and on average (B)
compared to Neutral-ChR2 (coral) mice that did not receive foot shock. (C-D) Calcium
timeseries for astrocytes (C) and neurons (D) in the Shock-ChR2 and Shock-eYFP groups
indicated increased activity at the times of 0.75mA foot shock (black arrows; 120, 180,
240, 300 seconds), but not the Neutral-ChR2 group. Each row represents a single subject
across time (seconds). (E, J) Whole session peri-event analysis for astrocytic (E) and
neuronal (J) calcium activity during CFC show an increase in activity (z-scored %dF/F) at
the onset of each foot shock (dashed lines) in the Shock-ChR2 and Shock-eYFP groups.
(F, K) Foot shock peri-event analysis for astrocytes (F) and neurons (K), with the onset of
shock occurring at the dashed line (time = 0). Shock-ChR2 (green) and shock-eYFP (blue)
show a significant increase in calcium activity (z-scored %dF/F), but neutral-ChR2 (coral)
mice do not. (G-I, L-N) Calcium event metrics (z-scored) for astrocytes (G-1) and neurons
(L-N) averaged across the entire CFC session; (G,L) peak height (%dF/F), (H,M) full-
width half maximum (s), and (I,N) area under the curve (AUC). Astrocytes in Shock-ChR2
and Shock-eYFP groups show increased peak height and AUC, and decreased FWHM
compared to Neutral-ChR2. Neurons show no significant differences in any metric during
CFC across groups. (O-Q) Peri-event analysis for neurons (red) and astrocytes (green)
during foot shock (O), freezing onset (P) and freezing offset (Q) for Shock-ChR2 (top),

Shock-eYFP (middle) and Neutral-ChR2 (bottom). Shock-ChR2 and Shock-eYFP mice
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show a significant response across cell types to foot shock, freezing onset and offset,
compared to Neutral-ChR2 mice. (R) Representative neuron-astrocyte cross-correlation,
with neurons (red) and astrocytes (green) shifted to maximally align with one another. (S)
Maximum cross-correlation value (0.0-1.0) was not significantly different across groups
during CFC. (T) Simple linear regression for average freezing percentage (%) and
maximum cross-correlation value for all mice collapsed across groups during CFC did not
show a significant relationship. For all violin plots, One-way ANOVA or Kruskal-Wallis
tests were performed on normal and nonparametric data, respectively. For post-hoc
multiple comparisons tests, Holm-Sidak’s (normal) or Dunn’s (nonparametric) multiple
comparisons were performed with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns = not significant. For peri-event analysis, we used a 95% tCI (shaded region) confidence
interval method where a ‘significant’ event indicated by the colored bars above the
timeseries indicates any time period greater than 0.8 seconds that did not include the
median-shifted baseline of 0. Error bars in line plots are represented as mean + SEM. Violin
plots display the data distribution with dashed lines indicating upper and lower quartiles
and the solid line indicating the median. For simple linear regressions, the solid line
indicates the line of best fit that predicts Y from X with the associated 95% CI. R?
goodness-of-fit measure, p-value and equation are reported. For event metrics and freezing
behavior, shock n=10, eYFP n=15, neutral n=6-7; only one mouse in the neutral group was
excluded as an outlier for astrocytic FWHM. For foot shock peri-event analysis, shock

n=10, eYFP n=15, neutral n=7. For freezing onset and offset peri-events, shock n=10,
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eYFP n=15, neutral n=3; four neutral mice were excluded due to their entire lack of

freezing during CFC.

Figure 3.3
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Figure 3.3: Neuronal and astrocytic calcium are responsive to freezing epochs during
contextual recall in shock, but not neutral groups. (A-B) Mice in Shock-ChR2 (green)
and Shock-eYFP (blue) groups expressed high levels of contextual fear recall, as shown by
increased freezing percentage across the session (A) and on average (B) compared to
Neutral-ChR2 (coral) mice that did not receive foot shock the day before. (C-D) Calcium
timeseries for astrocytes (C) and neurons (D) in the Shock-ChR2 and Shock-eYFP groups
indicated similar qualitative activity in both cell types compared to Neutral-ChR2. Each
row represents a single subject across time (seconds). (E-F) Whole session peri-event
analysis for astrocytic (E) and neuronal (F) calcium activity during recall showed similar
activity (z-scored %dF/F) across all groups. (G-H) Peri-event analysis for neurons (red)
and astrocytes (green) during freezing onset (G) and freezing offset (H) for Shock-ChR2
(top), Shock-eYFP (middle) and Neutral-ChR2 (bottom). Shock-ChR2 and Shock-eYFP
mice showed a significant response across cell types to freezing onset and offset, compared
to Neutral-ChR2 mice. (I-N) Calcium event metrics (z-scored) for astrocytes (I-K) and
neurons (L-N) averaged across the entire recall session; (I, L) peak height (%dF/F), (J, M)
full-width half maximum (s), and (K, N) area under the curve (AUC). Astrocytes in Shock-
ChR2 and Shock-eYFP groups showed significant or a trend towards an increase in peak
height and AUC compared to Neutral-ChR2. Neurons showed no significant differences in
any metric during recall across groups. (O) Neuron-astrocyte cross-correlation; maximum
cross-correlation value (0.0-1.0) was significantly increased in both shock groups
compared to neutral-ChR2 during recall. (P) Simple linear regression for average freezing

percentage (%) and maximum cross-correlation value for all mice collapsed across groups
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during recall showed a significant relationship. For all violin plots, One-way ANOVA or
Kruskal-Wallis tests were performed on normal and nonparametric data, respectively. For
post-hoc multiple comparisons tests, Holm-Sidak’s (normal) or Dunn’s (nonparametric)
multiple comparisons were performed with *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, ns = not significant. For peri-event analysis, we used a 95% t-confidence interval
(tCI) (shaded regions) method where a ‘significant’ event indicated by the colored bars
above the timeseries indicates any time period greater than 0.8 seconds that did not include
the median-shifted baseline of 0. Error bars in line plots are represented as mean = SEM.
Violin plots display the data distribution with dashed lines indicating upper and lower
quartiles and the solid line indicating the median. For simple linear regressions, the solid
line indicates the line of best fit that predicts Y from X with the associated 95% CI. R?
goodness-of-fit measure, p-value and equation are reported. For event metrics and freezing
behavior, shock n=10, eYFP n=15, neutral n=6-7; only one mouse in the neutral group was
excluded as an outlier for astrocytic FWHM. For freezing onset and offset peri-events,
shock n=10, eYFP n=15, neutral n=5; two neutral mice were excluded due to their entire

