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Sharp-Wave Ripple Alterations Mark Memory Decline and Interneuron Drive
Emily Aster Jones
Abstract
Hippocampal sharp-wave ripples (SWRs) — electrophysiological signatures of memory
reactivation in the hippocampus — play an important role in memory processes. We tested the
relationship between SWRs and memory impairment in an Alzheimer’s disease (AD) mouse
model and the role of GABAergic interneurons in modulating SWRs. First, there is a pressing need
to identify early pathophysiological alterations that predict subsequent memory impairment in AD.
Mouse models of AD show reductions in both SWR abundance and associated slow gamma (SG)
power during aging, suggesting SWRs may be a compelling candidate biomarker. In aged AD
model mice, we found that reduced SWR abundance and associated CA3 SG power predicted
spatial memory impairments measured 1-2 months later. Importantly, SWR-associated CA3 SG
power reduction in young apoE4-KI mice also predicted spatial memory deficits measured 10
months later. Second, SWRs in CAL1 are driven by inputs from upstream area CA3 and also engage
the dentate gyrus (DG), but little is known about whether and how GABAergic interneurons in
either CA3 or the DG regulate activity in CA1l. The majority of hippocampal interneurons are
parvalbumin-expressing (PV+), soma-targeting or somatostatin-expressing (SST+), distal
dendrite-targeting subtypes, which are differentially impaired in AD. We find that that PV+ and
SST+ interneurons bidirectionally modulate sleep SWRs in CAL and coincident SG observed
throughout the hippocampus. Overall, our results suggest that PV+ interneurons reduce CA3
coupling to CA1, while SST+ interneurons reduce entorhinal cortex coupling to CA1. These results
establish features of SWRs as potential functional biomarkers of memory impairment in AD and

probe how GABAergic interneuron subtypes impaired in AD modulate these SWR features.



This thesis is dedicated to my godmother, Joan Jurich

Vi



TABLE OF CONTENTS
FMEOAUCTION. ..ot e ettt e e et e e ettt e e e e e e e e et e e e e e e e eeeeneeeeeas 1

Chapter I: Apolipoprotein E4, Inhibitory Dysfunction, and Alzheimer’s Disease

A DS ACT ... et ———eee et e e e e e ————eeeeeaea e e——————aaaaaaaa——— 29
VAN T XL, et ee e ettt e e oo ettt e e e e e e e ettt e e e e e e e e ettt eeeeeeeee e e eeeeeeeeeeeaa i reeeeeeeaan 30
R B B N CES e e nnnn 40

Chapter I1: Early Hippocampal Sharp-Wave Ripple Deficits Predict Later Learning
and Memory Impairments in an Alzheimer’s Disease Mouse Model

o111 - Tod OSSPSR 59
T (T L8 01X T o PSSRSO PRTRRRO 60
Materials and METNOUS.........cviiieie ettt e e sreesteeneesreenne e 63
TS | SRR 72
[ 1111 1] o] o SRR 109
R =T =] 0TSRRI 115

Chapter I11: Hippocampal GABAergic Interneurons Bidirectionally Modulate Sharp-
Wave Ripples

Y 0] 1 - Vo USRS 124
Yoo [0 Tod 1 o] o TSP 125
Materials and MELNOUS. .......cceeiie et sreesaeere e neesreeneenreas 127
RESUITS ...ttt ettt ettt st e e e R e Re e te Rt e e R e e te e Rt e nneeaeaneenneenteeneenrens 134
Dol 01X (0] o SO TR PRSP 155
RETEIBINCES ...ttt bbbt et e e Rt b e ettt e bttt ane e be et e nreas 161
(@0 0] 11 ] o] o SRS 178

vii



LIST OF FIGURES

Chapter 11

Figure 2.1: Aged apoE4-KI mice show SWR deficits and spatial approach task impairments

ANA VANTADTIILY ... et e e aeanaenre s 74
Figure 2.2: SWR deficits predicts spatial approach task impairments in aged apoE4-KI mice ...82
Figure 2.3: Further predictive relationships identified in the screen cohort and examples of
behavioral metrics USed IN COITEIALIONS. ..........ooiiiiiiieiec e 84
Figure 2.4: ApoE4-KI mice are not impaired in non-spatial behaviors...........c.ccoiiiniinnnn. 86
Figure 2.5: SWR deficits predict spatial avoidance task impairments in aged apoE4-KI mice ...95
Figure 2.6: Aged apoE4-KI mice show impaired acquisition of a spatial avoidance task ........... 97
Figure 2.7: SWR deficits at younger ages predict spatial approach and spatial avoidance task
IMPAITMENTS AL OIUBN AUES ... bbbttt 104
Figure 2.8: Properties of SWRs and associated SG power in CA3 over aging in apoE3-KI and
APOEA-KT IMICE ...t b bbbttt et b bbbt bt 106

Figure 2.9: SWRs and associated SG power in SG as a proposed biomarker ............c.cccceeeneee. 110

viii



Chapter 111
Figure 3.1: Recording in vivo hippocampal LFP during chemogenetic suppression of PV* and
SST interneurons iN CA3 and DG .......cccoivieiiiiiiiee e 135

Figure 3.2: DREADDs function and expression in PV* and SST* interneurons in CA3 and

Figure 3.3: Suppressing PV interneurons increases CA3 coupling onto CA1 during SWRs ...139
Figure 3.4: Properties of SWRs during PV* interneuron SUPPression ...........ccccveeevevveresveevenenen, 141
Figure 3.5: Suppressing SST* interneurons decreases CA3 coupling onto CA1 during SWRs.145
Figure 3.6: Properties of SWRs during SST interneuron SUPPresSion .........cccceeeevevvereeveeverenen, 147
Figure 3.7: Figure S4. Suppressing both PV* and SST* interneurons increases CA3 coupling

ONEO CAL AUMNNG SWRS ...ttt ettt s ste e te st e st e et e s e e s reenteennesreenneens 149



LIST OF TABLES

Chapter 11

Table 2.1: Sample sizes for all EXPeriMeNtS .........ccvveii i 75
Table 2.2: Relationships between SWR properties and MWM performance tested in screen

(076] 1] AT TSSO P PSPPSR 87
Table 2.3: All APA metric correlations tested in replication cohort .............ccccceveiieieic e, 99
Table 2.4: All behavioral correlations tested with 5-8 month apoE4-KI mouse

electrophySiologiCal data ..........cc.ecviiiiie e 108

Chapter 111
Table 3.1: Sex differences across all mice in vehicle-treated epochs...........cccccveveiieiiiiciienen, 151

Table 3.2: Effects of PV+ and/or SST+ suppression stratified by SeX .......c.ccccoveveiiciiiiciienenn, 153



INTRODUCTION

Alzheimer's Disease (AD) and Apolipoprotein (apo) E4

AD is the most common form of dementia, affecting 5 million Americans, including 11% of all
people over 65 and 32% of all people over 851. AD patients exhibit impaired communication,
disorientation, changes in mood and personality, and problems retrieving and forming memories.
AD is characterized by damage to and death of neurons, particularly in the hippocampus and
cerebral neocortex, as well as neuropathological hallmarks, including extracellular amyloid 3
plaques and intracellular tau neurofibrillary tangles?. How this molecular pathology, neuronal loss,
and memory deficit are connected, however, still needs further investigation. One protein key to
understanding these relationships is apoE, the most common genetic risk factor for AD.

In humans, there are three major apoE alleles — apoE2, apoE3, and apoE4 — which differ
at two positions in their primary sequence®. ApoE4 has an allelic frequency of 14%, yet is found
in 65-80% of AD patients®. In a dose-dependent manner, the presence of the apoE4 allele increases
the likelihood of AD diagnosis at age 85 from 10% to 70% and decreases the average age of disease
onset from 84 years to 68 years®. In the nervous system, apoE4 is more likely to be carboxyl-
terminal truncated in neurons than apoE3, which increases tau phosphorylation’, induces
neurofibrillary tangle-like inclusions®, and causes inefficient amyloid B clearance®, linking apoE4
to current AD neuropathology hypotheses.

Mice with human apoE4 knocked in at the mouse apoE locus (apoE4-KI) show age-
dependent spatial learning and memory deficits which are correlated with age-dependent hilar
GABAergic interneuron loss'®!. Transplanting GABAergic interneuron progenitors into the hilus
rescues apoE4-induced learning and memory deficits*?, while optogenetically inhibiting hilar

GABAergic interneurons induces these deficits®®, confirming that hilar interneuron loss causes



these learning and memory deficits. Interestingly, despite the fact that most nervous system apoE
is produced by astrocytes®, knocking out apoE4 expression in interneurons prevents GABAergic
interneuron death and apoE4-induced learning and memory deficits, while knocking out apoE4
expression in astroglia does not'*. Thus, the pathological role of apoE depends on its cellular

source within the hippocampus.

Rhythms of the Hippocampus

The hippocampus is required for spatial learning, working memory, and reference memory, which
are disrupted in AD®™?'". The densely packed organization of this structure lends itself to
generating large local field potentials, which are the extracellular currents that reflect the
summation of action potentials from these neurons. This raw local field potential signal can be
decomposed into frequency components, some of which are associated with specific functions*®.
These rhythms organize firing of cells that code related information'®. Moreover, these rhythms
provide a mechanism for task-specific neural networks to transiently connect through
synchronized firing, allowing one area to coordinate processes across the entire brain.
Oscillations furthermore coordinate cell assemblies to bring together enough collective spiking to
discharge the postsynaptic target'®. Several reviews have proposed that hippocampal network
oscillations would make ideal candidates for testing the physiological effect of AD drug
candidates®??>, These oscillations are clear memory biomarkers, as they represent encoding,
consolidation, and retrieval of task-related sequences and the integration of these sequences into
cortical circuits to modify behavior and memory performance®. The hippocampus generates three

major rhythms: theta, gamma, and SWRs.



Theta (4-12Hz) is the network signature of memory encoding during locomotion in
humans® and rodents?#?°, The main driver of hippocampal theta is tonic cholinergic excitation
and phasic GABAergic inhibition of local interneurons by medial septum (MS) inputs?®-28, The
hippocampus has two theta dipoles. The first has a current sink in stratum radiatum and a current
source in stratum pyramidale, reflecting Schaffer collateral inputs?®. The second has a current sink
in stratum lacunosum-moleculare and a source in stratum radiatum, reflecting direct entorhinal
cortex (EC) glutamatergic inputs®®, possibly onto CA1 pyramidal cell dendrites?®. During
locomotion, theta entrains place cell activity. As an animal explores a space, place cells in the CAl
and CAS3 preferentially fire in certain locations, and each theta cycle contains one path in the
space®. Place cells fire at successively later theta phases as they move through their place field, a
phenomenon known as theta phase procession®'*2, Thus, theta allows place cells to encode location
via spike rate and timing. At decision points in learned working memory tasks, place cells for
fields ahead of the animal preferentially fire and predict which choice an animal will make®3.
Moreover, the length of the prospective portion of a theta sequence predicts how far an animal will
travel to its goal destination. Thus, theta is directly relevant to current spatial decisions®.
Furthermore, disrupting theta sequences and theta phase procession impairs working memory=*%.
Finally, theta power during tasks predicts memory performance in animals®*"~*° and humans*, and
disrupting theta oscillations impairs working memory*! and reference memory*?. While the SWR
and associated slow gamma phenotype has been characterized in apoE4-KI mice, theta has not,
which could elucidate the extent of network deficits and mechanisms of learning and memory
impairments in apoE4 carriers.

During theta, gamma amplitude?®, frequency*®, and phase** are coupled to theta phase. The

hippocampus has two gamma current generators: one in the DG and another in CA3. Gamma is



hypothesized to be driven by EPSPs from perforant path inputs and IPSPs from local oscillating
interneurons. The DG gamma dipole, which drives the largest amplitude gamma activity, is itself
driven by EC, as indicated by a current sink in stratum lacunosum-moleculare. Following EC
lesion, DG theta and gamma amplitude is greatly reduced. The gamma that remains is lower
frequency and driven by the CA3 dipole, as indicated by a current sink in stratum radiatum*. Both
dipoles are driven by PV* basket cells*®#8, Thus, hippocampal gamma comprises two frequency
components: slow gamma (30-50Hz), driven by CA3 intrinsic inputs at the trough of theta in the
stratum pyramidale, and fast gamma (50-100Hz), driven by EC extrinsic inputs at the descending
phase of theta in the stratum pyramidale*®. This switch between extrinsic and intrinsic inputs to
CA3 in a single theta cycle during exploration of a novel environment is modulated by MS
cholinergic inputs®. However, one study demonstrated that in vitro cholinergic drive of
interneuron networks in CA1 alone can generate fast gamma®!; this may be generated in vivo by
direct EC inputs to CA1%2. Gamma power is correlated with recall®® and working memory load>*
in humans. Similarly, during working memory tasks, CA1 and CA3 gamma power and coherence
increases™. Task-related theta-gamma coupling is also correlated with memory performance in
humans®®°’. This coupling and gamma power was recently found to be reduced in a mouse model
of tauopathy®®. Despite extensive research on the role of theta and nested gamma in memory and
on the deficits in these oscillations in AD models, the relationship between theta deficits and
working memory deficits in an AD model has not been determined.

One model of theta and nested gamma states that encoding and retrieval are segregated by
theta phase, with encoding occurring on the trough of theta when EC input is highest and retrieval
occurring on the peak of theta when output to EC is highest®. Several lines of evidence support

this. First, CAl pyramidal cells fire preferentially on different phases of theta during when



encountering new and familiar stimuli®. Second, LTP is easiest to induce along Schaffer
collaterals at the trough of theta, consistent with the idea that this theta phase is involved in
encoding new information from cortical inputs®’. Third, inhibiting CA1 at the trough of theta
during the encoding portion of a task enhanced performance, while inhibiting CA1 at the peak of
theta during retrieval also enhanced performance®?. Finally, gamma power and place cell firing
during theta also support this model.

During theta, gamma modulates theta phase procession®. Approximately one place cell
fires at the trough of each fast gamma wave, while compressed paths are within each slow gamma
wave. The firing of place cells also shows phase procession with respect to slow gamma. In this
study, path length ahead of the animal increased with slow gamma power and accuracy of current
location encoding increased with fast gamma power, lending further credence to the hypothesis
that slow gamma is involved in retrieval while fast gamma is responsible for encoding during
theta®. Place cell firing also preferentially encodes locations ahead of an animal when slow gamma
power is higher or the animal leaves a goal location and behind an animal when fast gamma power
is higher or the animal approaches a goal location®%. Moreover, fast gamma power and theta
coupling increases when attending to novel stimuli®” while slow gamma power and theta coupling
increases during when attending to recalled stimuli®®5°, However, one study found an increase in
slow gamma coherence during encoding’®, while another found an increase in fast gamma
coherence during retrieval®, suggesting that this hypothesis may not be complete.

The third hippocampal rhythm, SWRs, are the network signature of memory replay?.
When the animal is at rest or asleep, place cells fire in a compressed manner at the troughs of
SWRs'?, replaying forward or reverse trajectories traversed by the animal’®’. Sharp waves are

generated by CA3 pyramidal population bursts exciting CA1 pyramidal dendrites and GABAergic



interneurons, which in turn inhibit CA1 pyramidal near the soma’; this sharp wave input is
reflected in the current sink in stratum radiatum®. The interconnected CA1 pyramidal cell and
interneuron network give rise to high frequency (150-250Hz) synchronized ripple activity in the
stratum pyramidale’®. Two studies have found that this CA1 network can generate SWRs
independent of CA3, though their relevance to memory retrieval and consolidation is unknown’"8,
SWRs occur in the absence of theta activity and are suppressed by MS activation’®. Similarly,
SWRs rarely occur during high gamma power in the DG, Unlike theta and gamma oscillations,
SWR LFPs are hypothesized to be mostly generated by summation of currents on pyramidal
cells®. SWR power is correlated with the discharge probability of CA1 pyramidal cells, but not of
interneurons’’. Nevertheless, perisomatic inhibition is still critical for phase locking of pyramidal
cell firing to SWRs?.

SWRs are critical for memory consolidation and retrieval®?, as their disruption by
stimulating the ventral hippocampal commissure impairs spatial learning and memory®*-°, Awake
SWRs are crucial for retrieval. These SWRs encode realistic paths within the current environment
and are biased towards the current location”*8. Awake SWRs often occur at decision points during
early learning of working memory tasks®’, and trajectories of place cells active during these SWRs
represent paths to goals, with bias towards the goal location and the angular displacement to a
known goal®. Similar to theta sequences, SWRs preferentially replay forward when moving
towards a goal and reverse when reaching the goal’. Reduced SWR abundance®®°! and aberrant
spatial encoding by place cells®>*3 have recently been found in mouse models of tau and amyloid
B overexpression, suggesting that SWRs could be a relevant cognitive biomarker for AD. In
addition, SWRs have been found to promote memory consolidation in humans®*. Despite extensive

research demonstrating that SWRs are critical in memory performance and that SWRs are less



abundant in AD models, the relationship between SWRs and memory in AD models has yet to be
explored.

During SWRs, slow gamma power increases, and the fidelity of place cell replay is
correlated with the extent of slow gamma synchrony®. In addition, path representations jump from
one location at the troughs of discrete SWR-associated slow gamma cycles. Place cell firing is
similarly locked to the opposite phase of slow gamma. Thus, slow gamma might coordinate
compressed replay of a trajectory®®. Cingulate cortex neurons also phase lock with hippocampal
slow gamma during SWRs, suggesting that increased slow gamma power might be necessary to
plan future trajectories®’. Despite these studies, the mechanism of SWR-associated slow gamma

has not been uncovered.

Hippocampal Inhibitory Interneurons

Dysfunction of the GABAergic inhibitory system contributes to learning and memory impairment
in mice and possibly in humans. AD patients have reduced GABAergic inhibitory function, as
suggested by an increase in subclinical epileptiform activity®®. Furthermore, AD patients have
specific losses of SST* interneurons in the cortex®® and hippocampus'®, which are exacerbated by
the presence of the apoE4 allele®?. This inhibition regulates learning, as feed-forward inhibitory
connectivity growth is required for memory precision!? and reducing hippocampal GABA levels
impairs learning and memory'®. Finally, GABAergic interneuron loss reduces GABA signaling
on newborn neurons from the subgranular zone, impairing hippocampal neurogenesis’, which is
exacerbated by apoE4!!, further contributing to learning and memory deficits. Interestingly,
despite clear evidence linking AD to SST™ interneuron loss, it is unclear whether interneuron loss

or dysfunction is responsible for memory deficits.



Rhythmic firing emerges spontaneously from interconnected pyramidal and interneuron
networks due to intrinsic membrane properties of interneurons'®. Most oscillations of the
hippocampus are driven by perisomatic feedback IPSPs onto principal cells by local
interneurons®. Hippocampal interneurons show place preference in firing'®1%, are responsible
for theta phase procession'®®. Thus, hippocampal GABAergic interneurons contribute to local
network activity.

GABAergic interneurons can be classified by the presence of molecular markers that
differentiate unique morphologies and connections!®®. The neuropeptide SST labels oriens-
lacunosum moleculare (O-LM) cells, which comprise 52% of all GABAergic interneurons in the
stratum oriens, and hilar perforant path-associated (HIPP) cells, which comprise 57% of all
interneurons in the hilus'®. Both subtypes receive local excitatory input along the perforant path
and provide slow feedback inhibition onto principal cell dendrites at the layer of extrahippocampal
excitatory inputs from EC and MS!®. These SST* interneurons also project onto PV* interneurons
in the MS™!12 and the EC'3, which in turn project back onto interneurons throughout the
hippocampus?”'4. In addition, though most cholinergic projections from MS are onto principal
cells, 5-10% are onto SST* cells™®. These recurrent connections may act as a regulator of theta®'®.
Furthermore, O-LM spiking is entrained to the trough of theta'*"18, O-LM cells were also able to
generate coherent gamma oscillations in one computational model**® and had spiking entrained to
the ascending phase of gamma in awake mice!'®. O-LM cells may also modulate the switch from
fast gamma entorhinal inputs and slow gamma CA3 inputs'?°. Finally, spiking of O-LM cells,
including those that project to MS, increases during the ascending phase of SWRs!8121.122,

HIPP interneurons are critical in age-related and AD-related cognitive decline. SST* HIPP

interneurons are highly vulnerable to excitotoxicity'?®, which apoE3, but not apoE4, protects



125 “and the extent of

against'?*, SST* HIPP interneurons are selectively lost through normal aging
loss of these neurons is correlated with reference memory in both aged WT!% and apoE4-KI*°
mice. HIPP interneurons have very similar connections and membrane properties as O-LM cells,
so they may participate in hippocampal rhythms like O-LM cells. However, the contribution of
HIPP interneurons to this network activity has not been studied.

The calcium-binding protein PV labels basket and axoaxonic cells, comprising 32% of
GABAEergic interneurons in the strata oriens and pyramidale and 8% of all interneurons in the
hilus'?8. Both subtypes receive both local and extrahippocampal excitatory inputs and thus provide
fast feed-forward and feedback perisomatic inhibition at the principal cell layer'®. Basket cells
fire preferentially at the descending phase of theta, while axoaxonic cells increase firing at the
peak of theta; this firing is simultaneously coupled to the rising phase of gamma?’118127 Several
lines of evidence support the critical role of basket cells in generating gamma. First, CA1 basket
cells impose rhythmic IPSPs onto pyramidal cells at gamma frequency during theta activity, timing
their firing'?8. Second, unlike O-LM cells, basket cells are mutually connected into an extensive
network, which is hypothesized to be necessary to generate gamma'?°. Third, MS cholinergic
inputs likely drive theta and nested gamma coupled firing in PV* basket cells, as applying
muscarinic agonists in vitro causes gamma frequency firing in these cells'®. However, ablating
GABAAa-mediated synaptic transmission in PV* interneurons was found to reduce theta power,
frequency, and modulation of gamma phase, amplitude and spike timing, but not gamma power,
calling into question the sufficiency of PV* interneurons in generating gamma*=.