lack of freezing during recall.
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Figure 3.4
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Figure 3.4: Neuron-astrocyte calcium responds to freezing epochs during optogenetic
reactivation of fear. (A-B) Mice in Shock-ChR2 (green) expressed higher levels of
freezing across the session (A) and on average (B) during optogenetic reactivation of a fear
memory compared to Shock-eYFP (blue) and Neutral-ChR2 (coral) groups expressing
moderate and low levels of fear, respectively. Blue shading indicates the light ON epochs
(120-240s; 360-480s) during the 600 second session. (C-D) Calcium timeseries for
astrocytes (C) and neurons (D) indicated similar qualitative activity in both cell types
across all groups during optogenetic reactivation. Each row represents a single subject
across time (seconds). (E, 1) Whole session peri-event analysis for astrocytic (E) and
neuronal (1) calcium activity during recall showed similar activity (z-scored %dF/F) across
all groups. (F-H, J-L) Calcium event metrics (z-scored) for astrocytes (F-H) and neurons
(J-L) averaged across the entire optogenetic reactivation session; (F, J) peak height
(%dF/F), (G, K) full-width half maximum (seconds), and (H, L) area under the curve
(AUC). Neurons and astrocytes showed no significant differences in any metric across
groups. (M) Neuron-astrocyte cross-correlation; maximum cross-correlation value (0.0-
1.0) was not significantly different across any groups during the session. (N) Simple linear
regression for average freezing percentage (%) and maximum cross-correlation value for
all mice collapsed across groups during optogenetic reactivation showed a significant
relationship. (O-R) Peri-event analysis for neurons (red) and astrocytes (green) during
freezing onset (O), freezing offset (P), optogenetic stimulation onset (Q) and offset (R) for
Shock-ChR2 (top), Shock-eYFP (middle) and Neutral-ChR2 (bottom). Shock-ChR2 mice

showed a significant response across cell types to freezing onset and offset that is not
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present in other groups. For all violin plots, One-way ANOVA or Kruskal-Wallis tests
were performed on normal and nonparametric data, respectively. For post-hoc multiple
comparisons tests, Holm-Sidak’s (normal) or Dunn’s (nonparametric) multiple
comparisons were performed with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns = not significant. For peri-event analysis, we used a 95% t-confidence interval (tCl)
(shaded regions) method where a ‘significant’ event indicated by the colored bars above
the timeseries indicates any time period greater than 0.8 seconds that did not include the
median-shifted baseline of 0. Error bars in line plots are represented as mean + SEM. Violin
plots display the data distribution with dashed lines indicating upper and lower quartiles
and the solid line indicating the median. For simple linear regressions, the solid line
indicates the line of best fit that predicts Y from X with the associated 95% CI. R?
goodness-of-fit measure, p-value and equation are reported. For event metrics and freezing
behavior, shock-ChR2 n=10, shock-e YFP n=9, neutral-ChR2 n=7; one shock-ChR2 mouse
was excluded as an outlier. For peri-events, shock-ChR2 n=10, shock-eYFP n=8, neutral-

ChR2 n=7.
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Figure 3.5
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Figure 3.5: Optogenetic reactivation of a hippocampal engram preserves cellular
signals of fear. (A) Best-fitting model for each group during natural recall. Lines reflect
partial effects where the other signal is held at the mean value to show how the probability
of freezing changes as a function of signal value. (B) Values of beta coefficients for
astrocyte and neuronal photometry signals in the regression models during natural recall.
(C) Receiver operating characteristic (ROC) plot for the best fitting model for each group.
(D) Area under the curve (AUC) values for each model across groups. (E) Best-fitting
model for each group during artificial reactivation. Lines reflect the partial effects where
the other signal is fixed to the mean. (F) Beta coefficients for each signal across groups
during artificial reactivation. (G) ROC plot for the best fitting model for each group. (H)
AUC values for each model across groups. For the logistic regression model, a binomial
generalized linear model with logit link was used with neurons (solid lines) and astrocytes

(dashed lines) for each group: Shock-ChR2 (green), Shock-eYFP (blue) and Neutral-ChR2
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(coral). For the bar plots showing beta coefficients for each group, One-way ANOVA or
Kruskal-Wallis tests were performed on normal and nonparametric data, respectively. For
post-hoc multiple comparisons, Games-Howell pairwise comparisons were used. For AUC
violin plots, Welch’s ANOVA or Kruskal-Wallis tests were performed on normal and
nonparametric data. For all of the above tests mentioned, statistical significance is indicated
with *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001, ns = not significant. Error bars
in bar plots are represented as mean £ SEM. Violin plots display the data distribution with
dark regions indicating the upper and lower quartiles and the solid white line indicating the

median.
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Figure S1
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Figure S1 (related to Figure 4): Mice display low freezing and no differences in
calcium dynamics across all groups during habituation.

(A-B) Mice in all groups, Shock-ChR2 (green), Shock-eYFP (blue) and Neutral-ChR2
(coral) expressed low levels of fear, as evidenced by freezing percentage across the session
(A) and on average (B). Blue shading indicates the light ON epochs (120-240s; 360-4805s)
during the 600 second session. (C-D) Calcium timeseries for astrocytes (C) and neurons
(D) indicated similar qualitative activity in both cell types across all groups during
habituation. Each row represents a single subject across time (seconds). (E, 1) Whole
session peri-event analysis for astrocytic (E) and neuronal (1) calcium activity during
habituation showed similar activity (z-scored %dF/F) across all groups. (F-H, J-L)
Calcium event metrics (z-scored) for astrocytes (F-H) and neurons (J-L) averaged across
the entire habituation session; (F, J) peak height (%dF/F), (G, K) full-width half maximum
(), and (H, L) area under the curve (AUC). Neurons and astrocytes showed no significant
differences in any metric during the session across groups. (M) Neuron-astrocyte cross
correlation; maximum cross-correlation value (0.0-1.0) was not significantly different
across any groups during the session. (N) Simple linear regression for average freezing
percentage (%) and maximum cross-correlation value for all mice collapsed across groups
during habituation showed no significant relationship. (O-R) Peri-event analysis for
neurons (red) and astrocytes (green) during freezing onset (O), freezing offset (P),
optogenetic stimulation onset (Q) and offset (R) for Shock-ChR2 (top), Shock-eYFP
(middle) and Neutral-ChR2 (bottom). All groups showed significant periods of time for

either cell type, but no evident pattern of activation occurred during each event. For all
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violin plots, One-way ANOVA or Kruskal-Wallis tests were performed on normal and
nonparametric data, respectively. For post-hoc multiple comparisons tests, Holm-Sidak’s
(normal) or Dunn’s (nonparametric) multiple comparisons were performed with p <0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. For peri-event analysis,
we used a 95% tCI confidence interval method where a ‘significant’ event indicated by the
colored bars above the timeseries indicates any time period greater than 0.8 seconds that
did not include the median-shifted baseline of 0. Error bars in line plots are represented as
mean £ SEM. Violin plots display the data distribution with dashed lines indicating upper
and lower quartiles and the solid line indicating the median. For simple linear regressions,
the solid line indicates the line of best fit that predicts Y from X with the associated 95%
Cl. R? goodness-of-fit measure, p-value and equation are reported. For event metrics and
freezing behavior, shock-ChR2 n=10, shock-eYFP n=8, neutral-ChR2 n=7; one shock-
ChR2 mouse was excluded as an outlier for neuron peak height. For peri-events, shock-
ChR2 n=10, shock-eYFP n=8, neutral-ChR2 n=5; two neutral-ChR2 mice were removed

due to a lack of freezing epochs.
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Figure S2
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Figure S2 (related to Figure 4): Neurons display increased area under the curve
during light ON epochs in the Shock-ChR2 group. (A-F) Calcium event metrics (z-
scored) for astrocytes (A-C) and neurons (D-F). (A, D) peak height (%dF/F), (B, E) area
under the curve (AUC) and (C, F) full-width half maximum (s). Astrocytes showed no
significant differences in any metric between light ON and OFF epochs during optogenetic
reactivation. Neurons had an increased AUC during the light ON epochs only in the Shock-
ChR2 group. OFF epochs include 0-120s, 240-360s, 420-600s and ON epochs include 120-
240s and 360-420s. For all bar plots, Two-Way ANOVA with repeated measures