Basket cells also fire preferentially at the trough of SWRs, while axoaxonic cells fire
immediately before SWR events''’118 which is hypothesized to contribute to sharp wave burst

generation®*2. Suppressing GABAA-mediated perisomatic inhibition onto pyramidal cells reduces



SWR energy and SWR entrainment of pyramidal cell firing'33** while activating CA3 basket
cells in vitro increases SWR abundance'®. Moreover, tonic drive of PV* CA1 interneurons alone
can generate SWRs, while silencing these same cells can interrupt SWRs, suggesting PV*
interneurons are necessary SWR generation'3. However, most studies of PV* interneurons are in
CAL, thus little is known about the role of hilar basket cells on hippocampal network activity.
SST*" and PV* interneurons likely coordinate to generate these rhythms. First, it is
hypothesized that PV* basket cells and SST* HIPPs are recruited in concert during theta-nested
gamma so that HIPPs can provide delayed dendritic inhibition'*’. Second, basket cells drive
intrinsic membrane theta outside of a cell's place field, while apical dendrite polarization drives
membrane theta inside a cell's place field?®. This cooperation between perisomatic and dendrite
targeting cells drives theta-coordinated place cell firing**8. Third, PV* interneurons preferentially
fire at an earlier theta phase!'®, and silencing these neurons increased firing at the start of a cell's
place field'®, suggesting PV* interneurons might be responsible for determining which place cells
become active. In contrast, SST* interneurons preferentially fire at a later phase!*®, and silencing
these neurons increased firing at the end of a cell's place field**®, suggesting SST* interneurons

might be responsible updating the network representation of space.
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Abstract

Apolipoprotein (apo) E4 is the major genetic risk factor for Alzheimer’s disease (AD), increasing
risk and decreasing age of disease onset. Many studies have demonstrated the detrimental effects
of apoE4 in varying cellular contexts. However, the underlying mechanisms explaining how apoE4
leads to cognitive decline are not fully understood. In this review, we provide an overview of the
literature describing apoE4’s detrimental effects in the central nervous system (CNS), specifically
focusing on its contribution to neuronal subtype dysfunction or loss. We focus on y-aminobutyric
acid (GABA)-expressing interneurons in the hippocampus, which are selectively vulnerable to
apoE4-mediated neurotoxicity. Additionally, we discuss the importance of the GABAergic
inhibitory network to proper cognitive function and how dysfunction of this network manifests in
AD. Finally, we examine how apoE4-mediated GABAergic interneuron loss can lead to inhibitory
network deficits and how this deficit results in cognitive decline. We propose the following
working model: aging and/or stress induces neuronal expression of apoE. GABAergic interneurons
are selectively vulnerable to intracellularly produced apoE4, through a tau dependent mechanism,
which leads to their dysfunction and eventual death. In turn, GABAergic interneuron loss causes
hyperexcitability and dysregulation of neural networks in the hippocampus and cortex. This
dysfunction results in learning, memory, and other cognitive deficits that are the central features

of AD.
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Main Text

Inhibitory System Dysfunction in AD

In recent years, it has become clear that neurodegenerative diseases target specific neuronal
populations'. GABAergic interneuron dysfunction, in particular, is found in a range of
neurological and psychiatric disorders, including schizophrenia, autism, Fragile X syndrome,
epilepsy, migraines, depression, bipolar disorder, and AD?. Loss of GABA, the primary inhibitory
neurotransmitter in the brain, is a key component of AD. Post-mortem tissue from AD patients
shows reduced GABA level throughout the brain, particularly in temporal, parietal, and frontal
cortices®*. Post-mortem cortices from AD patients contain reduced GABAergic terminals,
particularly near amyloid plaques®®. AD patients show reduced cortical GABA as measured by
positron emission tomography, especially in the temporal cortex’®, and reduced GABA in
cerebrospinal fluid®*2, Additionally, AD patients have a specific loss of somatostatin-positive
interneurons in the cortex'® and hippocampus'®. Several other neuronal subtypes are also affected
by AD pathology, including cholinergic and glutamatergic neurons, whose loss and dysfunction
in turn contribute to cognitive impairment®®. This review will focus on the consequences of
GABAergic interneuron loss and dysfunction, which have broad consequences at the network and
behavioral level.

Loss of GABA and GABAergic interneurons in AD patients may be responsible for
network hyperactivity manifesting as seizures. Substantial evidence shows that loss of GABAergic
tone leads to seizures'®. 10-22% of AD patients exhibit seizures*’°, as do hAPPrap mice?, and
the onset of these seizures precedes cognitive decline®. Levetiracetam, an anti-epileptic drug,
successfully reverses hyperexcitability and learning and memory deficits in an hAPPrap mouse

model of AD?*% and in aged mice?*2%. Cognitively normal elderly, amnestic mild cognitive
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impairment (MCI), and AD patients all show cognitive improvement following chronic
levetiracetam administration?’~2°. Thus, GABAergic dysfunction contributes to network-wide
deficits in AD, which may in turn harm cognition.

GABAEergic inhibitory interneurons make up a minority of neurons within the brain but
play an outsized role in coordinating activity®®. Inhibitory interneurons regulate network
oscillations, which synchronize neuronal activity to rhythms that are crucial to learning and
memory>35, Inhibition also prevents hyperactivity of excitatory principal cells, which disrupts
normally sparse neural coding and leads to decreased signal-to-noise ratio®-38. Furthermore,
reducing hippocampal GABA levels impairs learning and memory**“°, and silencing inhibitory
interneurons in the dentate gyrus prevents both encoding of new memories and recall of old
memories®!. Given their importance to proper learning and memory, it is crucial to better
understand GABAergic inhibitory interneuron dysfunction and/or loss in the context of AD. As
apoE4 is the major genetic risk factor for AD, understanding its effect on GABAergic interneurons,
a population that is particularly vulnerable to apoE4 pathology, is essential. ApoE is expressed in
neurons during periods of stress or normal aging. The neuronally expressed apoE4 is more
susceptible to proteolytic cleavage and cytotoxic fragment generation. In the following sections,
evidence for GABAergic interneuron susceptibility to apoE4 and the subsequent network deficits

that result of inhibitory neuron loss, culminating in learning and memory deficits will be discussed.

GABAergic Interneuron Susceptibility to ApoE4
Many lines of evidence from in vivo studies contribute to the hypothesis that GABAergic
interneurons in the hippocampus are disproportionately susceptible to apoE4-mediated toxicity.

For example, apoE4-KI mice display an age- and tau-dependent decrease in hilar GABAergic
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somatostatin-positive interneurons in the hippocampus®. The extent of this inhibitory interneuron
loss correlates with both decreased adult hippocampal neurogenesis and with learning and memory
deficits*®*. The adverse effects of apoE4 are prevented by tau removal, indicating a direct link
between tau pathology, apoE4, and GABAergic interneuron death®. Interestingly, the cellular
source of apoE is critical to its pathological effect on GABAergic interneurons. ApoE4 undergoes
proteolytic cleavage which generates neurotoxic fragments only when produced in neurons, but
not when produced in astrocytes®. When expressed in neurons, apoE3 is excitoprotective whereas
apoE4 is not; however, when expressed in astrocytes, apoE3 and apoE4 are equally
excitoprotective®®. Likewise, when expressed in neurons, apoE4 decreases dendrite arborization
and spine density whereas apoE4 expressed in astrocytes does not show similar effects®.
Importantly, deletion of apoE4 in GABAergic interneurons, but not deletion of apoE4 in
astrocytes, is sufficient to protect aged mice from apoE4-induced GABAergic interneuron loss and
learning and memory deficits®®. These findings suggest that, although the majority of apoE is
produced in astrocytes, it is apoE4 produced within GABAergic interneurons that is detrimental
to their survival in vivo which leads to deficits in both learning and memory in AD models.
Strikingly, bolstering inhibitory function, either through systemic GABA-agonist treatment*® or
through transplant of mouse derived inhibitory interneuron progenitors directly into the
hippocampus®, restores learning and memory in aged apoE4-KI mice without or with mutant

hAPPrap expression.

ApoE4-Mediated GABAergic Interneuron Loss and Inhibitory Network Dysfunction in AD
Given that hippocampal GABAergic interneurons are selectively vulnerable to apoE4, an

intriguing question is: how does interneuron dysfunction manifest at the network and behavioral
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or clinical levels? At the network level, loss of GABAergic function can lead to deficits in both
tonic and phasic inhibition. Loss of tonic inhibition manifests itself most prominently in AD
patients as hypersynchrony, leading to epilepsy and olfactory processing deficits, as well as
hyperactivity, leading to aberrantly increased activation of cortical and hippocampal networks®!.
Loss of phasic inhibition manifests as reduced hippocampal rhythms®:. These network
consequences of inhibitory deficits each contribute to learning and memory impairments®. The
following sections will address these manifestations of inhibitory network dysfunction that occur

as a result of apoE4 expression.

ApoE4 and GABAergic Interneuron Dysfunction Leading to Seizure Activity in AD

The loss of GABA and GABAergic interneurons in AD patients may lead to network hyperactivity,
most commonly observed through seizures. ApoE4 carriers have a higher risk®*" and earlier
onset>®% of developing idiopathic or secondary temporal lobe epilepsy. It is still unclear whether
these patients demonstrate a higher risk for developing AD later in live, or if indeed the proportion
of AD patients with concomitant epilepsy is enriched for apoE4 carriers. In addition to increased
risk, apoE4 is also associated with increased epileptic pathology. The presence of apoE4 is
correlated with smaller neuron size and increased DNA damage in temporal lobes of epilepsy
patients®, and epilepsy patients with at least one APOE4 allele are six times more likely to exhibit
treatment resistance®. Investigating the connection between apoE4 and epilepsy may shed light

on its role in large scale network dysfunction in AD.
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ApoE4-Mediated GABAergic Interneuron Dysfunction and Olfactory Deficits in AD

Olfactory dysfunction is also an early and common symptom of AD as well as a result of carrying
apoE4 and odor identification ability predicts future cognitive decline®-%¢, making olfactory acuity
a potential early signal of underlying neurodegenerative processes. ApoE4 carriers show
particularly marked deficits in odor identification and memory relative to non-carriers®’, and
evidence suggests disrupted GABA signaling in the olfactory bulb may mediate this olfactory
loss®®. In vivo electrophysiological recordings from aged apoE4-KI mice with odor memory
deficits revealed increased local field potential response to odors in both the olfactory bulb and in
primary olfactory cortex®, which was attributed to inhibitory dysfunction. These studies together
suggest that apoE4-mediated odor memory impairment, a potential early biomarker of cognitive

dysfunction, may be due to apoE4-induced hyperactivity.

ApoE4 and Microglial Dysfunction in the GABAergic Inhibitory Network and AD

The link between apoE, microglia, and GABAergic interneuron dysfunction is also an emerging
area of interest in the context of network dysfunction and AD. ApoE expression in microglia and
its roles in microglial physiology and pathology have recently been actively explored. ApoE is
upregulated in primed/activated microglia’®’®, and apoE signaling in microglia following
phagocytosis of apoptotic neurons or in response to A accumulation leads to a transcriptional
switch from promoting homeostasis to promoting inflammation and neurodegeneration 72,
Deletion of the Apoe gene suppresses microglial activation in response to A accumulation and
prevents migration of microglia toward amyloid plaques’. However, the effect of specific apoE
isoforms has yet to be explored’®’. It has been reported that activated microglia migrate to

inhibitory synapses and displace them from excitatory neurons’ and an increase in CX3CR1
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expression in activated microglia suppresses GABAA receptor signaling in excitatory neurons’,
both of which could contribute to GABAergic inhibitory network deficits in the context of apoE4.
Another avenue by which microglial dysfunction may affect GABAergic interneurons is through
perineuronal nets. Perineuronal nets are extracellular matrix structures which surround synapses
of highly active neuronal subtypes and are associated with microglia’’. These structures are
involved in synapse development, stabilization and remodeling, buffering ions, and regulating the
synapse microenvironment’®. AD patients have reduced perineuronal net density’. Strikingly, the
majority of neurons surrounded by perineuronal nets are parvalbumin-expressing GABAergic
interneurons®’, and these interneurons show deficits in perineuronal net density in AD model of
mice®’. Since perineuronal nets protect these interneurons from oxidative stress and other
injuries®, it is possible that their breakdown in AD, which can be triggered or exacerbated by
microglial dysfunction, may lead to interneuron dysfunction or death and thus inhibitory network

deficits.

ApoE4 and Network Hyperactivity Induced by GABAergic Interneuron Dysfunction

Network hyperactivity is an overarching symptom of AD and is evident in human apoE4 carriers.
More specifically, hyperactivity in two networks which are normally disengaged during task
performance in healthy individuals has been demonstrated by multiple groups. First, cognitively
normal apoE4 carriers show reduced task-induced deactivation of the default mode network
(DMN)&-8, Higher resting state GABA levels in the DMN are associated with enhanced task-
induced deactivation of this network®-8, suggesting that this DMN hyperactivity could be the
result of inhibitory deficits. Reduced ability to deactivate the DMN during memory encoding is

found in AD patients®°! and is correlated with worse task performance®?, linking this apoE4-
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induced deficit to memory impairments. Second, healthy elderly apoE4 carriers show increased
hippocampal and entorhinal activation during encoding task performance®*®*. A recent study
found that aged apoE4-KI mice had increased field potential synchrony and pyramidal cell firing
in the entorhinal cortex®. This activation is dysfunctional hyperactivity rather than task-related, as
levetiracetam treatment of amnestic MCI patients both reduces hippocampal over-activation and
improves cognitive performance during a recognition memory task?®%. Greater hippocampal
activation during encoding tasks is associated with worse task performance®” in MCI and AD
patients®*, and even predicts future cognitive decline in cognitively healthy elderly®. Finally,
aberrant activity increases in these networks are seen even prior to aging. Healthy young and
middle-aged adult apoE4 carriers show increased DMN activation at rest'® and increased
hippocampal activation during encoding task performance!®®1%, suggesting that apoE4-induced

network hyperactivity occurs before significant Ap accumulation in human brains.

ApoE4-Mediated GABAergic Interneuron Loss and Hippocampal Network Dysfunction and
Memory Deficits

Susceptibility of GABAergic interneurons to apoE4 and subsequent loss of inhibitory function can
also lead to reduced coordination of hippocampal network activity involved in memory. ApoE4-
KI mice show reduced abundance of sharp-wave ripples, the local field potential of hippocampal
replay events which are critical for consolidating spatial memory!%1%  ApoE4-KI mice also
display reduced slow gamma power throughout the hippocampal circuit during ripple events,
suggesting reduced accuracy of these replay events!®®%, Thus, apoE4 leads to reduced instances
as well as accuracy of spatial memory consolidation. Notably, removing apoE4 from inhibitory

interneurons specifically rescues slow gamma power and learning and memory deficits, indicating

36



that these phenotypes are caused by intraneuronal apoE4 expressed in GABAergic interneurons.
Younger mice recorded before the onset of significant interneuron loss do not show significant
slow gamma power loss, further implicating inhibitory interneurons in apoE4-induced

hippocampal gamma loss%,

Conclusions and Perspectives

The combination of the data presented above paints a more complete picture of the mechanism
underlying apoE4 mediated cognitive decline. We present a model wherein injury or aging-related
stress induces neuronal apoE expression. Due to its pathological conformation (domain
interaction), apoE4 is more susceptible to proteolytic cleavage than apoE3, leading to increased
levels of neurotoxic fragment generation, and through a tau-dependent mechanism, results in
GABAEergic interneuron dysfunction and death. The loss of hippocampal GABAergic interneurons
leads to network dysfunction and hyperexcitability. The network dysfunction and hyperexcitability
themselves contribute to learning and memory deficits as well as induce further stress, and
therefore more neuronal expression of apoE. This process culminates in further GABAergic
interneuron loss and eventual cognitive decline.

Several approaches could be further developed for treating apoE4-mediated pathologies or
GABAergic dysfunction. First, apoE4-mediated GABAergic deficits and cognitive decline could
be treated with small molecules. For example, treating apoE4-KI mice with pentobarbital early in
life prevents learning and memory deficits late in life*®. Furthermore, the use of a structure
corrector has been shown in vitro to ameliorate apoE4-mediated AD pathologies in hiPSC-derived
neurons, including GABAergic neuron deficits'®. However, developing new drugs for new targets

can be prohibitively expensive. Using current screening methods it is possible to find combinations
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of existing drugs that can correct pathological phenotypes of AD%"1% |n the context of apoE4, it
would be especially interesting to identify existing drugs that can enhance GABAergic interneuron
function or can correct gene expression signatures in apoE4/4 neurons to a more ‘apoE3/3-like’
profile.

Several treatments which enhance inhibition have been tested in animal models and in
clinical trials. GABAA receptor potentiators or agonists ameliorate apoE4- or amyloid-induced
toxicity and improve cognition in rodent models of AD and normal aging*®**°, However, across
several clinical trials, these agents have produced behavioral, but not cognitive, improvements®.
Unfortunately, these therapeutics produce undesirable side effects which limit long-term use'*%2,
Anti-epileptic agents similarly show promise in animal models?*%, but have not produced
cognitive improvements in clinical trials*, with the exception of levetiracetam that improved MCI
and reduced hippocampal hyperactivity in initial clinical studies®®!*3-15, However, trials for both
of these therapeutics used only small cohorts over short treatment periods, so further study in larger
clinical trials is required. Moreover, specifically targeted therapies might be more beneficial. For
instance, theta burst stimulation via transcranial magnetic stimulation has been used successfully
to increase GABA within the DMN6. This could be used to rescue specific network pathologies
rather than globally increasing inhibition.

Driving specific interneuron populations could be used to rescue network synchrony. Two
foundational optogenetic studies demonstrated that optogenetically driving inhibitory interneurons
specifically enhances slow gamma frequency oscillations throughout cortex, reducing circuit noise
while amplifying circuit signal*'”*'®, Non-invasive stimulation can augment endogenous network
oscillations to enhance learning and memory. In humans, transcranial magnetic stimulation

enhances cortical slow waves and thus improve task performance!®. In mice, slow gamma
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frequency visual or audio input entrains neural firing to this frequency in the cortex and
hippocampus and reduces AP pathology and microglial abnormalities!?®?!, Finally, enhancing
activity of existing interneurons could also attenuate the network effects. For example, exogenous

122

neuregulin 1 increases excitability of parvalbumin-positive interneurons*>< and has been used to

restore hippocampal theta synchrony and fear conditioning in a mouse model of schizophrenia,
which showed inhibitory impairments?,

In addition to targeting susceptibility of GABAergic interneurons to apoE4 and the
subsequent network hyperexcitability that results from inhibitory neuron loss, another potential
therapy is to replace the lost population of GABAergic interneurons. Cell replacement therapy has
been explored in the context of various neurodegenerative diseases*?*?’. Notably, it has been
shown that GABAergic interneuron progenitor transplantation has potential to be an effective
method to correct seizure activity in an epilepsy model*?®. Likewise, transplantation of mouse
MGE-derived GABAergic progenitors into aged apoE4-KI mice without or with A accumulation
rescues learning and memory deficits®®. Furthermore, transplanting Nav1l.1-overexpressing
interneurons derived from the mouse MGE into an hAPPrap mouse model enhances behavior-
dependent gamma oscillatory activity, reduces network hypersynchrony, and improves cognitive
function?. In the future, it would be interesting to employ a similar cell therapeutic strategy, using
hiPSC-derived GABAergic progenitors with an apoE3/3 genotype as donor cells for
transplantation, to treat hyperexcitability and network deficits in an apoE4 model of AD.

Clearly, new hope for effective therapeutics of AD relies upon the ability of scientists to
explore multiple lines of inquiry. Moving forward, it is certainly conceivable that there will be

combination therapies implemented, with drugs targeting AP, tau, inflammation, apoE4, and

apoE4-induced GABAergic interneuron impairment.
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CHAPTER Il
Early Hippocampal Sharp-Wave Ripple Deficits Predict Later Learning and Memory

Impairments in an Alzheimer’s Disease Mouse Model
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Abstract

Alzheimer's disease (AD) is characterized by progressive memory loss, and there is a pressing
need to identify early pathophysiological alterations that predict subsequent memory impairment.
Hippocampal sharp-wave ripples (SWRs) — electrophysiological signatures of memory
reactivation in the hippocampus — are a compelling candidate for doing so. Mouse models of AD
show reductions in both SWR abundance and associated slow gamma (SG) power during aging,
but these alterations have yet to be directly linked to memory impairments. In aged apolipoprotein
E4 knock in (apoE4-KI) mice — a model of the major genetic risk factor for AD — we found that
reduced SWR abundance and associated CA3 SG power predicted spatial memory impairments
measured 1-2 months later. Importantly, SWR-associated CA3 SG power reduction in young
apoE4-KI mice also predicted spatial memory deficits measured 10 months later. These results

establish features of SWRs as potential functional biomarkers of memory impairment in AD.
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Introduction
Alzheimer's disease (AD) is a form of dementia characterized by progressive cognitive decline
that affects 11% of the US population over the age of 65*. The continued failure of AD clinical
trials has redirected the field towards halting disease progression before symptoms manifest; once
memory impairment is detected, it may be too late for treatment to reverse it>. While there are
known genetic and environmental risk factors for AD?, our ability to predict which individuals will
develop the disease, when symptoms will arise, and how rapidly they will progress remains poor.
There is therefore a pressing need to identify early pathophysiological alterations which can
distinguish later cognitive decline from healthy aging.

To identify early, predictive alterations, we studied a mouse model of €4 variant of the
APOE gene, the most common genetic risk factor for AD*°. It has an allelic frequency of 20—25%,
yet is found in 65-80% of AD patients®. The presence of &4 alleles increases the likelihood of
developing AD by age 85 from 10% to 70% in a gene dose-dependent manner’, but does not
guarantee AD. Thus, the population of €4 carriers shows significant individual variation, and
predicting that variation could allow preventative treatment to be targeted to the highest risk
individuals. Mice with human APOE &4 knocked in at the mouse APOE locus (apoE4-KI) have
physiologically appropriate patterns and levels of apoE expression®® and recapitulate gender and
age effects of apoE4 seen in humans®!%-12. By 16 months of age, female apoE4-KI mice show
spatial learning and memory deficits as measured in the Morris water maze (MWM), recapitulating
age-dependent memory loss as seen in human &4 carriers®® and providing a useful animal model

for longitudinal study of memory decline.
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A memory-predicting alteration should reflect underlying pathology of AD and be related
directly to memory processes. The hippocampus is one of the first sites of AD pathology and is
required for the spatial learning and memory processes that falter early in ADY: thus,
physiological signatures of hippocampal information processing could provide useful biomarkers.
The hippocampal local field potential (LFP) is a particularly appealing candidate. The LFP is an
extracellular voltage measurement that reflects the summation of activity patterns from local
neurons. The LFP provides real-time measures related to memory processing including
consolidation and retrieval'® and can be repeatedly measured in the same subject; for these reasons,
features of the LFP have been previously proposed as potential biomarkers in AD**%°, We focused
on sharp-wave ripples (SWRs), an LFP signature of memory replay. During SWRs, a large
population of hippocampal neurons is activated, often in sequences that recapitulate past or
potential future experiences'®. SWRs are critical for memory consolidation and retrieval®*??, as
their disruption impairs spatial learning and memory?-2%, SWRs are also signatures of a brain-
wide activity patterns?’, and could in principle be detected via EEG or other non-invasive
approaches.

We further narrowed our focus to two SWR features that are altered in AD models — SWR
abundance and associated slow gamma (SG) power. SWR abundance (events/s) is reduced in
apoE4-KI mice? and in models of tau and amyloid B overexpression?*, SWR abundance
increases during and after both novel and rewarded experiences® 3, suggesting a relationship
between SWR abundance and the need to store memories. SWR-associated SG power is reduced
in both apoE4-KI mice?® and in models of amyloid B overexpression®. During SWRs, power in
the SG band (30-50 Hz) increases throughout the hippocampus?®35-3", SWR-associated SG

properties have been linked to the quality of memory replay and may help coordinate its
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structure®®38, These observations raise the possibility that SWR abundance and associated SG
power could serve as functional biomarkers, but the potential relationship between SWR properties
and memory impairments in AD models has yet to be explored. We also know little about the
stability of these properties over an animal’s lifetime and about whether SWR properties in early
life could predict cognitive abilities in later life.

We set out to determine whether early deficits in SWR features could be used to predict
age-dependent cognitive decline in an AD mouse model. We recorded hippocampal network
activity from apoE3-KI and apoE4-KI mice at rest, then later examined performance on the Morris
water maze (MWM)®, a spatial goal approach task, and active place avoidance (APA)*, a spatial
goal avoidance task. We found that deficits in SWR abundance and associated SG power in CA3
predicted spatial memory impairment on both tasks in aged apoE4-KI mice. Strikingly, SWR-
associated CA3 SG power remained relatively stable over time, and SG power reduction in young
apoE4-KI mice predicted spatial memory deficits 10 months later. These findings support the use

of SWR properties as functional biomarkers in AD.
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Materials and Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice with human apoE3 or apoE4 knocked-in at the mouse APOE locus on a C57BL/6
background*! were originally obtained from Taconic. All animals were bred in-house using trio
breeding producing 10 pups per litter on average, which were weaned at 28 days. Female mice
aged 5-20 months were used. Animals were housed in a pathogen-free barrier facility on a 12h
light cycle (lights on at 7am and off at 7pm) at 19-23°C and 30-70% humidity. Animals were
identified by ear punch under brief isofluorane anesthesia and genotyped by PCR of a tail clipping
at both weaning and perfusion. All animals otherwise received no procedures except those reported
in this study. Throughout the study, mice were singly housed. All animal experiments were
conducted in accordance with the guidelines and regulations of the National Institutes of Health,

the University of California, and the Gladstone Institutes under IACUC protocol AN117112.

METHOD DETAILS

The study consisted of two cohorts of female apoE3-KI and apoE4-KI mice: one screen cohort
which had electrophysiological recordings at 12—18 months and MWM at 13-19 months and one
replication cohort which had electrophysiological recordings at 5-8 months, 9-11 months, and 13—
17 months, MWM at 5-8 months, open field, elevated plus maze, and MWM at 14-18 months, and
APA and hot plate at 15-20 months (see Fig. 1A). Electrode lifetime did not diminish our ability
to detect SWRs and measure associated SG power, as neither metric declined over aging (Fig.
2.8A and 2.8B). Some mice in the replication cohort did not survive the duration of the longitudinal
study, so their electrophysiological data was included in younger group analyses, but their

behavioral data was not available for group analyses or correlations (Table S1). For this reason,
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additional mice which had not had any LFP recordings were included in the aged behavioral
studies of the replication cohort to achieve sufficient power for group analyses (Table S1). All
procedures were conducted during the light cycle. Mice were recorded at a randomly allocated
time each day to counteract differences caused by circadian effects. The experimenters were

blinded to genotype during surgery, recordings, behavior, and histology.

Surgery

Mice were anesthetized by intraperitoneal injection of ketamine (60 mg/kg) and xylazine (30
mg/kg); anesthesia was maintained with 0.6-1.5% isofluorane given through a vaporizer and nose
cone. The head was secured with earbars and a tooth bar in a stereotaxic alignment system (Kopf
Instruments). Fur was removed from the scalp, which was then sterilized with alternating swabs
of chlorhexidine and 70% ethanol. The scalp was opened, sterilized with 3% hydrogen peroxide,
and thoroughly cleaned to reduce risk of tissue regrowth. 0.5 mm craniotomies were made over
the right frontal cortex and left parietal cortex. Skull screws (FST) were inserted to anchor and
support the implant, and were secured with dental adhesive (C&B Metabond, Parkell). An
additional 0.5 mm craniotomy was made over the right cerebellum for insertion of the indifferent
ground and reference wires. A forth craniotomy was centered at -1.95 mm AP and 1.5 mm ML
from bregma and extended bidirectionally along the ML axis to 2 mm width to receive the
recording probe. The probes had four 5 mm shanks spaced 400 um apart with 8 electrode sites per
shank and 200 pm spacing between sites (Neuronexus; configuration A4x8-400-200-704-CM32).
The probe was quickly lowered until the tip reached 2.2 mm below the surface of the brain, and
the reference and ground wire was inserted into the subdural space above the cerebellum. The

probe was cemented in place with dental acrylic and the scalp was closed with nylon sutures. Mice
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were treated with 0.0375 mg/kg buprenorphine intraperitoneally and 5 mg/kg ketofen
subcutaneously 30-45 min after surgery, monitored until ambulatory, then monitored daily for 3

days. A minimum of 1 week was allowed for recovery before recording.

Electrophysiology

Data from all mice was collected, amplified, multiplexed, processed, and digitized with 32-channel
Upright Headstage, commutator, and Main Control Unit (SpikeGadgets). Simultaneous data
acquisition at 30 kHz and video tracking at 30 frames/s was performed using Trodes software
(SpikeGadgets). Each data collection time point consisted of 5 days of 60 min home cage sessions.
Each mouse was recorded at a randomly assigned time each day across the light circle to control
for the effects of circadian rhythm. During recordings, home cages were changed to Alpha-dri

bedding (Shepherd Specialty Papers) to enable video tracking.

Behavior

During the MWM task, mice were housed in the testing room with the arena obscured by a partition
and given 2 days to acclimate to the room in a fresh cage before training began. In all trials, mice
were placed in a 122 cm diameter pool filled with opaque water and had to locate a 14 x 14 cm
platform submerged 1.5 cm below the water’s surface. Mice could only use spatial cues on the
walls around the pool to guide their search. On once daily pretraining trial for the first 2 days, mice
swam down a rectangular channel until they locate the platform, or were guided there by the
experimenter after 90 s. Then, the rectangular guides were removed and the platform was placed
in a new location. On 4 daily trials for the next 5 hidden days, mice were dropped at random

locations each trial and given 60 s to locate the platform. Daily trials were divided into two pairs

65



10 min apart, with 4 hours between the pairs. Then, on probe trials conducted 24 hours, 72 hours,
and 128 hours after the last hidden day, the platform was removed, and mice explored the arena
for 60 s. Finally, on twice daily visible trials over 3 days, a flag was placed on the platform, and
mice swam directly to the platform to measure visual acuity. Video tracking at 30 frames/s was
performed during all trials with Ethovision (Noldus).

During the APA task, mice were housed adjacent to the testing room and given 3 days to
acclimate to the room in a fresh cage before training began. In all trials, mice were placed in a 40
cm diameter arena that rotates at 1 rpm (BioSignal Group). On the first day, mice habituated to the
environment by exploring it for 10 minutes. On the following 4 days, when mice entered a 60°
region which is fixed relative to the room, as measured by video tracking, they received a 0.2 mA
foot shock for 500 ms at 60 Hz every 1.5 s until they left the shock zone. Mice could only use
spatial cues on the walls around the arena to actively avoid this shock zone given the constant
rotation of the arena. On the fifth day, the shock was inactivated for the first 5 min (probe), then
turned on for the second 5 min (reinstatement) of a 10 min continuous trial. 1 apoE4-KI mouse
was excluded from APA and hot plate testing due to a motor impairment it developed immediately
prior to testing (see Table 2.1). Shock times and video tracking at 30 frames/s relative to the
rotating arena were recorded during all trials with Tracker software (BioSignal Group).

We selected five metrics to assess different aspects of spatial learning and memory on the
APA task, four of which were proposed by the original task creators 4. Over a trial, mice attempt
to enter the shock zone as few times as possible (entrances). Mice are successful if they move
around in the arena to avoid the shock zone (path length) rather than staying still and then fleeing
when shocked, optimally spending most of the trial as far from the shock zone as possible (percent

time in quadrant opposite target). Mice with more accurate representations of the shock zone
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boundary may not move far from the shock zone during each bout of movement (distance from
shock zone per bout). At trial start, mice avoid the shock zone before being given any feedback as
to its location (latency to first entrance).

Three tasks were used to assess general anxiety, exploratory drive, and nocioception in
order to determine if these factors affected spatial memory task acquisition. For these tests, mice
were habituated to the testing room for 1 hour prior to testing. First, during the open field test,
mice explore a 41 cm x 41 cm enclosed arena (San Diego Instruments). Location and movements
are captured by beam breaks and analyzed in Photobeam Activity System software (San Diego
Instruments). Reduced time spent or distance travelled in center of the field indicates anxiety, and
reduced total distance travelled indicates reduced exploratory drive. Second, during the elevated
plus maze, mice explore a plus-shaped maze 80 cm above the ground, 5 cm in width and 75 cm in
length, consisting of 2 open arms without walls and 2 closed arms with 17 cm walls (Kinder
Scientific). Location is captured by beam breaks and analyzed in MotorMonitor software (Kinder
Scientific). Reduced time spent or distance travelled in open arm indicates anxiety, and reduced
total distance travelled indicates reduced exploratory drive. Third, during the hot plate test, mice
are placed on a 52°C plate in an open cylinder (Campden Instruments). Latency to hindpaw
withdrawal is recorded via live observation by the experimenter, with high latency suggesting

impaired nocioception.

Histology
Mice were deeply anesthetized with avertin, and a 30 pA current was passed through each
recording site for 2 s to generate small electrolytic lesions (Ugo Basile). Mice were then perfused

with 0.9% NaCl. The brains were removed and stored at 4°C, then fixed in 4% PFA for 2 days,
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rinsed in PBS for 1 day, and cryoprotected in 30% sucrose for at least 2 days. Hemibrains were
cut into 30 um coronal sections with a microtome (Leica) and stored in cryoprotectant at -20°C.
Every third right hemibrain section was stained with cresyl violet, then electrolytic lesion locations
were observed under a light microscope (Leica). Mice were excluded from electrophysiological
analysis if they did not contain at least 2 electrode sites in CA1 pyramidal layer and from CA3 SG

power analyses if they had no electrode sites in CA3 (Table 2.1).

Analysis of neural data

Neural data was analyzed with custom software written in MATLAB (Mathworks) with the
Chronux toolbox (chronux.org), NeuroQuery (Mattias Karlsson), and Trodes to MATLAB
software (SpikeGadgets). The anatomical location of each electrode site was determined by
examining Nissl-stained histological sections, raw LFP traces, the SWR-triggered spectrogram
signature, and dentate spikes. Data were band-pass Butterworth filtered at 0.1-300 Hz, then
downsampled to 1000 Hz and analyzed as LFP. Raw LFP data were band-pass equiripple filtered
at 150-250 Hz for SWRs and at 30-50 Hz for SG. SWRs were detected on the CAL1 site closest to
the center of the pyramidal layer and defined by the envelope of the ripple-filtered trace exceeding
5 SD above baseline for at least 15 ms®L. This method enables SWR detection that is robust to
small differences in electrode location within the pyramidal layer between animals. Analysis of
SWRs was restricted to periods of extended immobility, after the mouse Gaussian smoothed
velocity had been < 1 cm/s for 30 seconds or more. A recording session was excluded if the mouse
was immobile for less than 10 min out of the 60 min session (1/65 and 3/85 sessions for apoE3-KI
and apoE4-Kl in the screen cohort; 9/65 and 2/80 sessions for apoE3-KI and apoE4-KI1 5-8 month

recording of the replication cohort). SWR-triggered spectrograms for each electrode site were

68



calculated across all SWRs with the multitaper method, as previously described 3¢, with a 100 ms
sliding window. For illustration in Fig.s, a 10 ms sliding window was used (see Fig. 1C). SWR-
associated SG power was calculated as the averaged z-scored power over the 30-50 Hz frequency
band 0-100 ms after ripple detection. This was then averaged over all SWR events and over all
electrode sites within that cell layer or subregion. SG power was analyzed for three regions: CA1
stratum radiatum, CAS3 including stratum pyramidale and stratum radiatum, and dentate gyrus
including hilus and granule cell layers. Only dentate gyrus sites with visually confirmed dentate
spikes were included in analysis. For multi-unit analysis, data were referenced to a corpus callosum
electrode, band-pass Butterworth filtered at 600-6000 Hz, and then events greater than 75 pV were
analyzed as spikes. Sites used for SWR detection were further verified to be in the CA1 pyramidal
layer by measuring large increases in multi-unit activity during SWRs. All measurements were
analyzed per session, then averaged across all sessions to control for any effects of estrous cycling.

Thus, each mouse contributed a single number to all comparisons.

Analysis of behavioral data

For the screen cohort, we tested, for all hidden days, escape latency, slope of escape latency from
day 1 to each day, and difference between escape latency on the last session of a day and the first
session of the next day, and for probe days, percent time in target quadrant, number of target
crossings, and area under the distance to platform curve. For the MWM task, escape latency during
hidden trials and target crossings, percent time in target quadrant, and distance to platform location
curve during probe trials were extracted from Noldus (Ethovision). Escape latency was averaged
across the 4 daily trials to create 1 value per day. The following two analyses were not provided

by Noldus and so were calculated in Excel (Microsoft). Escape latency slope was calculated as the
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slope of the first-degree polynomial which best fit the average daily escape latencies across a range
of hidden days. Area under the distance to platform curve was calculated with the trapezoid
method. For the APA task, number of entrances into the shock zone, latency to first entrance to
the shock zone, path length relative to the arena, and percent time spent in target opposite the shock
zone for each day, plus the number of shocks that would have been received per entrance if the
shock were active during the probe trial (pseudoshocks/entrance), were extracted from Tracker
software (BioSignal Group). Distance travelled relative to the shock zone per movement bout was
extracted using custom Python scripts that analyzed video tracking data extracted from Tracker
software (BioSignal Group). When data was non-parametric, they were aligned rank transformed

using ARTool (University of Washington).

QUANTIFICATION AND STATISTICAL ANALYSIS

Performance scores were calculated by taking the z-score of each behavioral measure, inverting
the sign of all behavioral measures where higher values indicate worse performance, and averaging
across all behavioral measures. For the learning performance score for MWM, all behavioral
measures that were significantly correlated with SWR abundance in the screen cohort were used:
slope of the escape latency curve across days 1-2 and 1-3, escape latency on day 3, and overnight
change in escape latency over days 1-2. For the learning performance score for APA, all
behavioral measures that were significantly correlated with SWR abundance in the replication
cohort were used: latency to first entrance, path length, and percent time in quadrant opposite the
shock zone on day 2. For the memory precision performance score for MWM, all behavioral
measures that were significantly correlated with CA3 SG power during SWRs in the screen cohort

were used: percent time in target quadrant on probes 1 and 2, number of target crossings on probe
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1, and area under the distance to platform curve on probes 1 and 2. For the memory precision
performance score for APA, all behavioral measures that were significantly correlated with CA3
SG power during SWRs in the replication cohort were used: number of entrances into the shock
zone on day 2 and distance travelled relative to shock zone per movement bout on days 2 and 3.
Statistics were computed using Prism software (Graphpad). Statistical test used, exact n,
test statistic values, degrees of freedom, and exact p value are in Fig. legends. When a central
value is plotted, it is always mean + SEM, as indicated in Fig. legends. In all cases, n represents
number of animals. Significance was established as p < 0.05. No data were excluded based on
statistical tests. Subjects were not randomized or stratified. Sample sizes were based on previous
studies 1?8, Most data were normally distributed as shown by Shapiro-Wilk test, and variances
between groups were similar as shown by F test. In these instances, we used two-tailed paired and
unpaired t tests, two-way ANOVA, two-way mixed-effects analysis (for data sets with missing
values), and Pearson correlations. Post-hoc testing was done with Sidak correction for multiple
comparisons. When these assumptions were violated, we used two-tailed Mann-Whitney U tests,
two-way ANOVA or mixed-effects analysis on aligned rank transformed data #, and Spearman
correlations. For the replication cohort, p values were adjusted using Holm-Sidak correction. All
significant correlations reported in this paper were confirmed to be not driven by a single data
point by measuring the significance of each relationship after removing each data point in a custom

MATLAB script (Mathworks) and confirming p < 0.05.
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Results

Our study employed a two-stage design. We began with a cohort of animals where we searched
for potential predictive relationships between SWR features and behavioral performance in older
animals (screen cohort; Fig. 2.1A and Table 2.1). We then carried out a longitudinal study in a
second cohort of animals to determine whether these relationships replicated and whether they
were predictive over a substantial fraction of the lifespan (replication cohort; Fig. 2.1A and Table

2.1).

Aged apoE4-KI mice show SWR deficits and spatial approach task impairments and
variability

We first set out to confirm that aged apoE4-KI mice had deficits in SWR features — allowing the
use of SWRs as a predictor — and had sufficient individual variation in memory impairment —
enabling prediction of this phenotype. We recorded hippocampal network activity in female
apoE3-KI mice and apoE4-KI mice at 12-18 months of age, and then assessed spatial learning and
memory on the MWM task one month later (screen cohort; Fig. 2.1A). Recordings were taken
from chronically implanted 32-channel silicon arrays targeting right dorsal hippocampus with sites
distributed across CA1, CA3, and DG subregions (Fig. 2.1B). Data were collected over five daily
60 min recording sessions in the home cage. SWRs were detected in CA1 stratum pyramidale, and
we verified that coincident with these SWRs was an increase in SG power throughout all three
subregions of the hippocampus (Fig. 2.1C and 2.1D%)%. We also observed an increase in multi-
unit activity in CA1 stratum pyramidale (Fig. 2.3A) during SWRs, and this firing rate was not
different between genotypes during or immediately before SWR events. One month later, we

measured the ability of each mouse to learn the location of a hidden platform in the MWM across
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4 daily 1 min trials for 5 days and to remember the previous platform location during 3 probe trials
with the platform removed, assessed 24 hours, 72 hours, and 128 hours (probes 1, 2, and 3) after
the last hidden platform trial. Replicating previous findings**?¢, apoE4-KI mice had reduced SWR
abundance and associated SG power in CAl, CA3, and DG (Fig. 2.1E and 2.1F) as well as
impaired MWM learning (Fig. 2.1G). Critically, we observed substantial variability in task
performance within the apoE4-KI population (Fig. 2.1H) indicating that, just as in human &4
carriers, genotype is insufficient to explain the extent of cognitive impairment. We capitalized on
this variability to explore whether memory impairments could be predicted by deficits in SWR

properties.
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Figure 2.1. Aged apoE4-KI mice show SWR deficits and spatial approach task impairments
and variability.

(A) Timeline of experiments. In the screen cohort, aged mice underwent recordings, then MWM
1 month later. In the replication cohort, young mice underwent recordings, then MWM 1 month
later, another recording at middle age and old age, then MWM 1 month later and APA 2 months
later.

(B) Schematic representation of probe placement in dorsal hippocampus, adapted with
permission?,

(C) Representative raw, ripple filtered (150-250 Hz), and SG filtered (30-50 Hz) traces of a SWR
event.

(D) Representative SWR-triggered spectrograms from CA1 pyramidal cell layer (CAl-pyr), CAl
stratum radiatum (CA1-sr), CA3 pyramidal cell layer (CA3-pyr), and dentate gyrus hilus (DG-hil)
in an apoE3-KI mouse. White dashed lines represent threshold crossing for SWR detection.

(E) SWR abundance, n = 13 apoE3-KI and n = 16 apoE4-KI mice, aged 12—18 months (unpaired
t test; t(27) = 8.42, p<0.0001).

(F) Z-scored SG power during SWRs, n = 13 apoE3-KI and n = 16 apoE4-KI mice (n =11 and 13
for CA3), aged 12—-18 months (unpaired t test, t(27) = 5.17, p<0.0001 for CAl-sr; unpaired t test;
t(22) = 4.91, p<0.0001 for CA3; Mann-Whitney U = 45, p = 0.0087 for DG).

(G) Average daily escape latency on MWM, n = 20 apoE3-KI and n = 19 apoE4-KI mice, aged
13-19 months. Two-way repeated measures ANOVA of aligned rank transformed data shows
significant effect of genotype (F(1,37) = 13.08, p = 0.0009) and post-hoc Mann-Whitney U test
with Sidak adjustment shows significant difference on hidden days 1 (U =95, p =0.033), 3 (U =
95, p=0.034), and 5 (U =92, p = 0.026).
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(H) ApoE4-KI mice show wide variation in extent of memory impairment. Escape latency curves
colored from best (light) to worst (dark) average performance over all days.
*p < 0.05; **p < 0.01; ****p < 0.0001. Error bars indicate mean £ SEM.
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Table 2.1. Sample sizes for all experiments.

Age Metric Cohort 1 Cohort 2
apoE3-KI | apoE4-KI | apoE3-KI | apoE4-KI
5-8 months SWR Abundance -- -- 13 172
CA3 SG Power -- -- 12 16
MWM -- -- 13 13
9-11 months | SWR Abundance -- -- 12P 17
CA3 SG Power -- -- 11° 16
12-20 months | SWR Abundance 13 16 9c 154
CA3 SG Power 11 13 9c 149
MWM, Open Field, | 20 19 12° 15f
Elevated Plus
APA, Hot Plate -- -- 12¢ 139

44 apoE4-KI1 mice aged 7 months were added to the study after the first MWM had been completed.
bImplant no longer functional in 1 apoE3-KI mouse

“Implant no longer functional in 2 apoE3-KI mice, 1 apoE3-KI mouse died

dimplant no longer functional in 1 apoE4-KI mouse, 1 apoE4-KI mouse died

€3 apoE3-KI mice died, 3 apoE3-KI mice added

f4 apoE4-K | mice died, 3 apoE4-KI mice added

91 apoE4-KI mouse (added just for behavior) excluded due to motor deficits, 1 apoE4-KI mouse
died
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SWR deficits predict spatial approach task impairments in aged apoE4-KI mice

Prediction of future outcomes is possible when the value of one variable measured at one time is
related to the value of another variable measured at a later time. Prediction can be quantified by
measuring the correlation between the two variables. We therefore began our search for a
predictive feature by examining the relationship between electrophysiological measurements that
showed significant differences between apoE3-KI and apoE4-KI mice and subsequent behavioral
performance, focusing on MWM metrics previously shown to be impaired in apoE4-KI mice!!?8
(Fig. 2.2A). We began with a screen assessing the predictability of 22 behavioral metrics by 4
SWR properties for a total of 88 comparisons, 9 of which were significant with o = 0.05; far more
than would be predicted by chance (p < 0.00032, binomial test assuming all initial tests are
independent; see Table 2.2). Furthermore, to ensure that performance metrics were not redundant
and captured distinct aspects of behavior, we only included behavior metrics that had an R? < 0.5
with each other throughout this study.

In aged apoE4-KI mice, SWR abundance (events/s) predicted the slope of the escape
latency curve — a measure of the speed of learning — over the first 2 or first 3 hidden days (Fig.
2.2B and 2.3B). In order to follow individual mice over all measurements, points are colored by
SWR abundance from lowest (blue) to highest (red). SWR abundance also predicted escape
latency on hidden day 3 (Fig. 2.2C), a measure of approach efficacy. Because SWRs contribute to
memory consolidation processes after an experience??, we also examined differences between the
last trial of a day and the first trial of the next day, between which mice rested for 19 hours (Fig.
2.3C). SWR abundance predicted the extent of behavioral improvement over the first night (Fig.

2.2D), where high SWR abundance predicted improved performance overnight while lower SWR

abundance predicted worse performance.
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All of these measures relate to rapidity of learning across days, suggesting that lower SWR
abundance in aged apoE4-KI mice contributes to slower learning, perhaps through impaired
consolidation leading to reduced memory maintenance over days. We therefore combined these
four metrics by calculating a z-score for each mouse and metric, reversing the sign of any metrics
where lower values indicated better performance, and averaging all z-scores for each mouse. The
resulting measure, the learning performance score, is positive to indicate above average
performance and negative to indicate below average performance. SWR abundance (also z-scored)
accounted for 51% of the variance of the subsequently measured learning performance score (Fig.
2.2E).

Interestingly, SWR-associated SG power in CA3 predicted several metrics of probe
memory in aged apoE4-KI mice, but these metrics differ from those predicted by SWR abundance.
In fact, we observed that SWR abundance and associated SG power in CA3 were not correlated,
and, similarly, measures of early learning speed and of probe memory were not correlated,
suggesting that these reflect two distinct reflections of spatial memory impairment. Some mice did
not have electrode sites in CA3 and thus were excluded from this analysis (see Table 2.1). SWR-
associated SG power in CA3 predicted the percent time spent exploring the quadrant that
previously contained the platform on probes 1 and 2 (Fig. 2.2F and 2.3D), a measure of retrieval
of previously learned spatial information without feedback from the target. To more narrowly
define the precision of target location memory, we examined target crossings, which require direct
overlap with the previous platform location. CA3 SG power during SWRs predicted the number
of target crossings on probe 1 (Fig. 2.2G). Additionally, to examine efficiency of memory
retrieval, we measured the cumulative distance traveled toward the previous platform location

during the initial approach (first 5 seconds; Fig. 2.3E). CA3 SG power during SWRs predicted
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this metric for probes 1 and 2 (Fig. 2.2H and 2.3F). All of these measures relate to precision of
memory retrieval, suggesting that lower SWR-associated CA3 SG power in aged apoE4-KI mice
reflects an impaired retrieval mechanism. As described above for the learning performance score,
we combined these 5 metrics, z-scored, into a memory precision performance score. CA3 SG
power during SWRs accounted for 77% of the variance in the subsequently measured memory
precision score (Fig. 2.21).

The quantity and strength of these preliminary predictive relationships were compelling
enough to motivate a replication and extension of the initial study in a second cohort of animals.
Importantly, the analyses of the screen cohort were completed before experiments on the
replication cohort, allowing us to establish planned comparisons to determine whether findings
from the screen cohort were robust and replicable. For the replication cohort, we implanted young
animals (5—-8 months) and periodically measured SWR properties in each individual mouse for up
to 8 months. We assessed memory performance through MWM tasks at 6-9 months and again at
14-18 months and through an APA task at 15-20 months (Fig. 2.1A and Table S1).