(ON/OFF) were performed to analyze effects of group (Shock-ChR2 (green), Shock-eYFP

(blue) and Neutral-ChR2 (coral)) and Light (ON/OFF). For post-hoc multiple comparisons
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tests, Holm-Sidak’s (normal) multiple comparisons were performed with p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns = not significant to compare light ON vs. OFF
epochs for each group. Error bars in line plots are represented as mean £ SEM. For event
metrics: Shock-ChR2 n=10, Shock-eYFP n=8, Neutral-ChR2 n=7; no outliers were

removed.
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CHAPTER FOUR: SEQUENCES OF ASTROCYTE ACTIVATION MIRROR

MEMORY FOR FEARFUL EVENTS IN THE DORSAL HIPPOCAMPUS

Abstract

The dorsal hippocampus primarily relies on pyramidal neurons to encode the
spatiotemporal components of episodic memory. Recent work has shown that astrocytes
are also key members of higher-level cognitive processes like learning and memory,
working together with neurons to generate complex representations of the world. Our study
explores this role further using one-photon imaging in dorsal CA1, a subregion where place
and time cells are canonically studied within the rodent brain. We discovered that
astrocytes are shock-responsive, displaying sequences that are akin to hippocampal time
cells at the onset of these aversive stimuli. Notably, these sequences reappear during
contextual recall and seem to be driven by reactivated astrocytes across days. These
preliminary findings hint at astrocytic involvement in temporal coding and provide
evidence that this reappearance during recall may serve as a memory-specific retrieval
mechanism. Further analysis aims to delineate the characteristics of these sequences across
fear conditioning and recall, and how they may be coupled with fear-related behaviors like

freezing.

4.1) Introduction
The dorsal hippocampus is a heterogenous structure with numerous cell types

involved in generating and maintaining detailed representations of space and time that
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contribute to the formation of episodic memories. Within the hippocampus, pyramidal cells
are the primary neuronal subtype that function as place and time cells, each developing
spatially-tuned receptive fields within an environment (O’Keefe, 1976; O’Keefe &
Dostrovsky, 1971; O’Keefe & Speakman, 1987; McNaughton, 2006) or tiling the temporal
plane thorough sequential activity (Eichenbaum, 2014; Mau et al, 2018). Glial cells, on the
other hand, have been largely ignored in this realm of spatiotemporal processing until
recently. Recent findings have shown that astrocytes work together with neurons in a
synergistic and complementary manner to represent spatial information in dorsal CAl of
the hippocampus (dCA1) (Curreli et al, 2022), and may encode reward location via similar
spatial mechanisms (Doron et al, 2021). Additionally, computational modeling has
proposed that astrocytic neuromodulation is sufficient to generate neuronal place fields via
enhanced theta oscillations and plasticity changes (Polykretis & Michmizos, 2022).
Together, these findings open the door to studying astrocytic involvement in
spatiotemporal processing during memory formation and retrieval and how it relates to
neuronal activity within these circuits.

To investigate the role of astrocytes in spatiotemporal processing within the
hippocampus during memory encoding and recall, our study employed astrocytic one-
photon imaging in the dCA1 region. First, we tracked astrocytes across days to understand
how reactivated cells play a role in learning and memory processes. Secondly, we found
that astrocytes are shock-responsive in dCA1 at the single-cell level, replicating previous
findings from our lab and others. However, we find novel evidence that astrocyte sequences

were triggered by the onset of these aversive foot shocks during contextual fear
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conditioning. These sequences exhibited similar properties preliminarily to those displayed
by canonical hippocampal time cells in response to other types of stimuli. Interestingly,
these sequences reappeared during contextual recall and were driven by reactivated
astrocytes that were active across days. These findings suggest a potential role of astrocytes
in temporal coding within memory circuits and may serve as a behaviorally-relevant
retrieval mechanism. Ongoing analysis aims to further characterize these sequences,
examining their persistence across days, how they relate to contextual memory recall and

behaviors like freezing.

4.2) Methods
4.2.1) Subjects

The animals used in this study were male, wild-type C57BL6 (P29-35; 17-199)
mice obtained from Charles River Laboratories at the time of surgery. Animals were
housed in the Boston University animal facilities in standard ventilation cages on a 12:12
dark/light cycle (0700-1900) and given ad libitum access to standard food and water. Mice
were housed with littermates in cages with 4-5 mice and after GRIN lens implantation, they
were individually-housed to prevent any damage to their implants. Due to individual-
housing, mice were given additional enrichment in the form of supplemental bedding
materials and a cardboard hut. Following GRIN lens surgery, mice were given 10 days to
recover before the start of behavior. All subjects were treated in accord with protocol
201800579 approved by the Institutional Animal Care and Use Committee (IACUC) at

Boston University. No statistical methods were used to determine sample size, but were
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instead based on sample sizes of previous one-photon imaging studies. All n-values for
each experimental group (Cxt A, Cxt B) can be found within the Results section as

mentioned.

4.2.2) Stereotaxic Surgery

Viral transduction: Mice were anesthetized with 3-3.5% isoflurane during
induction and maintained at 2-3% inhalation using stereotaxic nose cone delivery (oxygen
1.2 L/min). Paralube ophthalmic ointment was applied regularly to the eyes to maintain
adequate lubrication. Scalp hair was removed using Veet or Nair hair removal cream; this
was subsequently removed using applications of betadine solution and ethanol (70%).
Lidocaine hydrochloride (2.0%) was injected subcutaneously (SQ) as a local analgesic
agent under the scalp prior to incision. Meloxicam (0.1mg/kg) was administered SQ at the
start of surgery. After scalp incision, mice received a unilateral (right) craniotomy with a
0.5-0.6mm drill bit for the dorsal hippocampal CA1 (dCAL1) viral injection. A 10uL airtight
Hamilton syringe with an attached 33-gauge beveled needle was used to inject AAV-
GfaABC1D-cyto-GCaMP6f-SV40 (Penn Vector Core) at the coordinates of dCAL: -2.00
anteroposterior (AP), +1.40 mediolateral (ML) and -1.50 dorsoventral (DV). All
coordinates are given relative to bregma (mm). 1000nL of undiluted virus was injected at
50nL/min using a microinfusion pump (UMP3; World Precision Instruments). After
injection, the needle remained at the site of injection for 5-7 minutes to prevent viral spread.
After injection, the incision was sutured closed using 4/0 Non-absorbable Nylon

Monofilament Suture (Brosan). At the end of surgery, mice were injected with a 0.1mg/kg
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intraperitoneal (IP) dose of buprenorphine. Following surgery, mice were placed in a clean
recovery cage with a heating pad until regaining reflexes. To allow time for viral expression

and recovery, mice were monitored for 2 weeks prior to implantation of GRIN lens surgery.

GRIN lens implantation: After 2 weeks, we inserted a GRIN lens (Inscopix, Inc.).
30 minutes prior to surgery, mice were injected with 0.1mL of dexamethasone diluted in
0.1mL sterile saline IP to reduce brain swelling. Mice were prepared as described above
and the previous incision site was reopened. A 0.5-0.6mm drill bit was used to drill a Imm
craniotomy around the previous site of injection at the coordinates listed above. Using
vacuum suction, 30 to 34-gauge needle attachments and constant administration of cold,
sterile saline, brain tissue was aspirated down just beyond the thick fibers of the corpus
callosum. Blood control was performed using absorbable gelatin sponge (Surgifoam). A
GRIN lens and integrated base plate were lowered slowly to -1.30DV and a biocompatible
silicone adhesive (Kwik-Sil) was used to seal off the exposed perimeter of the lens and
skull. Multiple layers of adhesive cement (C&M Metabond) were applied up to the cuff of
the integrated base plate and the headcap was completed with darkened dental cement
(Stoelting). Mice were administered the same doses of postoperative analgesics described
above. They were able to recover for 10 days before imaging experiments were performed

during our behavioral paradigm.
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4.2.3) Behavioral testing

Prior to behavioral testing, all mice were handled and habituated to being plugged
into the miniature microscope. On Day 1, mice were subjected to contextual fear
conditioning (CFC) for 330 seconds in Context A (Cxt A), where they received foot shocks
(0.75mA, 2s duration) at the 120, 180, 240 and 300 second time points. On Day 2, mice
underwent a 330s contextual recall session in the same mouse conditioning chamber (Cxt
A) or were instead exposed to a novel Context B (Cxt B) for the same duration of time
(330s).

Context parameters: Cxt A was a standard mouse conditioning chamber (18.5 x
18.5 x 21.5 cm; Coulbourn Instruments) with metal-panel side walls, plexiglass front and
rear walls and a stainless-steel grid-floor (16 bars) that were connected to a precision
animal shocker (Actimetrics). Cxt B was a standard mouse conditioning chamber of the
same size in a different behavioral room that was modified to have striped plastic walls,
almond scent, and a clear plastic floor. No lighting differences or the presence of auditory
stimuli existed in either context. Ethanol (70%) was used to clean Cxt A, while Rescue

disinfectant spray was used to clean in Cxt B to maintain these odor profiles.

4.2.4) One-photon imaging

Acquisition: All imaging experiments were conducted on awake, behaving mice
in a freely-moving manner in standard mouse conditioning chambers. GCaMP6f
fluorescence signals were imaged using a miniature integrated fluorescence microscope

system (Inscopix Inc.) with GRIN lenses implanted in the dorsal CA1 of the hippocampus
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(dCAL). Before the start of imaging, the miniature microscope was attached to the
baseplate and adjusted to determine the best focal plane and gain for each mouse to achieve
the best fluorescence signals. These values were maintained across all recording sessions.
Frequency (Hz) and LED output power were consistent across all mice. Video was
captured using the nVista Imaging System (Inscopix Inc.) that was triggered by an external
TTL to time lock our behavioral session to calcium recordings (FreezeFrame4).

Pre-Processing: Calcium imaging data were pre-processed using the Data
Processing Software (Inscopix, Inc.; IDPS). Videos were cropped from 1280 x 800 pixels
to 1200 x 800 pixels and spatially down sampled by a factor of 4, from 1200 x 800 pixels
to 300 x 200 pixels and temporally down sampled by a factor of 2 from 20 to 10 Hz. A
spatial bandpass filter was applied using the default settings in IDPS (low cut off: 0.005
and high cut-off = 0.500). Motion correction was performed with the first frame as the
global reference frame origin. PCA-ICA and CNMFe analysis failed to identify individual
astrocytes in a reliable manner. Thus, to identify individual cells, pre-processed images
were converted to dF/F using the mean frame as a reference. Regions of interest (ROI)s
were selected by manually identifying astrocytic cell bodies with high contrast over the
course of the session, and contours were drawn to contain the pixels of the somatic ROI.
To validate this method, ROIs were further confirmed by visual inspection of the individual
cell time series, and only those with clearly identifiable signals across two individual
researchers were included in further analysis.

Longitudinal registration of cells: Longitudinal cell ROl registration was

performed using the open-source Matlab program, CellReg, that utilizes a probabilistic
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method for tracking cells across multiple sessions (Sheintuch et. al., 2017). In brief, it first
aligns each session field-of-view (FOV) to one another by projecting the centroid locations
of all the cells’ spatial footprints onto one image. It maximizes the cross-correlation
between the projections of each session to the reference session (Day 1; fear conditioning).
We utilized non-rigid transformations, as they best aligned our dataset. Next, the Pearson
correlations between the spatial footprints of the pairs of neighboring cells were calculated,
estimating the probability of them being the same cell across sessions (Psame) with a
maximum distance of 13-14 um. Further, the data is modeled as a weighted sum of the two
distributions (same and different cells), allowing for an estimate of the false-negatives and
false-positives. Finally, Psame = 0.50 (default) was utilized as an input for a clustering
algorithm. CellReg registered cell outputs were confirmed visually using custom Python
scripts that allowed confirmation of proper cell pairs and generation of a csv file that
contained the indices of each cell on Day 1 and 2, if applicable, with a value of -1 indicating
the cell not being present on that day.

Behavioral analysis: Freezing behavior was scored using Any-Maze (Stoelting

Inc.).

4.2.5) Immunohistochemistry

After the completion of experiments, mice were overdosed with 3% isoflurane and
transcardially perfused with cold phosphate buffered saline (PBS), followed by 4%
paraformaldehyde (PFA) in PBS. Brains were extracted and placed in PFA at 4°C for 24-

48 hours. All brains were sliced coronally at 50um on a vibratome into cold PBS or 0.01%
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sodium azide in PBS for long term storage. Native green fluorescent (GFP) protein signal
from the GCaMP6f expression was assessed and sections were counterstained for both
astrocytes and neurons using immunohistochemistry (IHC).

For IHC, dorsal CAl (dCA1) sections underwent three washes in PBS for 5-10
minutes each to remove the 0.01% sodium azide storage solution. Sections were washed in
0.2% Triton X-100 in PBS (PBST) for 3 x 5 minutes each at room temperature. Next,
slices were blocked for 2 hours in 1% bovine serum albumin (BSA) and 0.2% Triton X-
100 in PBS solution on a shaker at room temperature. Sections were incubated in primary
antibodies (1:1000 mouse anti-GFAP [NeuroMab] or 1:500 polyclonal guinea anti-
NeuN/Fox3 [SySy]; 1:1000 chicken anti-GFP) made in the same 1% BSA/PBS/Triton X-
100 solution at 4C for 24-48 hours.