In this replication cohort, studied two years — thus several generations of mice — later, we
found that all relationships identified in the screen cohort remained significant (Fig. 2.2J-R and
2.3G-1), far more than would be predicted by chance (p = 0, binomial test assuming all initial tests
are independent). To test if this result could be affected by the number of tests, we applied a Holm-
Sidak correction to all p values and found that 6 of the 9 comparisons still remained significant,
again far more than would be predicted by chance (p = 0, binomial test assuming all initial tests
are independent). As before, in order to follow individual mice over all measurements, points are
colored by SWR abundance from lowest (blue) to highest (red). We also noted that these predictive

relationships were consistent across the two cohorts despite differences in the mean values of SWR
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abundance (1 = 0.12 Hz vs 0.20 Hz; unpaired t test, t(29) = 4.75, p < 0.0001) and in mean values
of SWR baseline (1 = 16.2 pV vs 11.5 pV; unpaired t test, t(25) = 5.41, p < 0.0001), which may
explain the difference in SWR abundance. These differences may have resulted from genetic drift
across the multiple generations, colony conditions, or other factors, but could not have resulted
from experimental factors such as probe type, probe placement, or experimenter, which were kept
constant across cohorts.

Calculating z-scores allowed us to normalize for this difference between the two cohorts,
and thus ask whether the predictive measures derived from the screen cohort predicted behavioral
performance in the replication cohort. This can be seen as a form of validation, where relationships
derived from a training set (screen cohort) are validated through application to a test set (replication
cohort). These predictions were remarkably accurate, capturing 56% of the variance in the actual
learning performance score and 79% of the variance in the actual memory precision performance
score (Fig. 2.2N and 2.2R). Thus, deficits in SWR abundance and associated CA3 SG power, z-
scored across the population, predict early learning and memory precision impairment,
respectively, even when applied to a separate cohort of animals.

These predictive relationships were also robust: we determined that none of the correlations
in this study were driven by a single data point (see STAR Methods). The width of the age range
did not affect the results, as age within this cohort did not significantly correlated with SWR
properties or MWM performance. We also confirmed that the predictive relationships remained
significant regardless of the frequency band (150-250 Hz vs 125-250 Hz) or threshold (3 SD vs 5
SD) used for SWR detection (Table 2.2). These predictive relationships are unlikely to be driven
by differences in SWR detection, as mean and standard deviation of the ripple-filtered trace and

multi-unit firing rate during SWRs were not correlated with SWR abundance or any behavioral

80



measure. We further established in the replication cohort that there were no genotype differences
in anxiety or exploratory drive as measured by open field and elevated plus maze tests, in pain
response as measured by a hot plate test, or in visual acuity as measured by MWM trials with the
platform marked (Fig. 2.4). Moreover, none of these non-spatial behaviors significantly correlated
with spatial task performance or with SWR properties at o = 0.05. Therefore, spatial performance
differences were most likely driven by spatial memory ability, and SWR-related network
alterations were specifically related to this spatial memory impairment. Additionally, SWR-
associated SG power in CAL and in DG did not consistently and significantly predict memory
performance (Table 2.2), thus, we focused only on SWR abundance and associated CA3 SG power
for the remainder of the study.

These consistent predictive relationships were also specific to apoE4-KI mice. While we
identified some predictive relationships between SWR properties and memory in the screen cohort
of aged apoE3-KI mice (Table 2.2), the majority did not replicate in the replication cohort. This
may be the result of a ceiling effect given the higher levels of both SWR abundance and associated
CA3 SG power in apoE3-KI mice (Fig. 2.1E and 2.1F; for example see Fig. 2.3J). The one
relationship that did replicate across both apoE3-KI cohorts was that SWR abundance predicted
escape latency on the second day (Fig. 2.3K and 2.3L). Thus, SWR abundance may be related to

early learning speed in both control and AD model mice.
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Figure 2.2. SWR deficits predicts spatial approach task impairments in aged apoE4-KI mice
(A) Timeline of experiments shown in B—I.

(B-D) SWR abundance predicts (B) slope of escape latency over hidden days 1-2 (F(1,14) = 6.41),
(C) average escape latency on hidden day 3 (F(1,14) = 4.77), and (D) change in escape latency
between the last trial of hidden day 1 and the first trial of hidden day 2 (F(1,14) = 9.76), n = 16
mice.

(E) Z-scored SWR abundance predicts learning performance score (F(1,14) = 14.3), n = 16 mice.
(F-H) CA3 SG power during SWRs predicts (F) percent time spent in quadrant that previously
contained the platform (F(1,11) = 15.75), (G) number of times crossing the previous platform
location (F(1,11) = 17.3), and (H) area under the curve of the distance to the prior platform location
during the first 5 seconds of probe 1 (F(1,11) = 6.55), n = 13 mice.

(1) Z-scored CA3 slow gamma power during SWRs predicts memory precision performance score
(F(1,11) = 27.3), n = 13 mice.

In B—I, apoE4-KI mice aged 12-18 months at electrophysiological recording and 13-19 months at
MWM.
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(J) Timeline of experiments shown in K-R.

(K-M) In a replication experiment in a separate cohort of animals, SWR abundance predicts (K)
slope of escape latency over hidden days 1-2 (F(1,9) = 7.51, adjusted p = 0.067), (L) average
escape latency on hidden day 3 (F(1,9) = 5.45, adjusted p = 0.044), and (M) change in escape
latency between the last trial of hidden day 1 and the first trial of hidden day 2 (F(1,9) = 6.66,
adjusted p = 0.059), n = 11 mice.

(N) Learning performance score as predicted by the linear model in E predicts actual learning
performance score (F(1,9) =11.4), n = 11 mice.

(O-Q) In a replication experiment in a separate cohort of animals, CA3 SG power during SWRs
predicts (O) percent time spent in quadrant that previously contained the platform (F(1,8) = 32.64,
adjusted p = 0.002), (P) number of times crossing the previous platform location (F(1,8) = 13.48,
adjusted p = 0.025), and (Q) area under the curve of the distance to the prior platform location
during the first 5 seconds of probe (F(1,8) = 7.61, adjusted p = 0.049), n = 10 mice.

(R) Memory precision performance score as predicted by the linear model in | predicts actual
memory precision performance score (F(1,8) = 30.1), n = 10 mice.

In K-R, apoE4-KI mice aged 13-17 months at electrophysiological recording and 14-18 months
at MWM. Multiplicity adjusted p values with the Holm-Sidak method.

Pearson correlations of apoE4-KI mice. Points colored in order of SWR abundance from blue
(lowest) to red (highest).
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Figure 2.3. Further predictive relationships identified in the screen cohort and examples of
behavioral metrics used in correlations.

(A) Multi-unit activity increases from baseline (400 ms before SWR detection) to during SWRs
(0-100 ms after detection) in apoE3-KI (t(12) = 5.54, p = 0.0001) and apoE4-KI (t(15) = 4.56, p
= 0.0004) mice. No difference between genotypes before (t(27) = 0.78, p = 0.21) or during (t(27)
=0.67, p=0.94) SWRs. N = 13 apoE3-KI and n = 16 apoE4-KI mice aged 12—18 months, paired
t test.

(B) SWR abundance predicts slope of escape latency over hidden days 1-3 (F(1,14) =10.91), n =
16 mice.

(C) Individual apoE4-KI mouse escape latency curves over hidden sessions, showing difference
between day 1, trial 4 and day 2, trial 1 (overnight), colored from most negative (light) to most
positive (dark), n = 16 mice.

(D) CA3 SG power during SWRs predicts percent time spent in quadrant that previously contained
the platform on probe 2 (F(1,11) = 5.34), n = 13 mice.

(E) Individual apoE4-KI mouse distance to platform curves during the first 5 seconds of probe 1,
colored from best (light) to worst (dark) cumulative distance to platform over the curve, n = 16
mice.

(F) CA3 SG power during SWRs predicts area under the curve of the distance to the prior platform
location during the first 5 seconds of probe 2 (F(1,11) = 6.01), n = 13 mice.

In B—F, apoE4-KI mice aged 12—-18 months at electrophysiological recording and 13—-19 months
at MWM.

(G) In areplication experiment in a separate cohort of animals, SWR abundance predicts slope of
escape latency over hidden days 1-3 (F(1,9) = 13.39, adjusted p = 0.021), n = 11 mice.

(H,1) In a replication experiment in a separate cohort of animals, CA3 SG power during SWRs
predicts (H) percent time spent in quadrant that previously contained the platform (F(1,8) = 6.02,
adjusted p = 0.04) and (I) area under the curve of the distance to the prior platform location during
the first 5 seconds of probe 2 (F(1,8) = 8.27, adjusted p = 0.06), n = 10 mice.

In G-I, apoE4-KI mice aged 13-17 months at electrophysiological recording and 14-18 months
at MWM. Multiplicity adjusted p values with the Holm-Sidak method.

(J) Example of how SWR abundance for apoE3-KI mice does not overlap with that of apoE4-KI
mice and does not predict escape latency for apoE3-KI mice, demonstrating a ceiling effect
(F(1,11) = 0.80 for apoE3-KI, n = 13; F(1,14) = 4.77 for apoE4-KI, n = 16). Mice aged 12-18
months at electrophysiological recording and 13-19 months at MWM.

(K) SWR abundance predicts average escape latency on hidden day 2 (F(1,11) = 6.19). N = 13
apoE3-KI mice aged 12—-18 months at electrophysiological recording and 13-19 months at MWM.
(L) In a replication cohort, SWR abundance predicts average escape latency on hidden day 2
(F(1,7) = 8.79). N = 9 apoE3-KI mice aged 13-17 months at electrophysiological recording and
14-18 months at MWM.

Points colored in order of SWR abundance from blue (lowest) to red (highest). Pearson
correlations.

85



A 250, = ns B 4000 - ns ns ns
o i ® L g
E 20%- ® e ° 3000 : o, o oo
u— ® = . 3‘ a
o 15% ° S =00 as & : s
2 _E_ o @ 1000 *
o e 3 300
O 10%+ o, —ﬁ" 2
£ coe’ * 2004 .f =
£ 5% oo %
[ ]
0% 0
E3KI E4KI Fine Ambulatory Total
ns
¢ 40% R D 2500 ns ns ns
£ 300 20004 ¢
< c o
5 o® ° {-;— 1500+ ®
& 20% . 8 « @ #
£ ° £ 1000 f *
0 = -V R I R
= 0,
= 10% o LH 5004 o e ¢
°o® i— h’
0% 0d—=
E3KI E4KI Open Arm  Closed Arm Total
E F
301 ns 20+ ns
) ¢ 0
z — 7 151 ®
o 20+ o e_o
$E . L£8 ooo *
eI g % 10 -...%o_
5 510 e Y 23 Coge® .
sl % < 5§
g ‘.. ... w
[ ]
L ]
0
E3KI E4KI E3KI E4KI

Figure 2.4. ApoE4-KI mice are not impaired in non-spatial behaviors.

(A) Percent time in center of open field (t(25) = 1.19, p = 0.24).

(B) Number of instances of detected movement in the open field (t(25) = 0.19, p = 0.80 for fine;
t(25) = 0.52, p = 0.61 for ambulatory; and t(25) = 0.54, p = 0.60 for total).

(C) Percent time in open arm of elevated plus maze (t(25) = 0.84, p = 0.41).

(D) Distance travelled in elevated plus arms (Mann-Whitney U = 72.5, p = 0.41 for open arms;
t(25) = 0.81, p = 0.43 for closed arms; t(25) = 1.25, p = 0.22 for total movement).

(E) Latency to withdraw hind paw on hot plate (Mann-Whitney U = 66, p = 0.54). N = 12 apoE3-
Kl and n = 13 apoE4-KI mice, aged 15-20 months.

(F) Escape latency on MWM trials with platform labeled with flag (t(25) = 1.26, p = 0.22).

N =12 apoE3-KI and n = 15 apoE4-KI mice, aged 14-18 months, unless otherwise specified. All
tests are unpaired t tests unless otherwise specified. Error bars indicate mean + SEM.
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Table 2.2. Relationships between SWR properties and MWM performance tested in screen

cohort.
ApoE4-Kl SWR Abundance CA3 SG Power
Metric R F DFn, | P R F DFn, |P

DFd | value DFd value

Slope of Escape
Latency Days 1-2 -056| 6.41(1,14| 0.024| 028 | 0941, 11 0.35
Slope of Escape
Latency Days 1-3 -0.66 11091 | 1,14 | 0.0052 | 048 | 3.29|1,11 0.10
Slope of Escape
Latency Days 1-4 -0.18 | 0451, 14 051| 043] 243|1,11 0.15
Slope of Escape
Latency Days 1-5 014 | 0291, 14 060| 0.15]| 026|111 0.62
Escape Latency Day1 | 0.33| 1.74|1,14 021]-046| 289 1,11 0.12
Escape Latency Day 2 | -0.19 | 051 |1, 14 049 -0.03| 0.01]1,11 0.92
Escape Latency Day3 | -05| 4.77|1,14| 0.046| 0.15| 0.27 |1, 11 0.61
Escape Latency Day4 | 0.35| 197|114 0.18 | -0.12| 0.15|1,11 0.71
Escape Latency Day5 | 0.35| 192 |1, 14 0.19] -0.14| 0.24]1,11 0.64
Night 1 Learning -0.64 | 9.76 | 1,14 |0.0075| 0.38| 1.84 |1, 11 0.20
Night 2 Learning -0.36 | 2.06 1,14 017 ] -0.17| 033 1,11 0.58
Night 3 Learning -0.03| 0.01 (1,14 092 | -018| 038|111 0.55
Night 4 Learning -0.05| 0.04 1,14 085|-036| 165|111 0.23
Probe 1 % in Target
Quadrant -0.11| 0.16 | 1,14 069 | 0.77]1575|1,11 |0.0022
Probe 2 % in Target
Quadrant -0.03| 0.02 1,14 090 | 057 | 534 |1,11 0.041
Probe 3 % in Target
Quadrant -0.13| 0.23 1,14 064 | -037| 177|111 0.21
Probe 1 Target
Crossings 012 | 0211, 14 065| 0.78| 17.3|1,11 |0.0016
Probe 2 Target
Crossings 0.03| 0.02]1,14 090 | 043] 252|111 0.14
Probe 3 Target
Crossings 021| 0.63|1,14 044 -036| 161111 0.23
Probe 1 Dist to
Platform Curve 01| 015]1,14 0.71] -061| 655(1,11 0.027
Probe 2 Dist to
Platform Curve 0.03| 0.02]1,14 090 | -059| 6.01|1,11 0.032
Probe 3 Dist to
Platform Curve 0.19 05]1,14 049 | -0.33| 138|111 0.27
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CAl-sr SG Power DG SG Power

Metric R F DFn, | P R F DFn, p
DFd | value DFd value

Slope of Escape
Latency Days 1-2 01| 0141,14 0.72 01| 015|1,14 0.71
Slope of Escape
Latency Days 1-3 -0.05| 0.03 1,14 0.87 0 01,14 0.99
Slope of Escape
Latency Days 1-4 0 01,14 1| 002| 001|114 0.94
Slope of Escape
Latency Days 1-5 -0.02 01,14 095| 0.05| 0.04]|1,14 0.85
Escape Latency Day1 | 0.11 | 0.17 |1, 14 0.69 | -0.27| 113 |1,14 0.31
Escape Latency Day2 | 0.14 | 0.28 |1, 14 0.61| -0.12| 0.20 1,14 0.66
Escape Latency Day3 | 0.04 | 0.02 |1, 14 089 -0.23| 0.79 1,14 0.39
Escape Latency Day4 | 0.19 | 054 1,14 048 | -0.27 | 112 |1,14 0.31
Escape Latency Day5 | 0.09 | 0.12 | 1,14 073 -03| 139|1,14 0.26
Night 1 Learning 025| 0921, 14 0.35| 0.13| 0241, 14 0.63
Night 2 Learning 015| 032 |1,14 058 -01| 014|1,14 0.71
Night 3 Learning 041| 285|1,14 0.11] -0.04| 0.03 1,14 0.87
Night 4 Learning 0.18| 046 |1,14 051]-0.17| 044 1,14 0.52
Probe 1 % in Target
Quadrant 01| 013|1,14 0.72| 0.02| 0.01]|1,14 0.94
Probe 2 % in Target
Quadrant -0.21| 0.66 | 1,14 043 | 0.02 01,14 0.95
Probe 3 % in Target
Quadrant 013 | 0241, 14 0.63| 0.15| 030 1,14 0.59
Probe 1 Target
Crossings 048 | 415|114 006 | 044 332|114 0.09
Probe 2 Target
Crossings 0.15| 032]1,14 0.58 | -0.01 01,14 0.98
Probe 3 Target
Crossings -0.12 | 021 1,14 066 | -0.28| 119|114 0.29
Probe 1 Dist to
Platform Curve 0.15| 0.33|1,14 057 | -035| 198 |1, 14 0.18
Probe 2 Dist to
Platform Curve 0.05| 0.04]1,14 084 | -031| 1491, 14 0.24
Probe 3 Dist to
Platform Curve -043| 32111, 14 0.10| -0.18| 0.46 1,14 0.51
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ApoE3-KI SWR Abundance CA3 SG Power
Metric R F DFn, | P R F DFn, p

DFd | value DFd value
Slope of Escape
Latency Days 1-2 -0.35| 155]1,11 024 | -014| 018|1,9 0.68
Slope of Escape
Latency Days 1-3 043 ] 245|1,11 0.15| 0.18| 032 1,9 0.59
Slope of Escape
Latency Days 1-4 033 | 133|111 0.27| 0.05| 0.02|1,9 0.89
Slope of Escape
Latency Days 1-5 0.10| 0.111,11 0.74 02| 039]1,9 0.55
Escape Latency Day 1 | -0.43 | 246 |1, 11 0.15] -0.24| 0.55(1,9 0.48
Escape Latency Day 2 | -0.60 | 6.19 | 1,11 0.03| -0.28| 0.79|1,9 0.40
Escape Latency Day 3 | -0.08 | 0.08 | 1, 11 078 -0.16| 024 1,9 0.63
Escape Latency Day4 | 0.22 | 058 |1, 11 0.46 | 0.02 0119 0.96
Escape Latency Day5 | 0.25| 0.72 | 1,11 042 -0.04| 002]1,9 0.90
Night 1 Learning 0.05| 0.02|1,11 0.88| -0.09| 0.07|1,9 0.80
Night 2 Learning 044 | 268|111 0.13] -0.25| 058 1,9 0.46
Night 3 Learning -0.09| 0.08 1,11 078 035 1221,9 0.30
Night 4 Learning -046 | 298 1,11 011] -0.28| 0.79 1,9 0.40
Probe 1 % in Target
Quadrant -0.22 | 056 1,11 047 | -0.07| 0.04|1,9 0.84
Probe 2 % in Target
Quadrant -0.06 | 0.03 1,11 086| 045| 231|1,9 0.16
Probe 3 % in Target
Quadrant -0.08 | 0.08 1,11 0.78| -0.22| 045|1,9 0.52
Probe 1 Target
Crossings -0.21| 0521,11 049 | -0.06| 0.03|1,9 0.87
Probe 2 Target
Crossings 0.05| 0.02|1,11 088 | 024 054|1,9 0.48
Probe 3 Target
Crossings -0.24 | 0.66 | 1,11 043 | 0.25| 058(1,9 0.46
Probe 1 Dist to
Platform Curve 0.47 321,11 0.10| 0.16| 0.24|1,9 0.64
Probe 2 Dist to
Platform Curve 0.45 281,11 0.12| 0.10| 0.09|1,9 0.77
Probe 3 Dist to
Platform Curve 035| 149 1,11 025| 018 032|1,9 0.59
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CAl-sr SG Power DG SG Power

Metric R F DFn, | P R F DFn, p
DFd | value DFd value

Slope of Escape
Latency Days 1-2 033 131|111 0.28 | -0.01 01,11 0.98
Slope of Escape
Latency Days 1-3 -0.12| 0.17 (1,11 0.69| 0.77]1553|1,11 0.002
Slope of Escape
Latency Days 1-4 -0.05| 0.031,11 0.87 | 0.49 35(1,11 0.09
Slope of Escape
Latency Days 1-5 -0.34| 1411,11 026 | 051| 379|111 0.08
Escape Latency Day 1 | 0.29 | 1.02 |1,11 033 ] -0.74 | 13.17 | 1,11 0.004
Escape Latency Day2 | 0.48 | 3.26 | 1,11 0.10 | -055| 4.85|1,11 | 0.0499
Escape Latency Day 3 | 0.34| 140/ 1,11 026| -01| 0111,11 0.75
Escape Latency Day4 | 0.47 | 3.11 1,11 0.11] -0.27| 084 |1,11 0.38
Escape Latency Day5 | 0.33 | 135|1,11 0.27]-038| 181|1,11 0.21
Night 1 Learning -0.04 | 0.01]1,11 091| 039| 198|111 0.19
Night 2 Learning 01| 012]1,11 0.74| 0.04| 0.02|1,11 0.90
Night 3 Learning 014 | 0.22 1,11 065] -033| 1.33|1,11 0.27
Night 4 Learning -0.23| 062 1,11 045| 0.16| 029 (1,11 0.60
Probe 1 % in Target
Quadrant -0.02 | 0.01]1,11 094 | 035| 156|111 0.24
Probe 2 % in Target
Quadrant -0.13| 0.19 1,11 0.67| -0.16 | 0.28 1,11 0.60
Probe 3 % in Target
Quadrant 0.15| 0.27|1,11 0.62 | -0.24 07]1,11 0.42
Probe 1 Target
Crossings -041| 226|111 0.16 | 0.66| 8.41 1,11 0.015
Probe 2 Target
Crossings -0.05| 0.02 1,11 088 | 041| 219|111 0.17
Probe 3 Target
Crossings -0.08 | 0.06 | 1,11 081|-0.12| 017|111 0.69
Probe 1 Dist to
Platform Curve 014 | 0.21 1,11 0.65| -0.01 01,11 0.97
Probe 2 Dist to
Platform Curve 0.68 951,11 001|-039| 198|111 0.19
Probe 3 Dist to
Platform Curve 0.69 | 10.04 | 1,11 | 0.089 | -0.35 15|1,11 0.25
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ApoE4-KI 150-250 Hz 3 SD SWR 150-250 Hz 5 SD SWR

Abundance Abundance
Metric R F DFn, | P R F DFn, P

DFd | value DFd value

Slope of Escape
Latency Days 1-2 -062| 876|1,14 001 -056| 641 |1,14 0.024
Slope of Escape
Latency Days 1-3 -0.73116.07 | 1,14 | 0.0013 | -0.66 | 10.91 | 1, 14 0.0052
Escape Latency Day 3 | -0.62 | 8.96 | 1,14 | 0.0097 | -05| 4.77|1, 14 0.046
Night 1 Learning 06| 7.96|1,14| 0014 -064| 9.76 1,14 |0.0075
ApoE4-KI 125-250 Hz 3 SD SWR 125-250 Hz 5 SD SWR

Abundance Abundance
Metric R F DFn, | P R F DFn, P

DFd | value DFd value

Slope of Escape
Latency Days 1-2 -055| 599(1,14| 0.028| -0.57| 6.69 1,14 0.022
Slope of Escape
Latency Days 1-3 -062| 871|1,14| 0.011 06| 776 |1, 14 0.015
Escape Latency Day3 | -06| 7.73|1,14| 0.015| -054 | 5.68] 1,14 0.032
Night 1 Learning -051| 492 |1,14| 0.044| -064| 9.47|1,14 |0.0082

ApoE4-KI 150-250 Hz 3 SD CA3 SG 150-250 Hz 5 SD CA3 SG
Power Power

Metric R F DFn, | P R F DFn, P

DFd | value DFd value
Probe 1 % in Target
Quadrant 0.77 | 1566 | 1,11 | 0.0022 | 15.75 | 1,11 | 0.0022 | 15.75
Probe 2 % in Target
Quadrant 061 6.44|1,11| 0.028| 534 |1,11 | 0.041 5.34
Probe 1 Target
Crossings 0.74113.13 (1,11 | 0.004| 0.78| 17.3|1,11 |0.0016
Probe 1 Dist to
Platform Curve -065| 803 |1,11| 0.016| -061| 6551, 11 0.027
Probe 2 Dist to
Platform Curve -057| 542|111 0.04| -059| 6.01|1,11 0.032
ApoE4-KI 125-250 Hz 3 SD CA3 SG 125-250 Hz 5 SD CA3 SG

Power Power

Metric R F DFn, | P R F DFn, P

DFd | value DFd value
Probe 1 % in Target
Quadrant 065| 801(1,11| 0.016| 0.72]11.91|1,11 | 0.0054
Probe 2 % in Target
Quadrant 058 | 549 (1,11 | 0.039 06| 6.22 1,11 0.03
Probe 1 Target
Crossings 061| 6.49|1,11| 0.027| 0.68| 9.34|1,11 0.011
Probe 1 Dist to
Platform Curve -064| 768 |1,11| 0.018| -0.65| 8.16 |1, 11 0.016
Probe 2 Dist to
Platform Curve -059| 581 |1,11| 0.035| -0.58| 5.61 1,11 0.037

Bold values indicate significant correlations.
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SWR deficits predict spatial avoidance task impairments in aged apoE4-KI mice

A robust predictor of memory decline should generalize across tasks, so we next assessed the
predictive capacity of SWR properties for subsequent performance on the APA task (Fig. 2.5A),
a spatial avoidance task*. In this task, mice explore a rotating arena and must use distal cues to
avoid a shock zone that is fixed relative to the room across daily 10 min trials for 4 days. As this
task has not been previously used in AD models, we first asked whether there was an overall effect
of apoE genotype. ApoE4-KI mice task acquisition was significantly impaired on day 1: mice had
greater number of entrances into the shock zone (Fig. 2.5B), travelled less distance (Fig. 2.6A),
spent less time in the quadrant opposite the shock zone (Fig. 2.6B), and moved further from the
shock zone in bouts of movement (Fig. 2.6C). Performance on the probe trial, in which the shock
was inactivated, was also impaired (Fig. 2.6D). Thus, APA is able to identify significant behavioral
differences between aged apoE4-KI and apoE3-KI mice.