Sections underwent 3 x 5-minute washes in PBST to remove the primary antibody
solution. Sections were incubated in secondary antibodies (1:1000 Alexa Fluor 555 goat
anti-mouse 1gG [Invitrogen] or 1:1000 Alexa Fluor 555 goat anti-guinea pig [Invitrogen];
1:1000 Alex Fluor 488 goat anti-chicken [Invitrogen]) for 2 hours at room temperature on
a shaker. Sections were washed 3 x 10 minutes in PBST, and subsequently mounted onto
microscope slides (VMR International, LLC) with Vectashield HardSet Mounting Medium
with DAPI (Vector Laboratories, Inc.). These were allowed to dry for 24 hours at room
temperature and edges of the coverslips were clear nail polished to maintain moisture.

Slides were stored in a slide box in 4C after imaging.



157

4.2.6) Statistical Methods

All details of statistical analysis (statistical test used, n values, test statistics, p-
values, post-hoc multiple comparisons, outliers removed) can be found in-text and in figure
legends, where applicable. Statistical tests were performed using Python and GraphPad
Prism v10.

For analysis of average percent freezing, total number of active cells, and
reactivation percentage, plots show the distribution of data with utilizing bar, line, and box
plots. All data were checked for normality using Shapiro-Wilks and Kolmogorov-Smirnov
tests, equality of variance (standard deviation) using Brown-Forsythe test and outliers
using the ROUT method. This method was recommended by GraphPad Prism, which uses
identification from nonlinear regression. We chose a ROUT coefficient Q value of 10%
(False Discovery Rate), making the threshold for outliers less-strict and allowing for an
increase in power for outlier detection. Using this method, no outliers were detected across
any of the analyses performed. To analyze differences in freezing or number of active cells,
we used a Two-way repeated measures (RM) ANOVA (between-subject factor: Group;
within-subject factor: Day) followed by Sidak’s post-hoc multiple comparisons, where
applicable. To analyze differences in reactivated cell percentage, we used an Independent
t-test. For all tests, alpha was set to p < 0.05.

For event-triggered average significance (foot shock), we used a tCl confidence
interval method previously proposed (Jean-Richard-Dit-Bressel, Clifford & McNally,
2020). For our event triggered averages we aggregated all within-animal signals so that we

could assume that our samples were independent and identically distributed. Thus, for this
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method we assumed each time point was distributed according to a Student-t’s distribution.
We then marked any period of time greater than 0.8 s (this decision was arbitrary and could
be chosen to be longer for more conservative estimation, but this is longer than the
proposed time threshold in the original paper) that did not include the baseline of 0 (traces

were median-shifted to zero) was marked at a significant peri-event.

4.3) Results

4.3.1 One-photon imaging of dorsal hippocampal astrocytes across contextual fear

learning and recall.

To study how astrocytes are involved in temporal coding within a contextual fear
conditioning paradigm, we performed one-photon (1p) imaging of dCAL astrocytes in
freely-moving mice (Figure 1A). Wild type C57BL/6J mice were injected with 1000nL of
an astrocyte-specific genetically-encoded calcium indicator (GECI), AAV5-GfaABC1D-
cyto-GCaMP6f, into unilateral dCAL. After recovery and viral expression, mice had a
gradient index (GRIN) lens implanted above the pyramidal cell layer of dCAL to allow
visualization of the GCaMP-expressing astrocytes (Figure 1A-B). Selective expression of
this GCaMP in astrocytes was assessed with co-staining of neurons (NeuN) or astrocytes
(GFAP), where we observed successful labeling of astrocytes in and around the pyramidal
cell layer (Figure 1C).

On Day 1 of behavior, all mice (n=7) underwent contextual fear conditioning (CFC)
in Context A (Cxt A) to acquire the association between the conditioned stimulus (context;

CS) and unconditioned stimulus (foot shock; US) which were paired at the 120, 180, 240
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and 300 second time points during a 330 second session (foot shocks; 2s duration; 0.75mA
intensity) (Figure 1A). On Day 2 of behavior, mice were split into two groups where they
were placed back into Cxt A for recall (n=4; Context A Group) or into a novel Context B
(Cxt B) (n=3; Context B Group) for the same duration of time each of those days to control
for the memory-specific nature of our findings and the effects of time (Figure 1A).
Behaviorally, there was a significant interaction of Day and Group, as well as a main effect
of Group for average freezing levels (Figure 1D)(Two-way RM ANOVA,; [Interaction]
F(1,5) = 21.68, p=0.0056; [Day] F(1,5) = 2.232, p=0.1954; [Group] F(1.5) = 10.17,
p=0.0243; [Subject] F(5,5) = 2.269, p=0.1948). Post-hoc multiple comparisons showed
that mice in Cxt A and B froze at the same level on Day 1 during CFC as expected (Figure
1D)(Sidak’s multiple comparisons [Day 1]: p = 0.9960). While on Day 2, mice in the Cxt
A group froze significantly more than the Cxt B group because they were re-exposed to

the fearful context (Figure 1D)(Sidak’s multiple comparisons [Day 2]: p = 0.0008).

4.3.2) Longitudinal registration of astrocytes

In order to assess astrocytes across Day 1 and 2, we longitudinally tracked regions-
of-interest (ROIs) from each imaging session. We successfully tracked these astrocytes
across days using a combination of manual ROI selection within each session and CellReg,
a Matlab-based tool that aligns cell footprints across sessions using field-of-view (FOV)
alignment and probabilistic modeling of spatial footprints (Sheintuch et al, 2017). CellReg
identified astrocytes active on Day 1 or Day 2 only, as well as those that overlapped or

were ‘reactivated’ on Day 2. A representative footprint map shows all cells active during
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CFC from a FOV that were detected using manual ROI selection (Figure 1E). Identification
of tracked cells across Day 1 and 2 of behavior is shown in a representative output image
from CellReg, where green ROIs were detected across both sessions (Figure 1F). While
the footprints may appear distorted in size across days, we believe this is a result of the
nonlinear transformation and scaling that was utilized to overlap the two spatial maps
during registration.

We next tracked astrocytes across days and qualitatively observed two mild, albeit
non-significant, trends: there were a similar number of total cells active on Day 1 during
CFC across both groups and a drop-off in the number of cells active in the Cxt B group on
Day 2 compared to Day 1. However, statistical analysis revealed no significant differences
in the total number of active cells on Day 1 vs. Day 2 (Day) or across Cxt A or Cxt B
(Group) (Figure 1G) (Two-way ANOVA RM; [Day x Group] F(1,5) = 0.6655, p=0.4517;
[Day] F(1,5) = 2.954, p=0.1463; [Group] F(1,5) = 0.6988, p=0.4413; [Subject] F(5,5) =
5.454, p=0.0431). This may be due to a limitation in our group sizes (n=3-4) that may not
allow us to truly parse this difference out statistically, as is frequently an issue in small-
sampled 1p imaging experiments. Further, tracking of astrocytes across days allowed us to
look at the percentage of cells that were ‘reactivated’ or were present on Day 1 and Day 2.
We hypothesized that there would be more reactivated cells in the Cxt A group because
they were placed back into the original fearful context, compared to the Cxt B group.
Quialitatively, there appeared to be a greater percentage of reactivated cells (% reactivated

cells/ total cells Day 1) in Cxt A, but there was no statistically significant difference
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between the two groups, only a trend (Figure 1H)(Independent t-test; t = 2.441, df = 5,
p=0.0586).

Together, we show for the first time that tracking of astrocytes across days during
1p imaging is technically possible using our pipeline. Additionally, we conclude that there
is a similar number of cells active across CFC and Day 2 in our groups, where a larger
sample size may reveal a drop in active cells in the Cxt B group. Finally, we show a trend
towards a larger percentage of reactivated cells in Cxt A vs. B, potentially suggesting

astrocytic involvement in a memory-specific process at the single-cell level.

4.3.3) Astrocytes are shock-responsive during contextual fear conditioning

During the CFC session, all mice across both groups received foot shocks (n=7).
Here, astrocytes were significantly activated after the onset of each foot shock, peaking
around 5 seconds post-stimulus (Figure 2A). This event-triggered average shows the
average calcium transient for each group (Cxt A = blue; Cxt B = orange) representing all
astrocytes and all animals within the session (Figure 2A). This finding is in line with
previous work from our lab and others showing astrocyte shock response in the
hippocampus, cortex, and amygdala (Suthard & Senne et al, 2023; 2024; Qin et al, 2020).
This is recapitulated within the representative traces shown for Cxt A and B groups, with
almost all astrocytes displaying a robust response to one or more shocks during the CFC
session (Figure 2B). It is notable that qualitatively there are unique Kinetics (rise and decay
time), and number of shocks responded to at the single-cell level, with some astrocytes

responding rapidly and decaying more quickly, while others displayed much slower decay
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times (Figure 2B). This idea that there may be cells that respond to shock in a temporally-
unique manner led us to further investigate the temporal structure of calcium responses to

foot shock during CFC.

4.3.4) Evidence of astrocytic temporal sequences after foot shock onset

First, we plotted heatmaps containing the average calcium response for all
astrocytes, for each animal, at the timing of foot shock (120, 180, 240, 300 seconds). We
sorted these heatmaps by the maximal z-scored calcium response and plotted a range of
time -14 to 28 seconds around foot shock. Qualitatively, we observed a hook-like structure
that spans from approximately 18 to 28 seconds after foot shock, resembling some activity
that is typical of hippocampal time cells in all of our animals (Figure 3A). On a larger
scale, we also plotted heatmaps for all astrocytes across the entire CFC session sorted the
same way to get a gross picture of their behavior during the 330 seconds (Figure 3B).
Again, we observe remarkable coordinated activity at each of the foot shocks that maintain
this hooked structure and tile some duration of time between the 60 seconds until the next
shock in all animals. Before the onset of the first shock at 120 seconds, there is very little
astrocytic calcium activity, in line with previous work noting that these cells come online
during salience rather than just in a home cage (Adamsky et al, 2018) or a neutral, novel
environment (Suthard & Senne et al, 2024).

To examine the structure of this astrocytic activity more rigorously, we performed
cross-validation by computing the sorted activity for all cells during the 1% and 3" foot

shocks and compared this to the 2" and 4™ foot shocks during CFC for each animal. We
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can then plot the 2" and 4™ foot shock heatmap sorted by the 1% and 3™ peak times to
understand how this sequence is maintained across stimulus presentation. This method is
essentially a non-parametric test of correlation of the peak times for the two halves of the
data during the session. The advantage of comparing these pairs of foot shocks is that it
accounts for systematic drift over time for time cells within session and should average out
with this method (Mau et al, 2018). We observed maintained structure in this cross-
validated heatmap for all animals, suggesting that what we are seeing is a reliable sequence
(Figure 3C). To further validate this, we calculated the Spearman’s correlation on the sorted
peak times for the 1%t and 3™ shocks vs. the 2" and 4™ shocks for each animal. We chose a
Spearman’s over a Pearson’s correlation because we are assuming that the distribution of
peak times across cells does not follow a normal distribution. In the Spearman’s
Correlation Test, rho is the correlation coefficient, which indicates the strength of the
relationship between the two variables being tested (higher rho = stronger relationship) and
the p-value being less than 0.05 indicates that we reject the null hypothesis that there is no
relationship between the two variables. For our mice, the Spearman’s tests indicated rho
values between 0.3840 and 0.5585, as well as all p-values were near 0.000, suggesting that
the sequences observed for the 1% and 3" shocks vs. the 2" and 4™ have a strong
relationship with one another. This observation of this time cell-like structure warranted
further investigation into how these astrocytes may compare to their neuronal counterparts

as it relates to temporal encoding.
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4.3.5) How does astrocytic sequential activity map onto spatial footprints?

Astrocytes are unique in that they are connected with one another via gap junctions,
enabling buffering of potassium and other ions throughout the syncytium, as well as
propagation of calcium signaling throughout the network (Scemes & Spray, 2003). One
major question is how this sequential activity may spatially map to the astrocytic network
within dCAL. Does the sequence start in a small cluster of highly-active astrocytes and
propagate outward in a biologically-relevant manner? Or is this activity more spread out
and not as dependent on a spreading activity mechanism to derive the sequence? To
investigate this, we plotted the first to last cell in the sequence for each animal as a
progressing colormap for each shock (#1-4) and on average to understand visually how this
might be happening. We qualitatively observe that the order of astrocytic firing is stable
across foot shocks, with the dark red astrocytes displaying a peak location earlier than
lighter pink astrocytes (Figure 4). However, also present are some cells that change their
ordering within the sequence over shocks, potentially indicating a shared representation of
time within the network of astrocytes rather than a concrete ordering that is due to the

connectivity of the syncytium.

4.3.6) Evidence of astrocytic sequences during memory recall

We next set out to understand if these astrocytic sequences were also present during
the Day 2 session of behavior, and if so, how they may be memory-specific in nature. To
accomplish this, we first plotted sorted heatmaps for all astrocytes for the entire Day 2

session for both Cxt A and B groups to see if we could visually detect these sequences
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(Figure 5A). Here, we observed very distinct differences across the two groups, with Cxt
A mice displaying sequence-like bursts of activity at seemingly regular intervals across the
session (Figure 5A). However, mice that were instead experiencing a novel, safe
environment (Cxt B), there were no sequence-like bursts of activity and instead seemed to
tile the entire session (Figure 5C). Since these sequences started around the timing of
previous foot shocks (120, 180, 240, 300 seconds) on Day 1, we next plotted sorted
heatmaps for all astrocytes at these intervals for Cxt A and B groups (Figure 5B, D). This
was in line with our hypothesis that these sequences may appear at similar intervals during
recall in Cxt A at stimulus-relevant intervals, such as the onset of shocks. Here, we observe
that Cxt A mice display a similar hook-like sequence at the timing of previous foot shocks
on Day 2 that we observed during the actual foot shocks on Day 1 (Figure 5B). On the
other hand, Cxt B mice instead display a linear tiling of astrocytic activity when sorted,
indicating a noisier process that appears unigue from Cxt A (Figure 5D). We plan to further
investigate how we can detect these sequences during Day 2 in an unbiased manner to
compare their structure to those present on Day 1. Further, we will determine if these
sequences are triggered by behaviorally-relevant states like freezing during Day 2 that may
account for differences across the Cxt A and B groups, as they display different freezing

levels.