We then determined which behavioral metrics correlated with SWR properties, noting that,
as in MWM, there was substantial variability in apoE4-KI mice (Fig. 2.6E). In total, we compared
5 behavioral metrics over 4 days against 2 SWR properties for a total of 40 comparisons, 8 of
which were significant with o = 0.05; far more than would be predicted by chance (p < 0.00071,
binomial test assuming all initial tests are independent; see Table 2.3). The majority of significant
comparisons were found on day 2. Focusing on day 2, we again corrected for multiple comparisons
and found that 2 of the 5 comparisons remained significant, which had a 7.5% probability of
occurring by chance (binomial test assuming all initial tests are independent). To gain further
insight into potential drivers of these significant relationships, we computed the variance in the
number of shock zone entrances across animals for days 1 and 2 and found that day 2 variances

were higher (mean entrances day 1 6= 15.76 vs day 2 62 = 33.82 mean entrances), suggesting day
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2 performance would be more effective for assessing predictive validity. In addition, day 2
performance predicted day 3 and 4 performance, and apoE4-KI mice separated out into two distinct
performance populations on day 2 such that the top 50% of performers on day 2 continued to learn
on days 3 and 4 and that the bottom 50% did not (Fig. 2.6F and 2.6G). These findings led us to
focus on day 2 performance, as it captured much of the overall learning curve.

SWR abundance measured 2 months before task training predicted the latency to first
entrance on day 2, a measure of memory of the shock location assessed 24 hours after the previous
training trial and before receiving any feedback in that trial (Fig. 2.5C). This result closely parallels
the measure for overnight consolidation in the MWM task, which also correlated with SWR
abundance (Fig. 2.2D and 2.2M). SWR abundance also predicted path length and percent time in
the quadrant opposite the target on day 2 (Fig. 2.5D and 2.5E). Together, these findings suggest
that SWR abundance deficits in apoE4-KI mice are related to avoidance efficacy, just as it
correlated with approach efficacy on hidden day 3 of the MWM (Fig. 2.2C and 2.2L). We therefore
calculated a learning performance score for the APA task in the same manner as for the MWM
task (mean for each animal across the z-scored metrics shown in Fig. 2.5D and 2.5E) and used the
predictive relationship derived from the screen cohort to assess our ability to predict relative
behavioral impairments from SWR abundance. Strikingly, the relationship between the predicted
and actual learning performance scores was very strong, with the predicted score accounting for
75% of the variance in the actual score (Fig. 2.5F).

A similar pattern of predictability was seen for CA3 SG power during SWRs. This SWR
property predicted the number of shock zone entrances — a metric which requires precise memory
of shock zone boundaries — on day 2 (Fig. 2.5G) as well as on days 3 and 4. CA3 SG power during

SWRs further predicted the distance mice travelled away from the shock zone during bouts of
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movement on days 2 and 3 (Fig. 2.5H and 2.6H). Mice with lower CA3 SG power during SWRs
moved further from the shock zone, suggesting less precise memory of shock zone boundaries.
This is consistent with the MWM results, in which SWR-associated CA3 SG power deficits in
aged apoE4-KI mice are related to impairments in memory retrieval precision, particularly later in
the task (Fig. 2.2F-H and 2.20-Q).

As above, we calculated a memory precision performance score for the APA task in the
same manner as for the MWM task (mean for each animal across the sign reversed z-scored metrics
shown in Fig. 2.5G, 2.5H, and 2.6H) and predicted memory precision performance scores using
the model developed in the screen cohort. In sum, we validated relationships derived from a
training set (screen cohort MWM) through application to a test set (replication cohort APA). Here
again, we found that predicted score accounting for 73% of the variance in the actual score (Fig.
2.51). Thus, the models developed in the screen cohort accurately predict behavioral performance,
despite being derived from a different behavior and a different group of animals. We further noted
that the performance scores of the MWM task predicted the performance scores of the APA task
(Fig. 2.61 and 2.6J). Therefore, performance on the first 3 days of MWM training predicted
avoidance efficacy on day 2 of APA, while performance on probe trials during MWM predicted

memory precision on day 2 of APA.

94



Y
O

A

E4KI replication -®- E3KI
cohort ** @ E4KI

W 15-20mo

13-17mo

N
o
']
02}
o

7 R=0.649
p=0.043

—
(&)}
1
(o2}
o
1

&)
L
N
o

1

1 2 3 4 00 01 02 0.3

15-20mo Day SWR Abundance (Hz)

# of Entrances
3
Day 2: Latency to
1st Entrance (s)
Ny
o

o
o

W
o
]

1 rR=0.865
p=0.001

R=0.820
p=0.004

N
4]
L

N
?
Day 2: % Time in

Day 2: Path Length (m) ©
o

o
-
-
-
N

Quadrant Opposite Target
ey (2]
T 93
\\
Actual Learning Score
o —_

0 L] L] L ] L] L) )

0.0 0.1 0.2 03 00 0.1 02 03 I;’Z g _t1dL o 1S 2
SWR Abundance (Hz) SWR Abundance (Hz) redicted Learning Score

@
I

N
o

T Rr=-0750
p=0.019

7 r=-0.907
p=0.0007

N
o
1
Y
[&)]
1

=N
o
1

(]

=N
o
'l
[&)]
L

Day 2: Entrances
Day 2: Dist from

(&)}
1

0 ] T 1 O L L 1 '2 L] z T 1
0.0 04 0.8 1.2 0.0 04 0.8 1.2 2 0 1 2
CA3 SG Power (Z-score) CA3 SG Power (Z-score) Predicted Memory Score

Shock Zone per Bout (cm)
2
Actual Memory Score

Figure 2.5. SWR deficits predict spatial avoidance task impairments in aged apoE4-KI mice
(A) Timeline of experiments shown in B—I.

(B) Number of entrances into the shock zone is significantly different on day 1 (unpaired t test
with Sidak’s multiple comparison adjustment, t(23) = 3.43, p = 0.009). n = 12 apoE3-KI mice and
n = 13 apoE4-KI mice, aged 15-20 months. **p < 0.01. Error bars indicate mean + SEM.

(C-E) SWR abundance predicts (C) latency to first shock zone entrance (F(1,8) = 5.81, adjusted
p =0.12), (D) total path length (F(1,8) = 16.42, adjusted p = 0.018), and (E) percent of total time
spent in quadrant opposite the shock zone (F(1,8) = 7.33, adjusted p = 0.1) on day 2, n = 10 apoE4-
K1 mice.

(F) Learning performance score as predicted by the linear model in 2E predicts actual learning
performance (F(1,8) = 23.7), n = 10 apoE4-KI mice.

(G,H) CA3 SG power during SWRs predicts (G) entrances to the shock zone on day 2 (F(1,7) =
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32.53, adjusted p = 0.003) and (H) distance travelled per movement bout relative to shock zone
boundaries on day 2 (F(1,7) = 9.04, adjusted p = 0.077), n = 9 apoE4-KI mice.

(I) Memory precision performance score as predicted by the linear model in 2l predicts actual
memory precision performance score (F(1,7) = 19.2), n = 9 apoE4-KI mice.

Mice aged 15-20 months at APA and 13-17 months at electrophysiological recording. Points
colored in order of SWR abundance from blue (lowest) to red (highest). All correlations are
Pearson correlations of apoE4-KI mice. Multiplicity adjusted p values with the Holm-Sidak
method.
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Figure 2.6. Aged apoE4-KI mice show impaired acquisition of a spatial avoidance task.

(A) Total path length on day 1 (unpaired t test, t(23) = 4.64, p = 0.0004).

(B) Percent time spent in quadrant opposite the shock zone on day 1 (unpaired t test, t(23) = 2.27,
p = 0.033).

(C) Distance travelled during each movement bout relative to the shock zone boundary on day 1
(Mann Whitney U = 30, p = 0.008).

(D) Shocks that would have been received per shock zone entrance during probe were the field
electrified; mice which did not enter the shock zone during probe are excluded (unpaired t test,
t(18) = 2.76, p = 0.013).

In A-D, n = 12 apoE3-KI mice and n = 13 apoE4-KI mice, aged 15-20 months.

(E) ApoE4-KI mice show wide variation in performance. Entrances into the shock zone curves
colored from best (light) to worst (dark) average performance over all days.

(F) Number of entrances on day 2 predicts number of entrances on days 3 (F(1,11) = 49.27) and 4
(F(1,11) = 16.32).

(G) Number of entrances into the shock zone for apoE4-KI mice divided into 2 groups based on
number of entrances on day 2. Only differences on days 1, 3, and 4 were examined, yielding no
difference in day 1 (t(44) = 1.66, p = 0.36) and significant differences on days 3 (t(44) = 6.06, p <
0.0001) and 4 (t(44) = 5.28, p < 0.0001); n = 7 top 50%, n = 6 bottom 50%. Unpaired t tests with
Sidak’s multiple comparison adjustment.

(H) CA3 SG power during SWRs predicts distance travelled per movement bout relative to shock
zone boundaries on day 3 (F(1,7) = 6.74); n = 9 mice.
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(1) MWM learning performance score predicts APA learning performance score (F(1,8) = 6.34);

n =10 mice.

(J) MWM memory precision performance score predicts APA memory precision performance
score (F(1,7) = 11.1); n = 9 mice.

In E-J, apoE4-KI mice, aged 15-20 months. All correlations are Pearson correlations.

*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars indicate mean + SEM.

98



Table 2.3. All APA metric correlations tested in replication cohort.

SWR Abundance CA3 SG Power
Metric Trial | R F DFn, | P R F DFn, | P
DFd | value DFd | value
# of 1 -027| 064] 1,8 045| -0.24 043 | 1,7 0.53
Entrances 2 -0.09| 0.07| 1,8 0.80| -0.91 325| 1,7 0.0007
3 -014| 0.16] 1,8 0.70 | -0.76 949 | 1,7 0.02
4 019| 029 1,8 061 -0.72 748 | 1,7 0.03
Latency to 1 -043| 1.78] 1,8 0.22 0.01 o| 1,7 0.98
1st Entrance |2 065| 581| 1,8| 0.043 0.27 053| 1,7 0.49
3 016 | 022 1,8 0.65 0.10 008| 1,7 0.79
4 036| 1.19| 1,8 0.31 0.37 112 1,7 0.33
Path Length | 1 014 | 015| 1,8 0.71 0.00 o 1,7 1
2 0.82 | 1642 | 1,8| 0.004| -0.03 001 1,7 0.93
3 023| 044 1,8 052 | -0.28 061 1,7 0.46
4 053| 3.08| 1,8 012 | -0.25 045| 1,7 0.53
% Time in 1 022| 039 1,8 0.55 0.45 177 1,7 0.22
Opposite 2 069| 7.33| 1,8| 0.027| 0.22 037 1,7| 0.56
Quadrant 3 -0.10| 0.07| 1,8 0.79 0.13 012 | 1,7 0.74
4 -0.03| 001| 1,8 0.93 0.07 0.04| 1,7 0.85
Dist from 1 -030| 077] 1,8 041| -0.17 021 1,7 0.66
Shock Zone |2 -0.08| 005| 1,8 0.83| -0.75 9.04| 1,7 0.02
per Bout 3 0.05| 0.02| 1,8 0.90 -0.7 6.74 | 1,7 0.04
4 038 131| 1,8 029 | -0.15 015| 1,7 0.71

Bold values indicate significant correlations.



SWR deficits at younger ages predict spatial approach and spatial avoidance task
impairments at older ages

Finally, a meaningful predictor should be consistent within a single subject over aging and have
predictive power before the onset of memory impairment. We conducted a longitudinal study of
the replication cohort, measuring behavior and electrophysiology from the same mice at 5-8
months (young), 9-11 months (middle-aged), and 13-17 months (old) (Fig. 2.1A, 2.7A, and Table
S1). Young apoE4-KI mice already had reduced SWR abundance and associated SG power in CA3
when compared to young apoE3-KI mice (Fig. 2.8A and 2.8B). Interestingly, SWR abundance
increased in apoE3-KI mice over aging, although there was also a decrease in SWR baseline power
(Fig. 2.8C) that, along with a preserved standard deviation of SWR power (Fig. 2.8D), could have
contributed to this increase. Increases in CA3 SG power during SWRs were seen in both groups
over aging (Fig. 2.8B) without concomitant changes in baseline or standard deviation (Fig. 2.8E
and 2.8F), suggesting SWR-specific physiological changes and indicating stability in the quality
of the recordings.

The early reduction in SWR abundance and associated SG power in CA3 did not translate
into an early behavior deficit however: young apoE4-KI mice showed no detectable learning
deficits (Fig. 2.8G)*°, and SWR abundance and associated CA3 SG power measured at 5-8 months
did not predict behavior tested one month later (Table 2.4). The lack of early memory deficits in
the presence of altered network activity related to spatial navigation parallels observations in
young adult human &4 carriers* and suggests the possibility of compensation in the younger brain.
Overall, these findings suggest that these SWR properties, rather than degrading with age, may
already show deficits at young ages that will manifest as behavioral deficits later, facilitating their

potential use as an early predictor for later memory decline.
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We then asked whether SWR properties were consistent within individual mice across
time. More stability over time would allow these SWR properties to potentially predict memory
impairments before their onset. We found that while SWR abundance was not significantly
correlated across ages in either apoE3-KI or apoE4-KI mice (Fig. 2.7B and 2.7C), CA3 SG power
during SWRs was significantly correlated across ages in both genotypes (Fig. 2.7D and 2.7E).
CA3 SG power at 5-8 months did not significantly predict CA3 SG power at 13-17 months,
however (e.g. for apoE3-KI mice, R = 0.2, F(1,12) = 0.5, p = 0.49), indicating slow, individual-
specific changes over time. We noted that baseline power in the SWR frequency band, but not in
the SG frequency band, declined over aging, which could explain this lack of correlation for SWR
abundance. Overall, these findings indicate that CA3 SG power during SWRs is a relatively stable
measure over the timescale of four months, making it a more promising candidate for a predictive
measure over aging.

Indeed, when we examined the relationship between CA3 SG power during SWRs and
behavior 10-11 months later (Fig. 2.7F), we found strong predictive relationships (Table 2.4).
CA3 SG power during SWRs measured at 5-8 months predicted escape latency on the third hidden
day and the slope of the escape latency curve for the first 2 or first 3 days on the MWM task at 14—
18 months (Fig. 2.7G, 2.7H, 2.8H, and Table 2.4). It also predicted the number of entries into the
shock zone and path length on day 2 during the APA task at 15-20 months (Fig. 2.7J, 2.7K and
Table 2.4). As before, points are colored by SWR abundance measured at 13—-17 months from
lowest (blue) to highest (red). Therefore, deficits in CA3 SG power during SWRs in young apoE4-
K1 mice — before spatial learning impairment is detectable — predicted future learning impairment
on both a spatial approach and a spatial avoidance task at older ages. We confirmed that these

effects were not expected given the multiple comparisons made: in total, we compared 15
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behavioral metrics against 2 SWR properties for a total of 30 comparisons, 5 of which were
significant with a = 0.05; far more than would be predicted by chance (p < 0.016, binomial test
assuming all initial tests are independent; see Table 2.4). Even following multiple comparisons
adjustment, 3 of the 5 comparisons remained significant, again far more than would be predicted
by chance (p = 0.031, binomial test assuming all initial tests are independent).

Of all behavioral measures related to learning as established in Figures 2.2 and 2.5, 3 of 4
MWM metrics and 2 of 3 APA metrics were significantly predicted by CA3 SG power during
SWRs measured at 5-8 months. To assess our ability to make predictions of overall behavioral
performance based on the relationships in the screen cohort, we once again combined all 4 MWM
metrics into a learning performance score (Fig. 2.71) and all 3 APA metrics into an APA learning
performance score (Fig. 2.7L). This allowed us to validate relationships derived from a training
set (old age screen cohort SWR abundance and MWM) and apply it to a test set (young age
replication cohort CA3 SG power and old age replication cohort APA and MWM). Here again,
the relationship derived from the screen cohort effectively predicted behavioral deficits, allowing
us to account for 50% and 71% of the variance in the actual learning performance score with CA3
SG power during SWRs measured 10-11 months previously.

We were surprised to note that the behavioral measures that could be predicted by SWR
abundance measured at older ages were predicted by SWR-associated CA3 SG power measured
at young ages. This suggests a relationship between CA3 SG power at 5-8 months and SWR
abundance measured at 13-17 months, and indeed CA3 SG power during SWRs in young apoE4-
K1 mice strongly predicted SWR abundance 8 months later (Fig. 2.81). This was not true for young
apoE3-KI mice (Fig. 2.81), again perhaps due to a ceiling effect. Therefore, in apoE4-KI mice, the

amount of SG power generated in CA3 during SWRs in a young mouse predicted the extent to
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which that mouse generated SWRs at rest 8 months later.
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Figure 2.7. SWR deficits at younger ages predict spatial approach and spatial avoidance task
impairments at older ages

(A) Timeline of experiments shown in B-E.

(B,C) SWR abundance at 9—11 months does not correlate with SWR abundance at 5-8 months
and 13-17 months in (B) apoE3-KI mice (F(1,10) = 2.12, n = 12 for 5-8 months, F(1,7) = 0.82, n
=9 for 13-17 months) and (C) apoE4-KI mice (n = 17 for 5-8 months, n = 15 for 13-17 months,
Spearman correlation).
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(D,E) CA3 SG power during SWRs at 9-11 months correlates with CA3 SG power during SWRs
at 5-8 months and 13-17 months in (D) apoE3-KI mice (F(1,9) = 13.54, n = 11 for 5-8 months,
F(1,7) = 48.52, n = 9 for 13-17 months) and (E) apoE4-KI mice (F(1,14) = 8.71, n = 16 for 5-8
months, F(1,12) = 15.71, n = 14 for 13-17 months).

(F) Timeline of experiments shown in G-L.

(G,H) CA3 SG power during SWRs measured at 5-8 months predicts (G) slope of escape latency
over hidden days 1-2 (F(1,9) =5.82, adjusted p = 0.077) and (H) average escape latency on hidden
day 3 (F(1,9) = 11.08, adjusted p = 0.035) on MWM task at 14-18 months, n = 11 apoE4-KI mice.
(1) MWM learning performance score as predicted by the linear model in 2E predicts actual
learning performance score (F(1,8) = 8.9), n = 11 apoE4-KI mice aged 5-8 months at
electrophysiological recording and 14-18 months at MWM.

(J,K) CA3 SG power during SWRs also predicts (J) latency to first shock zone entrance (F(1,8) =
13.21, adjusted p = 0.033) and (K) total path length (F(1,8) = 6.74, adjusted p = 0.12) on APA task
at 15-20 months, n = 10 apoE4-KI mice.

(L) APA learning performance score as predicted by the linear model in 2E predicts actual learning
performance score (F(1,8) = 19.7), n = 10 apoE4-KI mice aged 5-8 months at electrophysiological
recording and 15-20 months at APA.

In G-L, points colored in order of 13-17 month SWR abundance from blue (lowest) to red
(highest). Pearson correlations unless otherwise specified. Multiplicity adjusted p values with the
Holm-Sidak method.
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Figure 2.8. Properties of SWRs and associated SG power in CA3 over aging in apoE3-KI and
apoE4-KI mice.

(A) SWR abundance of apoE3-KI mice is higher than in apoE4-KI mice across all ages. Two-way
mixed-effects analysis of aligned rank transformed data shows significant effect of genotype
(F(1,28) = 43.99, p < 0.0001) and post-hoc Mann-Whitney U test with Sidak adjustment shows
significant difference at 5-8 months (U = 43, p = 0.012, n = 13 apoE3-KI and n = 17 apoE4-KI
mice), 9-11 months (U = 26, p = 0.0012, n = 12 apoE3-KI and n = 17 apoE4-KI mice) and 13-17
months (U =5, p <0.0001, n =9 apoE3-KI and n = 15 apoE4-KI mice). SWR abundance increases
over aging in apoE3-KI mice (t(19) = 2.926, p = 0.028, n = 13 for 5-8 months, n = 9 for 13-17
months).

(B) CA3 SG power during SWRs in apoE3-KI mice is higher than in apoE4-KI mice across all
ages. Two-way mixed-effects analysis of aligned rank transformed data shows significant effect
of genotype (F(1,26) = 12.86, p = 0.0014) and post-hoc Mann-Whitney U test with Sidak
adjustment shows significant difference at 5-8 months (U = 31, p = 0.0054, n = 12 apoE3-KI and
n = 16 apoE4-KI mice), 9-11 months (U = 35, p = 0.024, n = 11 apoE3-KI and n = 16 apoE4-KI
mice) and 13-17 months (U = 31, p = 0.0456, n = 9 apoE3-KI and n = 14 apoE4-KI mice). CA3
SG power during SWRs increases over aging in apoE3-KI mice (t(18) = 3.14, p = 0.017,n = 12
for 5-8 months, n = 9 for 13-17 months) and apoE4-KI mice (t(28) = 5.66, p < 0.0001, n = 16 for
5-8 months, n = 14 for 13-17 months).

(C) Baseline across the SWR frequency band decreases over aging in apoE3-KI mice (t(19) = 4.60,
p = 0.0006, n = 13 for 5-8 months, n = 9 for 13-17 months; t(19) = 2.81, p = 0.033, n = 12 for 9-
11 months, n = 9 for 13-17 months) and apoE4-KI mice (t(30) = 7.25, p < 0.0001, n = 17 for 5-8
months, n = 15 for 13-17 months; t(30) = 3.10, p = 0.012, n = 17 for 5-8 months, n = 7 for 9-11
months; t(30) = 4.26, p = 0.0006, n = 17 for 9—11 months, n = 15 for 13-17 months).