4.3.7) Reactivated astrocytes maintain temporal information during recall

We next wondered if the astrocytic sequences present on Days 1 and 2 were

composed of the same cells coming online in the same order. If the astrocyte sequences
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that were present on Day 1 during CFC are not maintained across days in the same order,
this is still interesting as the sequential information is maintained within the cell population
in a different way. To address this question, we took the population of ‘reactivated’
astrocytes that were present on both days and plotted the Day 2 session based on their
previous ordering on Day 1. When plotting the whole Day 2 session sorted on Day 1, we
observed above-chance sequential information that was maintained within the Cxt A, but
not Cxt B mice (Figure 6B, D). Further, when we analyzed the temporal epochs
surrounding the previous timings of foot shock (120, 180, 240, 300 seconds) within these
sorted heatmaps, we observed the same phenomenon (Figure 6A, C). These preliminary
findings suggest that the astrocytes present in the Day 1 foot shock sequences are the same
cells that are present in the Day 2 reactivated sequences in Cxt A, but not Cxt B, potentially

pointing to some memory-specific process.

4.4) Discussion

Together, our preliminary findings pose that astrocytes may contribute to temporal
processing during contextual fear memory acquisition and retrieval, opening the door to
further exploration into the biological mechanisms behind this phenomenon. Here, we first
show the feasibility of one-photon imaging of astrocytes in freely-moving mice and an
ability to track these cells across days for analysis of reactivated astrocytes. This technique
will allow for future experiments investigating freely-moving, single-cell recordings of
astrocytes within natural environments, bolstering current work using head-fixed two-

photon methods. Ideally, future work will utilize higher-resolution imaging modalities like
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the Mini-2p (Zong et al, 2022) that will blend the benefits of our one-photon method with
the spatial resolution of two-photon imaging to understand astrocytic functioning in more
detail. Further, we replicate findings that astrocytes in the hippocampus are shock-
responsive at the single-cell level, with almost all cells in the ROI active during one or
more foot shocks. Next, we provide preliminary evidence that astrocyte sequences are
triggered by foot shocks in dCA1 during contextual fear conditioning. Further, we observe
that these sequences re-appear during recall in a memory-specific manner that we will
continue to characterize. Finally, these recall sequences are maintained by a stable
population of reactivated astrocytes in Cxt A, but not Cxt B mice. Overall, these
preliminary findings lay the groundwork to understand how astrocytes may be involved in
the spatiotemporal processing required for the formation and maintenance of contextual

fear memory.

4.4.1) How might astrocytes and neurons differ in their temporal encoding?

One major question is how these sequences in astrocytes may relate to what we
already know about temporal encoding in neurons within the hippocampus during learning
and memory tasks. Canonically, neuronal time cells span the entire trial or epoch during a
behavioral task, but these astrocytes appear to terminate earlier than the subsequent foot
shock (60 seconds later), suggesting some potential differences in their characteristics.
Because these sequences terminate earlier, we wanted to understand why this may be
happening and generated a few plausible hypotheses. First, hippocampal time cells are

typically represented by a subpopulation of the total neurons (~30-50%), but we are not
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filtering out any astrocytes by specific criteria which may contribute to ‘noisier’ sequences.
Second, it is possible that astrocytes are inherently different than neurons in their responses
and may encode temporal information in a novel manner than previously explained. This
would make sense as neurons and astrocytes are likely not mirroring exact functional
properties of one another, but instead are working together to form complex representations
of the world. Finally, as our ROIs were determined manually, we were extremely
conservative in labeling astrocytic somas and may have missed cell activity containing
important temporal information. 1p data is also much poorer in SNR than 2p imaging
methods, making it harder to detect lower levels of activity within astrocytes that may be
smaller in amplitude or longer in duration. These cells would have activity ‘further out’ in
time than their robustly-responding counterparts, and thus is a major limitation of this
work. We hope that this work will allow us to understand how astrocytes may differ in
their temporal coding from neurons, and inspire future work that examines these properties

in higher resolution to overcome these limitations.

4.4.2) Ongoing work

Our ongoing work is systematically quantifying how these sequences in astrocytes
may be similar to canonical neuronal time cells. Plotting the peak locations will allow us
to assess the characteristics of these cell dynamics more quantitatively across all animals
and at the individual animal level. If they are time cell-like, astrocyte peak locations would
cover several seconds after foot shock, indicating true sequential activation. Further, the

distribution of peak locations would not be uniformly distributed and instead skewed
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towards smaller values closer to the stimulus onset. Further, to assess how these estimated
peak locations fit within different distribution types, we will perform model-fitting. Classic
time cells in the hippocampus fit within a Power-Law distribution (Cao et al, 2022), as they
display logarithmic compression. We hypothesize that astrocyte peak times may fit best
within an Exponential-Gaussian distribution, displaying some sequential pattern that is
unique from neurons. Further, to understand how astrocytic sequences may drift across
the session (Mau et al, 2018), we will calculate the cosine similarity between the first shock
and subsequent shocks for each animal. We expect that we will observe a very high
similarity between the astrocytic sequences at each shock, with a slight decrease across the
session.

As we expect that astrocytic sequences will be unique from traditional neuronal
time cells, we will next evaluate if these astrocytic sequences are more similar to neuronal
time cells or temporal context cells. Time cells fire in sequence at a specific time after an
event (i.e. trial onset) and maintain a record of the past. However, it is unknown if time
cell-like dynamics are displayed even in neurons at the onset of a foot shock, nor if these
sequences occur at the first instance of an event. On the other hand, temporal context cells
(Bright et al, 2020) respond immediately when an animal enters a new environment and
relax at different rates. These two cell types appear to encode temporal information
differently, but time can be decoded better than chance for both systems. Using the
characteristics of these two cell types, we will assess if these astrocytic sequences may be
more similar to temporal context cells, time cells or if they fall somewhere in between.

Time cells have a large range of mu (peak times) that are correlated with sigma (field
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width), where cells that fire later in the sequence tend to have wider time fields or longer
event duration. On the other hand, temporal context cells are independent of the mu
distribution (peak times) and have a large range of tau (relaxation rate), as these cells peak
around the same time but relax at different rates. We hypothesize that astrocyte sequences
will display characteristics of both classic neuronal subpopulations, falling somewhere in
between time and temporal context cells when evaluating their mu and sigma parameters.

For the recall session, we will continue to characterize these sequences using the
same methods described above for the CFC activity. This information will allow us to
understand how the Day 1 and 2 sequences are similar or unique across the Cxt A and B
groups, lending evidence to the memory-specific nature of this process. We will further
develop a method to automatically detect these ‘replay-like’ sequences during recall to
understand the total number of sequences across the Day 2 session in Cxt A and B groups.
Further, as mentioned previously, we will correlate these recall sequences with freezing

and other meaningful behavioral epochs to understand the relevance to memory recall.