(D) SD across the SWR frequency band decreases over aging in apoE4-KI mice (t(30) =4.34,p =
0.0004, n = 17 for 5-8 months, n = 15 for 13-17 months; t(30) = 4.18, p = 0.0007, n = 17 for 9—
11 months, n = 15 for 13—-17 months), but not apoE3-KI mice (t(19) = 0.25, p = 0.99, n = 13 for
5-8 months, n = 9 for 13-17 months).

(E) Baseline across SG frequency band in CA3 does not change over aging in apoE3-KI mice
(t(18) = 0.18, p = 1.0, n = 12 for 5-8 months, n = 9 for 13-17 months) or apoE4-KI mice (Mann
Whitney test with Sidak adjustment, U = 88, p = 0.70, n = 16 for 5-8 months, n = 14 for 13-17
months).

(F) SD across SG frequency band in CA3 does not change over aging in apoE3-KI mice (t(18) =
0.50, p =0.95, n = 12 for 5-8 months, n =9 for 13-17 months) or apoE4-KI mice (Mann Whitney
U test with Sidak adjustment, U = 98, p = 0.93, n = 16 for 5-8 months, n = 14 for 13-17 months).
In A—F, all comparisons unpaired t tests with Sidak adjustment unless otherwise specified.

(G) ApoE4-KI mice show no impairment on MWM at ages 6-9 months, n = 13 apoE3-Kl and n =
13 apoE4-KI1 mice.

(H) CA3 SG power during SWRs measured at 5-8 months predicts slope of escape latency over
hidden days 1-3 (F(1,9) = 10.89 on MWM task at 14—-18 months, n = 11 apoE4-KI mice, Pearson
correlation, Holm-Sidak multiplicity adjusted p = 0.027.

(1) CA3 SG power during SWRs measured at 5-8 months predicts SWR abundance in the same
mouse at 13-17 months for apoE4-KI (F(1,13) = 27.19, n = 15) but not apoE3-KI mice (F(1,7) =
2.52, n =9), Pearson correlations.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars indicate mean + SEM.
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Table 2.4. All behavioral correlations tested with 5-8 month apoE4-KI mouse
electrophysiological data.
SWR Abundance CA3 SG Power
Age and Metric R F DFn, | P R F DFn, | P
Behavior DFd | value DFd | value
6-9 mo | Slope of Escape 0.05 002|111 0.88| 0.06| 0.02|110 | 0.85
MWM | Latency Days 1-2
Slope of Escape 0.17 033|1,11| 057| -0.04| 0.02]1,10| 0.90
Latency Days 1-3
Escape Latency -0.03 001(1,11| 093] 0.04| 0.02]1,10| 0.90
Day 3
Night 1 Learning 0.22 055|1,11 | 047 -0.01| 0.001|1,10 | 0.97
Probe 1 % in -0.23 061|1,11| 045] -0.05| 0.02]1,10| 0.88
Target Quadrant
Probe 2 % in -0.06 004|1,11| 084 | 0.09| 0.08|1,10 | 0.79
Target Quadrant
Probe 1 Target -0.48 336 |1,11 | 0.09| -023| 056|1,10 | 0.47
Crossings
Probe 1 Dist to 0.27 088|1,11 | 0.37| 0214| 019]1,10| 0.68
Platform Curve
Probe 2 Dist to -0.31 118 (1,11 | 030| -0.21| 044]1,10| 0.52
Platform Curve
14-18 mo | Slope of Escape 0.20 0.42 1,10 051| -063| 582(19 |0.039
MWM | Latency Days 1-2
Slope of Escape -0.11 012 1,10 | 0.74] -0.74| 10.89 1,9 |0.009
Latency Days 1-3
Escape Latency 0.19 0.37|1,10 | 056 | -0.74| 11.08 1,9 |0.009
Day 3
Night 1 Learning | -0.16 027]1,10 | 062| -045| 230|1,9 0.16
Probe 1 % in -0.49 320|1,10 | 0.10| -0.35| 1.281,9 0.29
Target Quadrant
Probe 2 % in -0.31 1.08({1,10| 032 -0.07| 0.05]1,9 0.83
Target Quadrant
Probe 1 Target -0.43 22111,10 | 017| -028| 0.77]1,9 0.40
Crossings
Probe 1 Dist to 0.45 25311,10 | 0.14| 022 045]1,9 0.52
Platform Curve
Probe 2 Dist to 0.17 029(1,10 | 0.60| 0.37] 140|1,9 0.27
Platform Curve
15-20 mo | # of Entrances 0.60 50911,9 0.05| -0.09| 0.07]1,8 0.80
APA M atency to 1™ 029 081]1,9 | 039 079 1321 (1,8 |0.007
Trial 2| Entrance
Path Length 0.01]0.0003 1,9 099 | 068| 6.74 1,8 0.03
% Time in -0.18 0311,9 059 | 059| 425/1,8 0.07
Opposite
Quadrant
Dist from Shock 0.46 248 1,9 0.15| 0.11| 0.09 1,8 0.77
Zone per Bout
Trial 3 Dist from Shock 0.43 202119 019| 020| 03318 0.58
Zone per Bout

Bold values indicate significant correlations.
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Discussion

We have demonstrated that SWR abundance and associated CA3 SG power can be used as
functional biomarkers to predict cognitive decline in an apoE4 mouse model of AD. We capitalized
on the behavioral population variability and the SWR-related network alterations found in apoE4-
KI mice, which allowed us to assess correlations between the two. We then observed that these
SWR properties, measured 1-2 months prior to behavior in aged apoE4-KI mice, predict multiple
behavioral metrics, capturing different but related aspects of spatial learning and memory. These
findings were not restricted to a single cohort, as demonstrated through replication, or to a single
task, as demonstrated through correlations observed with two distinct spatial tasks. Finally and
most critically, CA3 SG power during SWRs in young apoE4-KI mice, measured prior to the onset
of detectable cognitive deficits, predicted spatial learning and memory impairments across both
tasks 10 months later. This metric was also correlated within individual animals over several

months, making it a potential functional biomarker for cognitive decline in AD (Fig. 2.9).
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Figure 2.9. SWRs and associated SG power in SG as a proposed biomarker.
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We observed full replication of all predictive measures despite differences in SWR
abundance between the screen and replication cohorts. While experimental conditions were
identical to the greatest practical extent, it is possible that genetic drift occurred across multiple
generations or that colony conditions changed, which could affect this result. Despite this, when
we z-score normalized the data, we found that predictive relationships derived from the initial
screen cohort were very strongly predictive in the replication cohort for both the MWM and the
APA tasks. This consistence suggests that a simple normalization to the values seen in a given
population allows for accurate predictions of behavioral impairments from physiological
measurements across many months in our mouse models.

Through chronic measurement of hippocampal network activity in individual mice, we
were able to assess whether SWR features are stable over several months. SWR abundance is
affected by environmental variables such as novelty and reward®-3?, but such a relationship has
yet to be defined for SWR-associated slow gamma. Our results suggest that over timescales of 4
months, CA3 SG power during SWRs in each animal is significantly correlated with the same
measure in the same animal assessed at a later time point, while SWR abundance is not, perhaps
due to changes in baseline activity in the SWR frequency band over aging. Previous cross-sectional
work in wild type rats reported that SWR abundance measured during or immediately after a task
was reduced in aged rats***°. Our longitudinal measurements in human apoE3-KI mice during rest,
independent from task performance, did not show this reduction. Rather, we observed that both
SWR abundance and associated CA3 SG power slightly increased with aging, although average
measures for apoE4-KI mice remained lower than for apoE3-KI mice across all ages. Since
behavioral differences do not emerge until later ages, this suggests an additional network change

— perhaps a loss of compensation — that occurs over aging in apoE4-KI1 mice, which interacts with
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existing physiological deficits to cause behavioral impairment.

Substantial previous work has shown that physiological characteristics of CA3 can
distinguish between aged rats with impaired or unimpaired memory. Aged impaired rats
have elevated CA3 activation, which leads to inability to remap CA3 place cells in novel
contexts*®4’. They furthermore have reduced expression of genes related to synaptic plasticity in
CA3*-5L Our findings establish another way in which measurements from CA3 can distinguish
impaired from unimpaired spatial memory. Moreover, SG activity throughout the hippocampus is
hypothesized to originate from CA3. During SWRs, CA1 SG is most coherent with CA3 SG
activity, and SG power is highest in the stratum radiatum, the input layer from CA3%82652 Thus,
it is reasonable that SG power measured at its hypothesized generator is the strongest predictor of
spatial learning and memory.

The extent of coherence between CA1 and CA3 of oscillations in the SG frequency band
correlates with replay fidelity, the temporal order of place cell firing in a spatial sequence®®.
Notably, one previous study found that measures of replay fidelity following a linear track run
correlated with MWM learning in aged wild type rats®®. Together with our finding of correlations
between CA3 SG power during SWRs and MWM performance, this suggests that measures related
to replay fidelity measured outside of task performance can predict MWM learning deficits in the
context of both normal aging and AD aging.

We additionally found that CA3 slow gamma power during SWRs at young ages predicts
SWR abundance 8 months later. While the cause of this correlation is unclear, it suggests a
relationship in apoE4-KI mice between organization of replay events in early adulthood and the
number of events later in life. There may be a positive feedback loop in which replays with greater

fidelity to the original encoded sequences lead to greater probability of future replays over aging.
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Alternatively, CA3 SG power during SWRs may be a more sensitive reflection of the health of the
underlying circuitry, which may affect SWR generation in later life.

The most common proposed biomarkers for AD are amyloid or tau, measured in CSF or
by PET imaging®. However, at least 40% of cognitively normal elderly patients show amyloid or
tau pathology, indicating that these molecular biomarkers are not sufficient to distinguish healthy
aging from AD-induced cognitive decline®>*®. Hippocampal network activity shows a clear link
between pathology and behavioral outcomes and represents a potential new class of functional
biomarkers. Moreover, human longitudinal studies of potential biomarkers have only been able to
follow sporadic AD subjects for 3-8 years prior to diagnosis. Since cognitive decline accelerates
15-fold during the 5-6 years prior to AD diagnosis, these biomarkers may only be sufficient to
predict ongoing cognitive decline®’. In contrast, this study in mice was able to predict cognitive
decline long before memory impairment was detectable.

A physiological biomarker also has the distinct advantage of being compatible with
repeated measures. In contrast, behavioral readouts often cannot be repeated without affecting
performance, and post-mortem pathology only captures the final endpoint. Using a network
signature, disease progression could be measured over aging, and cellular pathological differences
that differentiate future impaired from unimpaired animals could be assessed at an early age.
During preclinical drug studies, a single animal could be measured over a time course of treatment
or with variable doses, both reducing the number of animals required and increasing study power
through use of paired statistics. Most critically, preventative therapies could be tested in animals
by measuring the effect on the hippocampal network before spatial learning and memory
impairments arise.

Currently, SWRs are only detectable in humans by depth electrodes®, thus new technology
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will need to be developed to translate this functional biomarker into humans. However, SWRs are
signatures of a brain-wide activity patterns?’, and could in principle be detected via EEG or other
non-invasive approaches. In particular, MEG has recently been demonstrated to be capable of
detecting ripple frequency oscillations in in deep brain structures®® and the hippocampus®, and
high density scalp EEG has been shown to detect signals highly correlated to those measured by
intracranial electrodes in deep brain structures®’. Moreover, recent work in humans shows that
SWRs detected in the medial temporal lobe are highly correlated with SWRs detected in the
temporal association cortices, suggesting that detecting SWRs from cortex could serve as a
proxy®2. Overall, SWR features are compelling functional biomarker candidates that can predict
future cognitive decline in an apoE4 model of AD and could potentially be used to predict AD risk

and assess treatment efficacy before the onset of symptoms.
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Hippocampal GABAergic Interneurons Bidirectionally Modulate Sharp-Wave Ripples
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Abstract

The hippocampus transitions smoothly between encoding of new memories, driven by external
inputs from entorhinal cortex and manifest as fast gamma oscillatory activity, and consolidation
of old memories, driven by internal inputs from CA3 and manifest as slow gamma (SG) and sharp-
wave ripple (SWR) oscillatory activity. However, the mechanism for this transition between inputs
is unclear. We hypothesized that GABAergic interneurons in CA3 and DG might modulate this
transition. The majority of hippocampal interneurons can be classified as parvalbumin-expressing
(PVY), soma-targeting or somatostatin-expressing (SST'), dendritic-targeting subtypes that
differentially regulate endogenous firing patterns and which contribute to SWRs in CAl. SWRs
are driven by inputs from upstream area CA3 and also engage the dentate gyrus (DG), but little is
known about whether and how these interneuron subtypes in either CA3 or DG regulate activity
in CAL. We therefore carried out chemogenetic inhibition of either or both of these interneuron
subtypes in CA3 and DG to understand their role in regulating SWRs as a measure of CA3
coupling to CA1. We found that that PV* and SST* interneurons bidirectionally modulate sleep
SWRs in CA1 and coincident activity throughout the hippocampus. Suppressing PV* interneurons
leads to increased coupling of CA3 to CA1, while suppressing SST™ interneurons has the opposite
effect. Suppressing both interneuron types simultaneously follows the same trends as inhibiting
PV™ interneurons alone, suggesting somatic inhibition dominates these effects. Thus, CA3 and DG
PV* and SST™ interneurons may modulate the transition between internal and external inputs to

the hippocampus.
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Introduction

Many regions of the brain play multiple roles in information processing and facilitate this by
switching between different input and output transformations. The hippocampus, for instance,
contributes to encoding, retrieval, and consolidation of memories, and must alternate between three
distinct network states in order to do so*3. Encoding of new information is driven by external
inputs from the entorhinal cortex (EC). Consolidation of previous information is driven by internal
inputs from the CA3. Retrieval may be a combination of these two input sources®.

One major driver of this transition is locomotion. CA3 input to CA1 is highest during
immobility, while EC input to CAL1 is highest during movement®>~’. During immobility, high CA3
drive to CA1 manifests as sharp-wave ripples (SWRs)®1® which are critical for memory
consolidation following learning'**3. Underlying SWRs are neuronal sequences which replay
trajectories associated with past experiences!*® for consolidation in cortical areas'’~?°. During
movement, high EC drive to CA1 manifests as fast gamma oscillations nested within theta
oscillations?>?? during which new locations are encoded?®. However, this behavioral transition is
insufficient to explain the network transition, as encoding of current locations can occur during
immobility>* and retrieval of task-relevant trajectories via SWRs can occur during movement?-%.

What facilitates this switch between internal and external inputs? GABAergic interneurons
regulate principal cell input and output and might therefore contribute to this transition. In the
hippocampus, the majority of GABAergic interneurons are somatostatin-expressing (SST*),or
parvalbumin-expressing (PV*)%®2° PV* and SST* interneurons are distinguished by their
subcelllular spatial domains, firing properties, pyramidal cell spike modulation mechanisms, and
temporal coordination®®. PV is expressed mainly by basket and axo-axonic cells while SST is

expressed mainly by oriens-lacunosum moleculare (O-LM), hilar perforant path (HIPP), and
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bistratified cells®®. In CA1, multiple studies have demonstrated SST* O-LM and bistratified and
PV* basket and axo-axonic cells entrain their firing to ripple frequency oscillations®*~°. However,
SWRs are driven by CA3 and further engage DG®2¢. While a few studies have examined PV* and
SST™ interneurons in CA3 and the dentate gyrus (DG) during SWRs and found them to also
increase their firing®” 8, their role in modulating SWRs is unknown.

PV*and SST* interneurons are uniquely positioned to bidirectionally regulate information
flow. PV* interneurons mainly target somatic and perisomatic compartments and thus regulate
principal cell excitability and precise spike timing3%343°4% These cells are preferentially recruited
by EC layer Il inputs and are thus the main drivers of feedforward inhibition**2. In contrast, SST*
interneurons mainly target distal apical dendrites — the layer of extrahippocampal excitatory inputs
from EC and MS — and thus gate synaptic weights and the extent of principal cell spiking30:404445,
These cells receive primarily local inputs and thus provide feedback inhibition*#2. Overall,
potentiation of CA1 SST* interneurons attenuates EC inputs to CA1 while potentiation of PV*
interneurons attenuates CA3 inputs to CA14647,

We therefore predicted that reducing CA3 and DG PV* inhibition would increase CA3
excitability and reduce feedforward inhibition from EC, while reducing SST* inhibition would
ungate EC inputs. To test this, we measured the effect of suppressing CA3 and DG PV* and SST*
interneurons on SWRs during sleep and awake rest. We observed that suppressing PV
interneurons increased CA3 coupling to CAL, possibly at the expense of EC input, while
suppressing SST™ interneurons decreased CA3 coupling to CAL, possibly through increasing EC

input. Our findings support PV* and SST™ interneurons in
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Materials and Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL6/J mice with the SST-IRES-Cre allele (Sst™21r2h/3  MG1:4838416) or the PV-IRES-
Cre allele (Pvalb™C®Ar/3 MGI:3590684) knocked-in*®*® were originally obtained from Jackson
Laboratory. Equal numbers of PVCre, SSTCre and PVCre/SSTCre mice were selected from
littermates of a PVCre x SSTCre cross. All animals were bred in-house using trio breeding
producing 10 pups per litter on average, which were weaned at 28 days. Equal proportions of males
and females aged 3-8 months were selected for each genotype, viral vector, and group. Within
each genotype group and sex, mice were randomly assigned to receive either hM4Di-mCherry
vector or mCherry empty vector injection. Experimenters were blinded to genotype during surgery
and blinded to genotype and viral vector expression during all post-operative behavior, recordings,
and histology. Animals were housed in a pathogen-free barrier facility on a 12h light cycle (lights
on at 7am and off at 7pm) at 19-23°C and 30-70% humidity. Animals were identified by ear punch
under brief isofluorane anesthesia and genotyped by PCR of a tail clipping at both weaning and
perfusion. All animals otherwise received no procedures except those reported in this study.
Throughout the study, mice were singly housed. All animal experiments were conducted in
accordance with the guidelines and regulations of the National Institutes of Health, the University

of California, and the Gladstone Institutes under IACUC protocol AN117112.

METHOD DETAILS
Surgery
Mice were anesthetized by intraperitoneal injection of ketamine (60 mg/kg) and xylazine (30

mg/kg); anesthesia was maintained with 0.6—1.5% isofluorane given through a vaporizer and nose
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cone. The head was secured with earbars and a tooth bar in a stereotaxic alignment system (Kopf
Instruments). Fur was removed from the scalp, which was then sterilized with alternating swabs
of chlorhexidine and 70% ethanol. The scalp was opened, sterilized with 3% hydrogen peroxide,
and thoroughly cleaned to reduce risk of tissue regrowth. 0.5 mm craniotomies were made at 1.95
mm AP and = 1.5 mm ML from bregma for viral injection. 1 pL of AAV5-hSyn-DIO-hM4D(Gi)-
mCherry (UNC Viral Vector Core;*®) or AAV5-hSyn-DIO-mCherry (Addgene, RRID:
Addgene_50459) was injected at 2.1 mm below the surface of the brain®*2, Skull screws (FST)
were inserted into craniotomies over the right frontal cortex and left parietal cortex to anchor and
support the implant, and were secured with dental adhesive (C&B Metabond, Parkell). An
additional 0.5 mm craniotomy was made over the right cerebellum for insertion of the indifferent
ground and reference wires. The craniotomy centered at -1.95 mm AP and 1.5 mm ML from
bregma and extended bidirectionally along the ML axis to 2 mm width to receive the recording
probe. The probes had four 5 mm shanks spaced 400 pm apart with 8 electrode sites per shank and
200 um spacing between sites (Neuronexus; configuration A4x8-400-200-704-CM32). The probe
was quickly lowered until the tip reached 2.2 mm below the surface of the brain, and the reference
and ground wire was inserted into the subdural space above the cerebellum. The probe was
cemented in place with dental acrylic and the scalp was closed with nylon sutures. Mice were
treated with 0.0375 mg/kg buprenorphine intraperitoneally and 5 mg/kg ketofen subcutaneously
30-45 min after surgery, monitored until ambulatory, then monitored daily for 3 days. A minimum

of 3 weeks was allowed for recovery and viral expression before recording.
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Electrophysiology

Data from all mice was collected, amplified, multiplexed, processed, and digitized with 32-channel
Upright Headstage, commutator, and Main Control Unit (SpikeGadgets). Simultaneous data
acquisition at 30 kHz and video tracking at 30 frames/s was performed using Trodes software
(SpikeGadgets). Each animal was randomly assigned a time during the light cycle, and behavior
and recordings were always conducted with that animal at that same time each day + 1 hour. CNO
(NIMH, C-929) was prepared in 1% DMSO in 0.9% sterile saline and administered via
intraperitoneal injection daily at a dose of 2 mg/kg 1 hour prior to data collection. Body weight
was measured weekly during treatment and injection volume was adjusted accordingly. Control
mice were injected with a matched volume of 1% DMSO in 0.9% sterile saline. Injections were
well tolerated and had no adverse effects on health. Data were collected during 60 min home cage
sessions for 7 days, alternating vehicle and CNO administration. During recordings, home cages

were changed to Alpha-dri bedding (Shepherd Specialty Papers) to enable video tracking.

For recordings during the active place avoidance task®®, data was collected for 20 min
immediately prior to and 20 min immediately following each trial. In all trials, mice were placed
in a 40 cm diameter arena that rotates at 1 rpm (BioSignal Group). On the first day, mice habituated
to the environment by exploring it for 10 minutes. On the following 4 days, when mice entered a
60° region which is fixed relative to the room, as measured by video tracking, they received a 0.2
mA foot shock for 500 ms at 60 Hz every 1.5 s until they left the shock zone. Mice could only use
spatial cues on the walls around the arena to actively avoid this shock zone given the constant

rotation of the arena. SWR rate was analyzed only on the first day of training.
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Histology

Mice were deeply anesthetized with avertin, and a 30 JA current was passed through each
recording site for 2 s to generate small electrolytic lesions (Ugo Basile). Mice were then perfused
with 0.9% NaCl. The brains were removed and stored at 4°C, then fixed in 4% PFA for 2 days,
rinsed in PBS for 1 day, and cryoprotected in 30% sucrose for at least 2 days. Brains were cut into
30 um coronal sections with a microtome (Leica) and stored in cryoprotectant at -20°C. Every
third section was stained with cresyl violet, then electrolytic lesion locations were observed under
a light microscope (Leica). Every tenth section was used for immunohistochemistry. Sections were
blocked and permeabilized in 10% normal donkey serum and 0.5% Triton X for 1 hour at room
temperature, and then incubated overnight at 4°C in 1:100 rat anti-SST (Millipore cat# MAB354,
RRID:AB_2255365), 1:1000 mouse anti-PV (Millipore cat# MAB1572, RRID:AB_2174013),
and 1:500 biotinylated rabbit anti-RFP (Abcam cat# ab34771, RRID:AB_777699). Sections were
then incubated for 1 hour at room temperature in 1:1500 donkey anti-rat AlexaFluor488 (Thermo
Fisher Scientific cat# A-21208, RRID:AB_2535794) or 1:1500 goat anti-rat AlexaFluor647
(Thermo Fisher Scientific cat# A-21247, RRID:AB_141778), 1:1500 donkey anti-mouse
AlexaFluor647 (Thermo Fisher Scientific cat# A-31571, RRID:AB_162542), and 1:1000
Streptavidin AlexaFluor594 (Sigma Aldrich cat# S6402) and mounted to slides using DAPI.
Images were collected on a fluorescent microscope (Keyence) and counted manually in ImageJ.

Representative images were adjusted for contrast only.

Ex vivo electrophysiology
3-6 month old mice were stereotaxically injected with hM4D as described above, then the scalp

was sutured closed. 3 weeks following surgery to allow for viral expression, mice were deeply
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anesthetized with isofluorane. The brain was rapidly removed and placed in 4°C slicing solution
comprised of 110 mM Choline Chloride, 2.5 mM KCI, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2
mM CaCly, 1.3 mM Na Pyruvate, 1 mM L-Ascorbic Acid, and 10 mM dextrose. 300um sagittal
sections were cut using a vibratome (VT 1200s, Leica), transferred to a vapor interface chamber
aerated with 95% O,/ 5% CO> gas mixture, and allowed to recover at 34°C for one hour prior to
recording. Sections were then transferred to a submerged recording chamber at 34°C perfused at
10 mL/min with oxygenated aCSF solution comprised of 124 mM NaCl, 26 mM NaHCOs, 10 mM
Glucose, 1.25 mM NaH2POs, 2.5 mM KCI, 1.25 mM MgClz, and 1.5 mM CaCl,. SST* and PV*
cells were visually identified in the DG by mCherry expression and morphology using a modified
Olympus BXW-51 microscope (Scientifica, Inc). Interneurons were recorded using patch-clamp
electrodes filled with an intracellular solution comprised of 125 mM K-gluconate, 10 mM KClI, 10
mM HEPES, 2 mM MgCl,, 10 mM EGTA, 4 mM MgATP, 10 mM Na-phosphocreatine, and 3
MM NaxGTP. CNO was dissolved to 1uM in aCSF and delivered through the perfusion system.
Whole cell recordings were performed using a Multiclamp 700B amplifier (Molecular Devices).
The signals were sampled at 10 kHz and digitized using Digidata 1550B with Clampex 10 software
(Molecular Devices). Data was analyzed using custom scripts in IGOR Pro software

(WaveMetrics).

Analysis of neural data
Neural data was analyzed with custom software written in MATLAB (Mathworks) with the

Chronux toolbox (http://www.chronux.org) and Trodes to MATLAB software (SpikeGadgets).

The anatomical location of each electrode site was determined by examining Nissl-stained

histological sections, raw LFP traces, the SWR-triggered spectrogram signature, and dentate
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spikes. Data were band-pass Butterworth filtered at 0.1-300 Hz, then downsampled to 1000 Hz
and analyzed as LFP. Raw LFP data were band-pass equiripple filtered at 125-200 Hz for SWRs,
0-30 Hz for sharp waves, and at 30-50 Hz for SG. SWRs were detected on the CAL site closest to
the center of the pyramidal layer and defined by the Hilbert envelope of the ripple-filtered trace,
smoothed with a 4 ms Gaussian, exceeding 3 SD above baseline for at least 15 ms?®. Analysis of
SWRs was restricted to periods of extended immobility, after the mouse Gaussian smoothed
velocity had been < 1 cm/s for 30 seconds or more. SWRs were considered part of chains if a
second SWR event occurred within 200 ms of the end of an event. Instantaneous frequency was
defined by intrapeak times. Sharp wave amplitude was defined as the maximum absolute value of
the Hilbert envelope of the sharp wave-filtered trace during SWRs. SWRs in CA3 were detected
on the site with the highest MUA and examined only when they coincided with an SWR detected
in CAl.

SWR-triggered spectrograms for each electrode site and SWR-triggered coherence
between regions were calculated with the multitaper method, as previously described>*, with a 100
ms sliding window. For illustration in figures, a 10 ms sliding window was used. SWR-associated
SG power was calculated as the averaged z-scored power over the 30-50 Hz frequency band 0—
100 ms after ripple detection. This was then averaged over all SWR events and over all electrode
sites within that cell layer or subregion. SG power was analyzed for three regions: CAL stratum
radiatum, CA3 including stratum pyramidale and stratum radiatum, and dentate gyrus including
hilus and granule cell layers. Only dentate gyrus sites with visually confirmed dentate spikes were
included in analysis. For CNO epochs, the mean and SD of the slow gamma filtered signal from
the vehicle epoch recorded the day before were used for z-scoring.

For multi-unit analysis, data were referenced to a corpus callosum electrode, band-pass
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Butterworth filtered at 600-6000 Hz, and then events greater than 75 uV were analyzed as spikes.
Sites used for SWR detection were further verified to be in the CA1 pyramidal layer by measuring
large increases in multi-unit activity during SWRs. The site closest to the center of the cell layer,
as determined by highest MUA, was used for MUA analysis. For fast ripple analysis, data were
downsampled to 5 kHz and band-pass equiripple filtered at 125-600 Hz, then events were detected
in CA1 when the Hilbert envelope of the ripple-filtered trace, smoothed with a 4 ms Gaussian,
exceeded 3 SD above baseline for at least 3 oscillations of the filtered trace. Events were classified
as fast ripples if the mean frequency was above 250 Hz. All measurements were analyzed per
session, then averaged across all sessions. Thus, each mouse contributed a single number to all

comparisons.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were computed using custom software written in MATLAB (Mathworks). Statistical test
used, exact n, test statistic values, degrees of freedom, and exact p value are in figure legends.
When a central value is plotted, it is always mean £+ SEM, as indicated in figure legends. In all
cases, n represents number of animals. Significance was established as p < 0.05. No data were
excluded based on statistical tests. 3 mice were excluded from analysis due to poor viral
expression. Sample sizes were based on previous studies®>%>°’. Most data were normally
distributed as shown by Shapiro-Wilk test, and variances between groups were similar as shown
by F test. In these instances, we used paired and unpaired t tests. When these assumptions were

violated, we used Wilcoxon matched pairs signed rank tests and rank sum tests.
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Results

Recording in vivo hippocampal LFP during chemogenetic suppression of PV* and SST*
interneurons in CA3 and DG

We used a Cre-dependent chemogenetic approach to silence specific interneuron subtypes in CA3
and DG. We bilaterally injected PVCre, SSTCre, and PVCre/SSTCre mice with AAV5-hSyn-
DI10-hM4D(Gi)-mCherry or with AAV5-hSyn-DIO-mCherry into the DG hilus, then implanted
with a 32-site silicon electrode array into the right dorsal hippocampus (Fig. 3.1A). Hm4D
expression was highly co-localized with PV and SST expression (Fig. 3.2A and 3.2B) and
extended throughout CA3 and DG (Fig. 3.1B and 3.2C) from dorsal to ventral hippocampus (Fig.
3.1C). We confirmed hM4D function by observing that CNO application to ex vivo hippocampal
slices reduced firing rates (Fig. 3.2D), hyperpolarized by -8.61 + 1.3mV (Fig. 3.2E), and increased
input resistance (Fig. 3.2F) in PV" and SST" interneurons expressing hM4D. After viral
expression, we recorded LFP activity from all hippocampal subregions during sleep and awake

rest over 7 daily 1 hour sessions, alternating CNO and vehicle treatment (Fig. 3.1B).
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Figure 3.1. Recording in vivo hippocampal LFP during chemogenetic suppression of PV* and
SST* interneurons in CA3 and DG.

(A) Simplified circuit diagram of the hippocampus. CA3 and DG receive excitatory inputs from
layer 11 of entorhinal cortex onto distal dendrites and inhibitory inputs from local PV" interneurons
(blue) onto the soma and local SST* interneurons (yellow) onto distal dendrites. Adapted with
permission from (Gillespie et al., 2016).

(B) Experimental strategy. Mice were bilaterally injected with AAV5-hSyn-DIO-hM4D(Gi)-
mCherry or with AAV5-hSyn-DIO-mCherry into the DG hilus, then implanted with a 32-site
silicon electrode array into the right dorsal hippocampus. LFP activity was recorded from all
hippocampal subregions during sleep and awake rest over 7 daily 1 hour sessions, alternating CNO
and vehicle treatment.

(C) Example of mCherry expression in dorsal (top) and ventral (bottom) hippocampus.
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Figure 3.2. DREADDs function and expression in PV* and SST* interneurons in CA3 and
DG.

(A, B) Proportion of (A) mCherry* cells in PV* and SST™ cells and (B) PV* and SST* cells in
mCherry* cells. N = 16 PVCre mice, n = 16 SSTCre mice, and n = 13 PVCre/SSTCre mice.

(C) Example of mCherry coexpression with PV (top) and SST (bottom) in DG.

(D) CNO application to ex vivo hippocampal sections reduces firing rates in a PV* interneuron in
a PVCre animal expressing hM4D.

(E,F) CNO application on PV+ and SST+ interneurons expressing hM4D in the DG in ex vivo
hippocampal sections (D) hyperpolarizes cells (1-sample t test, t(9)=6.57, p = 0.0001) and (E)
increases input resistance (1-sample Wilcoxon test, W = -55, p = 0.002). N =4 PVCre slices, n =
4 SSTCre slices, and n = 2 PVCre/SSTCre slices.

Error bars are mean £ SEM. ***p < 0.001.
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Suppressing PV* interneurons increases CA3 coupling onto CA1 during SWRs

We first examined the effect of PV* interneurons. Suppressing PV* interneurons in CA3 and DG
increased SWR rate (Fig. 3.3A). This effect was not due to differences in SWR detection (Fig.
3.4A and 3.4B). Interestingly, learning-induced increases in SWR rate were abolished (Fig. 3.3B).
This increase in rate was not due to an increase SWR bursts (Fig. 3.3C). Since hippocampal
interneuron ablation leads to seizures®®, we looked for epileptic signatures. While we observed no
seizures, we did detect an increase in fast ripple rate when PV* interneurons were suppressed (Fig.
3.3D). Recruitment of multi-unit activity (MUA) during SWRs was elevated in CAl1, CA3, and
DG (Fig. 3.3E). However, SWR size was smaller (Fig. 3.3F), as evident by reduced ripple
frequency power during SWRs (Fig. 3.3G). Thus there was no relationship between increased
MUA recruitment and greater peak amplitude of the ripple-filtered trace. Because SWR size
decreased, SWR rate at very high detection thresholds also decreased (Fig. 3.4C). SWR frequency
in CA1 increased (Fig. 3.3H), but decreased in CA3 (Fig. 3.4D), suggesting that the local effect
of these interneurons and the downstream effects are quite different. There was no change in the
cycle length of SWRs (Fig. 3.31), but SWR temporal length decreased (Fig. 3.3J), likely due to
the increased frequency. Overall, suppressing PV* interneurons in CA3 and DG increased CA3
coupling onto CAL, leading to faster and more SWRs with greater CA1 MUA recruitment.

We then measured two frequency components coincident with ripples, both of which are
driven by CA3: sharp waves (SW)* and slow gamma (SG) power>*%%° (Fig. 3.3K). During PV*
suppression, SW amplitude in CA1 was increased (Fig. 3.3L). SG power was higher on average
in CA1l, and variance of SG power was elevated in all 3 subregions (Fig. 3.4E and 3.4F). We
therefore used mean and SD SG power calculated from vehicle-treated epochs to z-score SG power

during all epochs. Suppressing PV* interneurons lead to greater SWR-coincident SG power in
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CAl, CA3, and DG (Fig. 3.3M). Therefore, CA3 coupling likely increased not only to CA1, but
also back to DG and to CAS3. Interestingly, the extent of CA1 SWR-coincident SG power increase
correlated across animals with the extent of sharp wave amplitude increase and the extent of SWR
frequency increase (Fig. 3.4G and 3.4H), suggesting these features may be similarly controlled,
in line with previous findings®:2. Instantaneous frequency of this SG did not change (Fig. 3.41).
While coherence between CA3 and CA1 and between DG and CALl in the SG frequency band did
increase during SWRs (Fig. 3.4J), the extent of this increase did not change when PV* interneurons
were suppressed (Fig. 3.3N). Thus, suppressing PV* interneurons increased SG power — likely
driven by CA3 — during and outside of SWRs, but this did not increase coherence between
subregions, in line with previous findings that these two aspects of gamma oscillations may be

modulated through separate mechanisms®.
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Figure 3.2. Suppressing PV* interneurons increases CA3 coupling onto CA1 during SWRs.
(A) SWR rate (Z = 2.74, p = 0.006).
(B) SWR rate before and after each trial of active place avoidance learning (Z =1.18, p=0.24, n
=7 PVCre mice).
(C) Percent of SWRs following another SWR within 200 ms (t(15) = 1.19, p = 0.3).
(D) Fast ripple rate (Z = 2.93, p = 0.003).
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(E) Normalized recruitment to SWRs of multi-unit activity in CAl (Z = 2.33, p = 0.02), CA3 (Z
=2.59, p=0.097), and DG (Z = 3, p = 0.003).

(F) SWR size (t(15) = 3.64, p = 0.002).

(G) Representative SWR-triggered spectrograms from a CA1 pyramidal cell layer site during
vehicle-treated epochs (left) and CNO-treated epochs (right) in a PVCre mouse. White dash lines
represent threshold crossing for SWR detection.

(H) SWR instantaneous frequency (t(15) = 5.44, p = 0.0001).

(1) SWR cycle length (t(12) = 0.85, p = 0.4).

(J) SWR temporal length (Z = 2.48, p = 0.01).

(K) Representative SWR-triggered spectrograms from a CA1 stratum radiatum layer site during
vehicle-treated epochs (left) and CNO-treated epochs (right) in a PVCre mouse. White dash lines
represent threshold crossing for SWR detection.

(L) Sharp wave amplitude (t(15) = -9.40, p < 0.0001).

(M) Normalized SG power during SWRs in CAl (Z = 3.52, p = 0.0004), CA3 (t(15) = 3.96, p =
0.001), and DG (Z = 2.53, p = 0.01).

(N) Increase during SWRs of SG frequency band coherence between CA3 and CAL (t(15) = 0.47,
p = 0.6) and between DG and CA1 (t(15) = 1.29, p = 0.2).

N = 16 PVCre mice except where specified. Paired t tests when the test statistic given is t and
Wilcoxon matched pairs signed rank test when the test statistic given is Z. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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Figure 3.4. Properties of SWRs during PV* interneuron suppression.

(A,B) SWR frequency activity (A) mean (Z = 1.6, p =0.1) and (B) SD (t(15) = 0.32, p = 0.8).

(C) Rate of SWRs > 7 SD above baseline (t(15) = 3.38, p = 0.004).

(D) SWR instantaneous frequency in CA3 (Z = 2.59, p = 0.0097).

(E,F) SG frequency activity (E) mean in CA1 (t(15) = 4.03, p = 0.001), CA3 (t(15) =149, p =
0.2), and DG (t(15) = 0.15, p=0.9) and (F) SD in CAl (Z = 3.52, p =0.0004), CA3 (t(15) = 3.94,
p =0.001), and DG (t(15) = 3.47, p = 0.003) during prolonged immobility.

(G,H) SWR-coincidence SG power in CA1 predicts (G) sharp wave amplitude (F(1,14) = 27.9, p
=0.0001) and (H) SWR frequency (F(1.14) = 6.8, p = 0.02). Pearson correlation.

(1) Instantaneous frequency during SWRs of SG in CA1 (t(15) =0.45,p=0.7), CA3(Z=0.21, p
=0.8),and DG (Z=1, p=0.3).

(J) SG frequency band coherence between CA3 and CA1 (Z = 2.28, p = 0.02) and between CA3
and DG (Z = 3, p = 0.003 increases during SWRs as compared to baseline during prolonged
immobility.

N = 16 PVCre mice. Paired t tests when the test statistic given is t and Wilcoxon matched pairs
signed rank test when the test statistic given is Z. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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Suppressing SST™* interneurons decreases CA3 coupling onto CA1 during SWRs
We next examined the effect of SST* interneurons. Suppressing SST* interneurons in CA3 and
DG decreased SWR rate (Fig. 3.5A), which again was not due to differences in SWR detection
(Fig. 3.6A and 3.6B). However, learning-induced increases in SWR rate were intact (Fig. 3.5B).
There was a dramatic decrease in the proportion of SWRs that participated in chains (Fig. 3.5C),
suggesting increased coupling from ECII may disrupt SWR chains. This loss of SWR chains could
not fully explain the reduction in SWR rate (Fig. 3.6C). There was no increase in fast ripple rate
(Fig. 3.5D), thus PV interneurons may be the gating interneuron type for this pathological activity.
Recruitment of multi-unit activity (MUA) during SWRs was elevated in CA3 and DG, but not
CAl (Fig. 3.5E). Thus, while suppressing interneurons broadly increased local principal cell
recruitment to SWRs, downstream principal cell recruitment only increased when CA3 coupling
was elevated by suppressing PV* interneurons. SWR size did not change (Fig. 3.5F). SWR
frequency in CAL decreased modestly (Fig. 3.5G), but did not change in CA3 (Fig. 3.6D),
therefore these interneurons have a downstream effect but no local effect on this measure. The
number of cycles per SWR increased (Fig. 3.5H), as did the temporal length (Fig. 3.51). Since EC
activity increases prior to SWRs longer than 100 ms®2, we looked specifically at the proportion of
SWRs longer than 100 ms and found an increase (Fig. 3.5J). Overall, suppressing SST *
interneurons in CA3 and DG decreased CA3 coupling onto CA1, leading to longer and fewer
SWRs which were less likely to appear in chains.

We then measured SWs and SG power coincident with SWRs. During SST* interneuron
suppression, SW amplitude did not change (Fig. 3.5K), and SG power did not change at baseline
(Fig. 3.6E and 3.6F) nor during SWRs (Fig. 3.5L), except for a modest increase in SG power in

DG during SWRs. Instantaneous frequency of this SG also did not change (Fig. 3.6G).

143



Interestingly, the extent of SG frequency band coherence increase during SWRs between CA3 and
CA1 and between DG and CA1 was suppressed to below zero. Thus, SST* interneurons may

orchestrate the coordination of SG oscillations between hippocampal subregions.
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Figure 3.5. Suppressing SST* interneurons decreases CA3 coupling onto CAl during SWRs.
(A) SWR rate (t(15) = 3.13, p = 0.007).

(B) SWR rate before and after one trial of active place avoidance learning (t(5) = 2.7, p = 0.04, n
=6 SSTCre mice).

(C) Percent of SWRs following another SWR within 200 ms (t(15) = 6.09, p < 0.0001).

(D) Fast ripple rate (Z=1.17, p =0.2).

(E) Normalized recruitment to SWRs of multi-unit activity in CAl (t(15) = 0.1, p=0.9), CA3 (Z
=2.53,p=0.01), and DG (Z = 2.59, p = 0.0097).

(F) SWRsize (2=0.1,p=0.9).

(G) SWR instantaneous frequency (t(15) = 2.29, p = 0.04).

(H) SWR cycle length (t(15) = 3.05, p = 0.008).

(1) SWR temporal length (Z = 3.52, p = 0.0004).

(J) Distribution of SWR lengths; inset: proportion of SWRs > 100 ms (t(15) = 3.67, p = 0.002).
(K) Sharp wave amplitude (t(15) = 0.55, p = 0.6).
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(L) Normalized SG power during SWRs in CA1 (t(15) = 1.07, p = 0.3), CA3 (t(15) = 1.69, p =
0.1), and DG (t(15) = 2.42, p = 0.03).

(M) Increase during SWRs of SG frequency band coherence between CA3 and CA1 (t(15) = 3.69,
p = 0.002) and between DG and CA1 (t(15) = 2.59, p = 0.02).

N = 16 SSTCre mice except where specified. Paired t tests when the test statistic given is t and
Wilcoxon matched pairs signed rank test when the test statistic given is Z. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Error bars are mean + SEM.
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Figure 3.6. Properties of SWRs during SST* interneuron suppression. Related to Figure 3.
(A,B) SWR frequency activity (A) mean (Z = 1.24, p =0.2) and (B) SD (t(15) = 0.66, p = 0.5).
(C) SWR rate with chains of SWRs excluded (Z = 2.38, p = 0.02).

(D) SWR instantaneous frequency in CA3 (t(15) = 0.88, p = 0.4).

(E,F) SG frequency activity (E) mean in CA1 (t(15) = 1.8, p = 0.09), CA3 (t(15) = 0.6, p = 0.6),
and DG (t(15) = 0.1, p =0.94) and (F) SD in CA1 (t(15) = 0.1, p=0.96), CA3 (Z=1.4,p =0.16),
and DG (t(15) = 1.4, p = 0.19) during prolonged immobility.

(G) Instantaneous frequency during SWRs of SG in CA1 (t(15) = 1.6, p = 0.14), CA3 (t(15) = 0.3,
p=0.8),and DG (Z=0.9, p=0.4).

N = 16 SSTCre mice. Paired t tests when the test statistic given is t and Wilcoxon matched pairs
signed rank test when the test statistic given is Z. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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Lastly, we assessed the effect of suppressing both interneuron populations simultaneously
in PVCre/SSTCre mice. All SWR features changed in the same magnitude and direction as
suppressing PV* interneurons alone, with the exception of SG coherence during SWRs (Fig. 3.7).
This suggests that many of these SWR features may either be dominated by somatic inhibition or
that SST* interneurons may affect these features through inhibiting PV* interneurons. SG
coherence in contrast may be driven primarily by dendritic inhibition.

To assess the robustness of these effects, we assessed both males and females, since
females have more DG interneurons than males at this age®®. Males had higher SWR rates and
slower SG frequency in CA1 and CA3 than females during vehicle treatment epochs (Table 3.1),
but there were otherwise no sex differences on SWR features. The effect of suppressing
interneurons was in the same direction and magnitude in both sexes on most SWR features (Table
3.2). Interestingly, suppressing SST* interneurons decreased CA1 SG power and MUA during
SWRs in females, but modestly increased it in males, leading to no effect on average. In sum, SST*
interneuron modulation of CA1 engagement during SWRs is bidirectional in a sex-dependent
manner. Finally, to control for possible off-target effects of CNO, we treated mice injected with
an empty vector as a control and observed no differences between vehicle and CNO treated epochs

(Fig. 3.7).
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Figure 4.7. Suppressing both PV* and SST™ interneurons increases CA3 coupling onto CA1l
during SWRs.

(A) SWR rate (PVCre/SSTCre (P/S): t(12) = 3.3, p = 0.006; Empty Vector (EV): t(7) =0.39, p =
0.7).

(B) SWR rate before and after each trial of active place avoidance learning (P/S: Z=1.18,p=0.2,
n =7 mice; EV: t(7) = 2.41, p = 0.047, n = 8 mice).

(C) Percent of SWRs following another SWR within 200 ms (P/S: t(12) = 0.6, p=0.5; EV: t(7) =
0.1, p=0.9).

(D) Fast ripple rate (P/S: Z=2.67, p =0.008; EV: Z=1.46, p=0.1).

(E-G) Normalized recruitment to SWRs of multi-unit activity in (E) CA1 (P/S: t(12) =3.22,p =
0.007; EV: t(7) = 0.1, p = 0.9), (F) CA3 (P/S: t(12) = 4.42, p = 0.0008; EV: t(7) = 0.3, p = 0.8),
and (G) DG (P/S: Z=3.11, p=0.002; EV: t(7) = 0.5, p = 0.7).

(H) SWR size (P/S: t(12) = 4.88, p = 0.0004; EV: t(7) = 0.7, p=0.5).

(1-J) SWR instantaneous frequency in (I) CA1 (P/S: t(12) = 3.4, p = 0.005; EV: t(7) = 0.4, p =
0.7) and (J) CA3 (P/S: t(12) =4.17,p=0.001; EV: Z2=0.3, p =0.8).

(K) SWR cycle length (P/S: t1(12) = 0.9, p=0.4; EV: t(7) = 0.6, p = 0.6).

(L) SWR temporal length (P/S: t(12) = 4.01, p = 0.002; t(7) = 0.5, p = 0.6).

(M) Sharp wave amplitude (P/S: t(12) = 5.32, p = 0.0002; EV: t(7) = 0.8, p = 0.5).

(N-P) Normalized SG power during SWRs in (N) CA1 (P/S: Z=3.11, p=0.002; EV: t(7) = 1.7,
p=0.1), (O) CA3 (P/S: Z=2.83, p =0.005; EV: t(7) = 2.35, p = 0.051), and (P) DG (P/S: t(12) =
3.4,p=0.005; EV:t(7) = 1.6, p=0.2).