4.5) Author Contributions

List of authors (in no particular order, as analysis is ongoing): Rebecca L. Suthard
(R.L.S), Ryan A. Senne (R.A.S), Rui Cao (R.C.), Amy H. Monasterio (A.H.M.), Evan A.
Ruesch (E.A.R.), Michelle D. Buzharsky (M.D.B.), Marc W. Howard (M.W.H.), Steve

Ramirez (S.R.).
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Figure 4.1: One-photon imaging of astrocytes in dorsal hippocampus across
contextual fear learning and recall. (A) Astrocyte one-photon (1p) recordings in dorsal
CAL1 (dCA1) of the hippocampus. Wild type C57BL/6J mice were injected with 1000n| of
the astrocyte-specific genetically-encoded calcium indicator, AAV5-GfaABC1D-cyto-
GCaMP6f-SV40, into dCAL and allowed two weeks for recovery before implantation of a
gradient-index (GRIN) lens above the pyramidal cell layer. After 10 days of post-surgical
recovery, mice were imaged using the nVista System (Inscopix, Inc.). On Day 1, all mice
(n=7) underwent contextual fear conditioning (CFC) for 330 seconds in Context A (Cxt
A), where they received four foot shocks (0.75mA, 2s duration) at the 120, 180, 240 and
300 second time points. On Day 2, mice underwent a 330 second contextual recall session
in the same mouse conditioning chamber (Cxt A) or were instead exposed to a novel
Context B (Cxt B) for the same duration of time as a memory-specific control. (B)
Representative 20x confocal microscopy image of the dCALl pyramidal cell layer
expression of GfaABC1D-GCaMP6f (green; astrocytes) and DAPI (blue; nuclei) with an
approximate location of the GRIN lens implantation. (C) Representative 20x confocal
microscopy images of the dCA1 pyramidal cell layer visualizing DAPI+ cells (blue;
nuclei), GfaABC1D-GCaMP6f (green; viral expression), glial fibrillary acidic protein
(GFAP)(red; astrocytes) or NeuN (red; neurons) to ensure selective expression of our virus
in astrocytes. (D) Average % freezing for Day 1 (CFC) and Day 2 (recall/novel exposure)
across Cxt A and B groups. (E) Representative regions-of-interest (ROIs) map shows all
astrocytes active during CFC from a mouse that were detected using manual ROI selection

and curation. (F) CellReg output that shows a representative set of tracked astrocytes across



173

Days 1-2, where green ROIs are detected across both sessions. (G) Number of astrocytes
active on Days 1-2 across Cxt A and B groups. (H) Percentage of ‘reactivated’ astrocytes
(# reactivated astrocytes during Day 2/total # astrocytes during Day 1) across Cxt A and B
groups. For 1D and 1G, Two-way RM ANOVA was performed with Sidak’s multiple
comparisons test (post-hoc) where applicable. For 1H, an Independent t-test was
performed. Significance was indicated by: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Error bars in all plots indicate mean + SEM. All data was tested for normality and

no outliers were removed. Cxt A (n =4) and Cxt B (n = 3).
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Figure 4.2
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Figure 4.2: Astrocytes are shock-responsive during contextual fear conditioning. (A)
Peri-event analysis for astrocytes in Cxt A (orange) and Cxt B (green) indicate increased
activity (% dF/F) at the times of 0.75mA foot shocks (dashed line; 120, 180, 240, 300
seconds averaged). For peri-event analysis, we used a 95% t-confidence interval (tCl)
(shaded region) approach where a “significant” event, indicated by the colored bars above
the average time series (solid lines), represents any time period greater than 1 second where
the tCI did not include the median-shifted baseline of 0. (B) Representative calcium time
series for Cxt A and B groups showing almost all astrocytes display a robust response to
one or more shocks during the CFC session. In Figure 2A, shock-response is averaged for

each group with Cxt A (n =4) and Cxt B (n = 3).
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Figure 4.3
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Figure 4.3: Evidence of astrocytic temporal sequences after foot shock onset. (A)
Representative heatmap showing the average calcium response for all astrocytes (n = 250),
for a single animal (Astro7) at the timing of foot shock (dashed white line; 120, 180, 240,
300 seconds) sorted by their maximal z-scored response. We observed a hook-like structure
that spans from the timing of foot shock (time = 0) to approximately 28 seconds after. (B)
Representative heatmap showing the same information above for all astrocytes across the
entire Day 1 contextual fear conditioning (CFC) session, with sequential activity appearing
at each foot shock. (C) Representative cross-validated heatmap for the same mouse
(Astro7) across all cells (n = 250 astrocytes). We computed the average 2" and 4™ foot
shock activity and sorted this information by the 1% and 3™ peak times for each animal to
understand how this sequence is maintained across stimulus presentation. We observed
maintained structure in these cross-validated heatmaps for all animals, suggesting a reliable

sequence during CFC.
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Figure 4.4: How does astrocytic sequential activity map onto spatial footprints?
Representative spatial region-of-interest (ROI) maps for a single mouse as they underwent
each foot shock (A-D). Each ROI was plotted with the first to last astrocyte in the foot
shock-induced sequence as a progressing colormap for each shock, with the dark red cells
displaying peak locations earlier than the lighter pink astrocytes. We observe relatively
stable spatial representation of the astrocytic sequences across all animals, with some cells

changing their ordering within the sequence over shocks.
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Figure 4.5
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Figure 4.5: Evidence of astrocytic sequences during memory recall. (A) Representative
heatmap showing the average calcium response for all astrocytes (n = 288), for a single
animal (Astro4; Cxt A) sorted by their maximal z-scored response across the entire Day 2
recall session. (B) Representative heatmap showing the same information above for all
Astro4 astrocytes at the timing of previous foot shocks (dashed line; 120, 180, 240, 300

seconds) during recall. (C) Representative heatmap showing the average calcium response
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for all astrocytes (n = 144), for a single animal (Astro7; Cxt B) sorted by their maximal z-
scored response across the entire Day 2 novel exposure session. (D) Representative
heatmap showing the same information above for all Astro7 astrocytes at the timing of
previous foot shocks (dashed line; 120, 180, 240, 300 seconds) during Cxt B exposure.
Together, we observed sequence-like bursts of activity at regular intervals throughout the
session in Cxt A, but not Cxt B mice (A, C). Cxt A, but not Cxt B mice displayed similar
hook-like sequences at the timing of previous foot shock on Day 2 that we observed during

the actual foot shocks on Day 1.
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Figure 4.6
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Figure 4.6: Reactivated astrocytes maintain temporal information during recall. (A-
B) Representative heatmap showing the average calcium response for all reactivated
astrocytes (n = 115), for a single animal (Astro4; Cxt A) sorted by their maximal z-scored
response at the timing of previous foot shocks (dashed line; 120, 180, 240, 300 seconds)
during recall (A) and for the entire recall session (B). (C-D) Representative heatmap
showing the average calcium response for all reactivated astrocytes (n = 88), for a single
animal (Astro7; Cxt B) sorted by their maximal z-scored response at the timing of previous

foot shocks (dashed line; 120, 180, 240, 300 seconds) during novel context exposure (C)
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and for the entire session (D). Together, we observed above-chance sequential information

that was maintained within Cxt A but not Cxt B mice.
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