(Q,R) Increase during SWRs of SG frequency band coherence (Q) between CA3 and CA1 (P/S:
t(12) =2.48, p=0.03; EV: t(7) = 0.9, p = 0.4) and (R) between DG and CALl (P/S: t(12) = 2.46, p
=0.03; EV: t(7) = 2.1, p = 0.08).

N =16 PVCre, 16 SSTCre, and 13 PVCre/SSTCre (P/S) mice injected with hM4D vector, except
where specified. N =8 PVCre, SSTCre, and PVCre/SSTCre mice injected with empty vector (EV),
except where specified. Paired t tests when the test statistic given is t and Wilcoxon matched pairs
signed rank test when the test statistic given is Z. Details for PVCre and SSTCre statistical tests in
legends for Figures 2 and 3, respectively. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Error bars are mean + SEM.
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Table 3.1. Sex differences across all mice in vehicle-treated epochs.

Feature Fmean | M mean | statistic |df | test
(n=26) | (n=27) value

SWR Rate (Hz) 0.3 034 |t 51| 2.23| 0.03
SWR Proportion in Chains (Hz) 15.42 16.24 |t 51| 0.73| 0.47
SWR Post-Pre (Hz) 0.41 0.37 | t 26 | 1.05 0.3
Fast Ripple Rate (Hz) 0.02 011 | Z NA | 1.84| 0.07
CA1 MUA during SWRs (Z-score) 1.86 1.85 |t 51| 0.04| 0.96
CA3 MUA during SWRs (Z-score) 1.24 119 | Z NA | 028 | 0.78
DG MUA during SWRs (Z-score) 0.85 082 | Z NA | 0.09| 0.99
SWR Size (SD) 5.66 547 | t 51| 1.33| 0.19
SWR Freq. (Hz) 155.08 | 154.64 |t 51| 04| 0.69
CA3 SWR Freq. (Hz) 154.52 153.7 | t 51| 07| 048
SWR Len. (cycles) 13.65 1417 | t 51| 1.43| 0.16
SWR Len. (ms) 97.22 97.99 | t 51| 0.32| 0.75
Sharp Wave Amplitude (uV) 355.68 | 416.26 | Welch'st | 40| 1.77 | 0.08
CA1 SG Mean (uV) 110.7 | 131.09 |t 51| 1.23| 0.22
CA3 SG Mean (uV) 112 | 133.79 |t 51| 1.19| 0.24
DG SG Mean (uV) 132.15| 138.07 | Z NA | 0.77| 0.44
CA1 SG SD (uV) 137.01 | 14985 |Z NA | 1.02| 0.31
CA3 SG SD (uV) 304.05| 349.39 |z NA | 152| 0.13
DG SG SD (uV) 292.65 3518 | Z NA | 1.68| 0.09
CAL SG Power (Z-score) 1.07 1.06 |t 51| 0.15| 0.88
CA3 SG Power (Z-score) 0.77 08|t 51| 0.49| 0.62
DG SG Power (Z-score) 0.52 0.58 |t 51| 1.13| 0.26
CAL SG Freq. (Hz) 41.67 41172 NA | 22| 0.03
CA3 SG Freq. (Hz) 42.62 4201 | Z NA | 2.23| 0.03
DG SG Freq. (Hz) 43.02 42.75 | Z NA | 085 04
CA1-CA3 Delta Coherence 0.01 001z NA 04| 0.69
CAL1-DG Delta Coherence 0.01 0.01 |t 51| 0.59| 0.55

Paired t tests when the test statistic given is t and Wilcoxon matched pairs signed rank test when
the test statistic given is Z. Significant comparisons are bolded. N = 15 females and n = 13 males

for SWR Post-Pre.
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Table 3.2. Effects of PV* and/or SST* suppression stratified by sex.

PVCre Fmean | M mean | statistic |df |test
(n=9) (n=7) value
SWR Rate (Hz) 0.04 0.05 |t 14| 054 0.6
SWR Proportion in Chains (Hz) -0.26 -1.05 |t 14| 0.76 | 0.46
SWR Post-Pre (Hz) -0.008 -0.02 | t 5| 0.64| 055
Fast Ripple Rate (Hz) 0.18 019 |z NA 0 1
CA1 MUA during SWRs (Z-score) 0.12 0.38 |t 14| 168 | 0.11
CA3 MUA during SWRs (Z-score) 0.2 0.28 |t 14| 059 | 0.57
DG MUA during SWRs (Z-score) 0.21 011 |t 14 14| 0.18
SWR Size (SD) -0.37 -0.33 |t 14| 0.19| 0.85
SWR Freq. (Hz) 3.36 4.67 |t 14| 0.89| 0.39
CA3 SWR Freq. (Hz) -1.54 -0.7 | t 14| 1.01| 0.33
SWR Len. (cycles) -0.02 042 |t 14| 143 | 0.18
SWR Len. (ms) -3.6 -3.64 | t 14| 0.02 | 0.99
Sharp Wave Amplitude (uV) 43.11 46.73 | t 14| 037 | 0.72
CA1 SG Mean (uV) 21.15 14.15 | t 14| 0.76 | 0.46
CA3 SG Mean (uV) 104.3| 13543 |Z NA | 095| 0.34
DG SG Mean (uV) 4.64 6.27 | t 14| 0.22| 0.83
CA1 SG SD (uV) 85.63 99.79 | t 14| 029 | 0.77
CA3 SG SD (uV) 1.4 458 |t 14| 035| 0.73
DG SG SD (uV) 110.01 | 103.88 |t 14| 0.09| 0.93
CAL SG Power (Z-score) 0.99 0.99 |t 14| 0.01| 0.99
CA3 SG Power (Z-score) 0.35 046 | Z NA | 1.16| 0.24
DG SG Power (Z-score) 0.2 0.27 |t 14| 047 | 0.65
CAL1 SG Freq. (Hz) -0.16 -0.1 |t 14| 0.09| 0.93
CA3 SG Freq. (Hz) -0.14 0392z NA | 032] 0.75
DG SG Freq. (Hz) -0.35 -1.03 | Z NA | 0.11] 0.92
CA1-CA3 Delta Coherence 0 Ot 14| 038 | 0.71
CAL1-DG Delta Coherence 0.01 Ot 14| 1.34 0.2
SSTCre Fmean | Mmean | statistic |df |test
(n=5) |(n=11) value

SWR Rate (Hz) -0.05 -0.03 | t 14| 06| 056
SWR Proportion in Chains (Hz) -3.21 -2.26 | t 14| 1.05| 0.31
SWR Post-Pre (Hz) 0.04 0.09 |t 4| -08| 047
Fast Ripple Rate (Hz) 0 -0.14 | Z NA | 093] 0.35
CA1 MUA during SWRs (Z-score) -0.34 017 | Z NA | 2.15| 0.03
CA3 MUA during SWRs (Z-score) 0.23 021t 14| 0.19| 0.85
DG MUA during SWRs (Z-score) 0.26 011t 14| 139 | 0.18
SWR Size (SD) -0.2 0.17 | t 14| 1.47| 0.16
SWR Freq. (Hz) -4.25 -0.86 | Welch'st | 4.25| 1.41| 0.23
CA3 SWR Freq. (Hz) -1.34 0.03 |t 14| 146 | 0.17
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SSTCre (contd) Fmean | M mean |statistic |df | test
(n=5) (n=11) value
SWR Len. (cycles) 1.37 0.56 | Welch'st | 4.32 | 1.01| 0.37
SWR Len. (ms) 15.88 449 | Z NA 1.7 0.09
Sharp Wave Amplitude (uV) 0.51 5.53 |t 14| 031| 0.76
CA1 SG Mean (uV) 8.7 1047 | Z NA | 1.02| 031
CA3 SG Mean (uV) 6.17 2.34 | Z NA | 0.68 0.5
DG SG Mean (1V) 6.86 094 |z NA | 1.36| 0.17
CA1 SG SD (uV) 33.05 16.87 | Z NA | 1.02| 031
CA3 SG SD (uV) 6.35 417 |t 14| 0.41] 0.69
DG SG SD (uV) 31.79 24.74 | Z NA 0 1
CAL1 SG Power (Z-score) -0.21 0.26 | Z NA | 261| 0.01
CA3 SG Power (Z-score) -0.06 0.24 |t 14| 172 0.11
DG SG Power (Z-score) 0.03 022 |t 14| 138 | 0.19
CAL1 SG Freq. (Hz) -0.16 -0.1 |t 14| 0.09| 0.93
CA3 SG Freq. (Hz) -0.14 039 |z NA | 032] 0.75
DG SG Freq. (Hz) -0.35 -1.03 |z NA | 0.11] 0.92
CA1-CA3 Delta Coherence -0.02 -0.01 |t 14| 1.33 0.2
CA1-DG Delta Coherence -0.01 -0.01 |t 14| 0.68| 051
PVCre/SSTCre Fmean | M mean | statistic |df |test
(n=28) (n=5) value

SWR Rate (Hz) 0.03 0.06 |t 11| 1.28| 0.23
SWR Proportion in Chains (Hz) -0.93 -045 |z NA | 0.22| 0.83
SWR Post-Pre (Hz) -0.005 0.06 |t 5| 17| 015
Fast Ripple Rate (Hz) 0.16 004 |z NA | 059 | 0.55
CA1 MUA during SWRs (Z-score) 0.42 03|z NA | 081| 042
CA3 MUA during SWRs (Z-score) 0.43 033 |t 11| 0.54 0.6
DG MUA during SWRs (Z-score) 0.41 0.28 |t 11| 0.83| 0.43
SWR Size (SD) -0.35 -0.59 | t 11| 1.28| 0.23
SWR Freq. (Hz) 5.16 2672 NA | 095] 0.34
CA3 SWR Freq. (Hz) -1.49 -2.07 | t 11| 067 | 0.52
SWR Len. (cycles) 0.55 -0.24 | t 11| 141| 0.19
SWR Len. (ms) -6.02 -3.99 | t 11| 0.74| 047
Sharp Wave Amplitude (uV) 55.92 4415 | t 11| 058 | 0.58
CA1 SG Mean (uV) 22.43 3471 | t 11| 0.83| 0.43
CA3 SG Mean (uV) 110.54 9046 | Z NA | 022 | 0.83
DG SG Mean (uV) 24.05 16.3 | t 11| 0.63| 0.54
CA1 SG SD (uV) 95.62 8347 |z NA | 0.07| 0.94
CA3 SG SD (uV) 38.03 40.25 | t 11| 0.07| 0.94
DG SG SD (uV) 132,96 | 14932 | Z NA | 0.22| 0.83
CAL1 SG Power (Z-score) 1.21 1.02 | t 11| 046 | 0.65
CA3 SG Power (Z-score) 0.67 0.38 |t 11| 1.07| 0.31
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PVCre/SSTCre (contd) Fmean | M mean |statistic |df | test
(n=8) (n=5) value

DG SG Power (Z-score) 0.46 023 |t 11| 1.02| 0.33
CA1 SG Freq. (Hz) 0.37 0.42 |t 11| 0.08| 0.93
CA3 SG Freq. (Hz) -0.26 0212z NA | 095| 0.34
DG SG Freq. (Hz) -0.56 0.14 | t 11| 066 | 0.52
CA1-CA3 Delta Coherence -0.01 -0.02 |z NA 11| 0.27
CA1-DG Delta Coherence -0.01 -001|z NA | 0.37| 0.71

Paired t tests when the test statistic given is t and Wilcoxon matched pairs signed rank test when
the test statistic given is Z. Significant comparisons are bolded. For SWR Post-Pre, PVCre: n = 4
females, n = 3 males; SSTCre: n = 2 females, n = 4 males; PVCre/SSTCre: n = 5 females, n = 2

males.

154




Discussion

Our findings support PV* and SST* interneurons in CA3 and DG as modulators of internal and
external input to the hippocampus, respectively. Suppressing PV* interneurons lead to SWR
modulation that matched increasing CA3 drive to CAl: SWR had higher incidence, faster
frequency, and greater amplitude of coincident sharp waves and slow gamma®*54+-%7_ Suppressing
SST™ interneurons had largely opposite effects, though slow gamma coherence was modulated
while sharp wave and slow gamma power was not. Overall, interneuron suppression modulated
multiple facets of SWRs, and these changes held in both cohorts and both sexes.

These SWR features changes could have the direct functional consequences. For instance,
suppressing PV* interneurons abolished SWR rate increase following learning, which may impair
consolidation of task-relevant memories®®®° and may be caused by excessive CA3 drive preventing
EC inputs from engaging the network to encode task-relevant information. Suppressing SST*
interneurons increased SWR length, which may increase the underlying length of the underlying
replay trajectory and improve working memory’® and could be due to increased EC input, as EC
activity increases prior to long SWRs®. Chains of SWRs may be replays of extended trajectories,
which require ECIII input to CA1 during awake immobility, but not sleep®. Our findings support
the role of CA3 input to CAL for extended replays during sleep. Finally, fast ripples are an epileptic
signature that can result from reduced GABAA-mediated inhibition converting SWRs to fast
ripples’*"? which can disrupt normal encoding’®. Here, we find that disrupting PV* interneuron-
mediated inhibition in CA3 and DG can induce fast ripples, but disrupting SST* interneuron-
mediated inhibition cannot.

Previous studies altering PV" interneurons in CAL shed light on how these interneurons

play a different role than those in CA3 and DG. Suppressing CA1 PV* interneurons has no effect
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in SWR incidence in vivo®®®"®, but does abolish learning-induced SWR rate increases®. This
manipulation decreases SWR cycle length, but does not change SWR frequency®’. In contrast, a
computational model of somatic-targeting interneurons and pyramidal cells in CAl found that
increasing input strength to these interneurons increased SWR frequency’. Reducing excitatory
input to CA1 PV* interneurons has been shown to reduce or increase SWR amplitude depending
on the method’ '8, but suppressing these interneurons has no effect®®%, Genetic or computational
reduction of excitation onto CA1 PV* interneurons increases ensemble spiking during SWRs®">,
Blocking CA1 somatic inhibition in vivo and in silico leads to fast ripple generation®:®’. Therefore,
CA1 SWR rate, size, and frequency may be driven by CA3 independent of CA1 PV™ interneurons,
while increased CAL pyramidal cell engagement and conversion to fast ripples may be broader
phenomenon which can be modulated by any PV* interneuron population.

Somatic inhibition in CA1 is required for SWRs. Somatic IPSCs onto CA1 pyramidal
cells®”®” and CA1 PV* interneuron firing’’ are phase locked to SWRs. Rhythmic CA1 somatic
inhibition paces ripple frequency activity in CA15"¢7. Disrupting this inhibition reduces sharp
wave amplitude, SWR energy, and multi-unit recruitment during SWRs and decouples pyramidal
cell firing from phase-locking to SWRs®%"87°, However, since SWRs require transient increase in
excitation over inhibition® and driving CA1 inhibition during SWRs can disrupt them®?,
decreasing somatic inhibition may provide windows of increased excitability leading to more
SWRs.

We observed a strong positive modulation of SWR-coincident SG power throughout the
hippocampus by PV* interneurons. Several lines of evidence support PV* interneurons as the main
driver of slow gamma frequency rhythms®, but these studies would support the finding of SG

power being abolished upon PV interneuron suppression. Importantly, however, most studies of

156



PV™ cell contribution to CA3-driven gamma has been during carbachol-induced gamma rhythms
in ex vivo hippocampal sections generation®384, Given our findings, SWR-coincident SG may be
driven by a combination of increased CA3 drive and disinhibition or feedforward drive of local
non-PV* interneurons, which may contribute to coordination with cortical areas during SWRs*°.

While PV* interneurons appear to regulate SG power during SWRs, SST™ interneurons
orchestrate the coordination of this oscillation between subregions. A computational model
demonstrated that O-LM cells firing at theta frequency can generate coherent slow gamma
oscillations across distant CA3 cell assemblies®® due to the extensive arborization of O-LM cells
along the longitudinal axis of the hippocampus®. The authors hypothesized that since HIPP cells
have similar innervation extents®, this model could predict how gamma coherence along the
longitudinal axis of the dentate gyrus is achieved?>®. If slow gamma coherence is regulated in the
same way during SWRs as during theta, this fits with our findings that CA3 and DG SST*
interneurons are indispensable for SG coherence. SST+ cells furthermore project to contralateral
hippocampus in the same subregion®’, which may help coordinate SG coherence across
hemispheres as well. Overall, this may lead to more accurate underlying replay®*.

CA1 SST* O-LM cells facilitate CA3 inputs by inhibiting feedforward inhibition from
Schaffer collaterals while simultaneously reducing inputs from EC onto CA1 pyramidal cells by
inhibiting pyramidal dendrites in the laconusum-moleculare®8°. This would suggest O-LM cells
are recruited to switch the network from retrieving or consolidating more remote associations to
encoding current associations. CAL bistratified cells similarly inhibit EC input to gate irrelevant
inputs and enable encoding of relevant sensory cues during learning®. In contrast, suppression of
O-LM cells during object memory encoding enhances retrieval performance®; under this

paradigm, suppressing SST+ interneurons may ungate relevant EC inputs to improve performance.
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Since suppressing CA3 and DG SST™ interneurons leads to decreased CA3 coupling to CA1, this
suggests SST* interneurons may broadly be recruited to drive the network towards internal inputs
and consolidation.

We observed the same effects when suppressing PV*® and SST' interneurons
simultaneously as when suppressing PV* cells alone. In line with these findings, genetically
ablating AMPA currents to all hippocampal interneurons increases SWR rate, frequency, and CA1
pyramidal cell engagement®. This may be due to disinhibition. In CA1, SST* O-LM cells inhibit
PV* cells, suppressing feedforward inhibition from CA3%8%9 |n DG, this disinhibitory circuit
alters the discharge probability and temporal precision of the PV* interneuron targets®. It is
therefore possible that many of the effects observed when suppressing SST+ interneurons were
due to disinhibition of PV+ interneurons.

There is, of course, much variation within interneuron subtypes®, and so this Cre-driven
approach dissected two cell types which may each represent several subtypes. Each of these
subtypes has different connectivity, oscillatory phase preference, inputs, and membrane
properties®. However, PV* interneuron classes broadly are more similar to each other than to SST*
interneuron classes. One group of cells cannot be dissected with this approach: PV and SST co-
expressing cells®®, which comprise up to 30% and 5% of all PV* or SST* cells in CA3 and DG,
respectively. Future work using intersectional approaches could determine how this specific class
modulates EC and CA3 inputs.

Our findings support PV* and SST™ interneurons bidirectionally modulating SWRs by
controlling CA3 drive to CAL. A second possible mechanism is through regulating responses to
EC up and down states. SWRs are temporally coordinated with down to up state transitions® %,

which may provide a substrate for hippocampal-cortical communication during learning®®%. In
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cortex, PV* and SST™ interneurons increase their firing rates in down and up states, respectively.
PV*and SST" interneurons may differentially regulate hippocampal responses to these changes in
cortical input to DG during sleep®, thus regulating SWRs. A third option is through regulating
medial septum (MS) inputs. CA1 SST™ cells form reciprocal connections onto GABAergic cells
in the MS%0-1% and recent work has shown DG SST* interneurons project to MS as well*?”. One
specific class of MS GABAergic cells inhibit CA3 PV* axo-axonic cells during the sharp wave,
which may be necessary for sharp wave initiation®; this could explain why suppressing CA3 PV*
interneurons led to larger sharp waves. However, most MS GABAergic cells projecting to CA3
and DG and are suppressed during SWRs!%®1t, Moreover, an inhibitory network model was able
to generate SWRs when MS inhibition was removed*2. Therefore, SST* cells may regulate MS
activity during SWRs, and their suppression could lead to increased nonspecific input from
GABAEergic septohippocampal neurons, which might reduce SWRs.

Myriad studies in cortex have shown PV* and SST™ interneurons have distinct and often
bidirectional roles. Specifically, this is found in tuning''>!** beta and theta frequency activity*>,
stimulus-induced gamma rhythms!®7  slow waves and spindlest®'?°, NREM*® reward
encoding'?!, and working memory'?2123, Here, we observe that these cells can bidirectionally
modulate oscillations in the hippocampus as well.

SST* interneurons in the DG are specifically lost in Alzheimer’s disease and normal aging
models, and the extent of their loss correlates with memory impairments'?4125, These models show
reduced SWR rate, frequency, and coincident SG power®®6%126-130 and the extent of these
impairments predicts memory deficits'®'. Suppression of CA3 and DG SST* interneurons in
induces similar effects, thus it is possible that loss of these interneurons is directly responsible for

SWR alterations in pathological and normal aging and related memory deficits.
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We propose that PV* and SST* interneurons in CA3 and DG may modulate the switch
between internal and external drive to the hippocampus, with PV* interneurons suppressing CA3
drive and SST* interneurons suppressing EC drive. A recent study found that a subset of CA1 PV*
and SST* interneurons increase their firing at locomotion cessation, and hypothesized that they
may facilitate the transition from theta oscillations driven by external inputs during movement to

large irregular activity driven by internal inputs during immobility*32

. Our findings support this
hypothesis and further suggest that interneurons may facilitate this network transition without a

behavioral transition.
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CONCLUSION AND FUTURE DIRECTIONS

Hippocampal oscillatory activity in the context of Alzheimer's disease (AD) is a unique window
into the pathology of the hippocampal circuit. The hippocampi of AD patients and AD models are
hyperactive, which may be the result of increased excitability of pyramidal and granule cells or
decreased function of inhibitory interneurons. This hyperactivity has direct functional
consequences. As gain control on inputs is lost, the network is hyper-responsive to all inputs and
thus is unable to accurate discriminate between those which are relevant or irrelevant. In addition,
loss of inhibitory function leads to an inability to generate and maintain oscillations. This
oscillatory activity spreads information between regions of the brain and organizes encoding,
retrieval, and consolidation of memories.

In the hippocampus, this pathology can be measured by assessing oscillatory activity.
Incidence of sharp-wave ripples (SWRs) — an oscillation which organizes consolidation of
memories — is reduced in AD models. This deficit is not rescued by removing pathological proteins
from interneurons, suggesting this phenotype may be the result of increased pyramidal cell
excitability which might convert SWRs into their pathological counterpart, fast ripples. The extent
of SWR loss has the direct functional consequence of reducing spatial learning speed, as SWR rate
deficit in apolipoprotein (apo) E4 knock-in (KI) mice predicts early learning in the Morris water
maze. AD models also have a reduction of slow gamma (SG) power during SWRs, which is likely
the result of interneuron loss. This deficit in CA3 — the predicted driver of SG durings SWRs —
can predict memory precision impairments and moreover can predict learning speed impairments
over 10 months before cognitive impairment is detected. This would suggest that AD model mice
have CA3 pathology which manifests as a reduction of CA3 SG power during SWRs at a young

age and progresses to an inability to generate SWRs in aged animals.
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However, many questions remain. First, future work should investigate the molecular
mechanism by which apoE4 expression induces SWR impairments. In particular, SWRs may be
supplanted by fast ripples, their pathological equivalent. Since fast ripples are found in epileptic
patients and models and apoE4 increases epilepsy risk regardless of AD status, it is possible that
fast ripples may hijack the normal circuitry of SWRs and thus reduce normal consolidation.
Second, apoE4 carriers and apoE4-KI mice are highly variable across the population, but the
populations studied are often too small to detect the genetic or epigenetic differences which protect
some apoE4 carriers from AD. Additional experiments could also use SWR deficits at young ages
to idenfity which apoE4 mice might be susceptible or resistant to developing cognitive decline.
These mice could then be bred to enrich susceptibility or resistance and thus enrich for the genetic
or epigenetic changes that might prove to be protective against AD. Finally, in order for SWRs to
be a viable biomarker for future AD risk, these experiments should be repeated in other models of
AD and a SWR deficit should be confirmed in apoE4 carriers using noninvasive techniques.

How this loss of GABAergic interneurons manifests as SWR pathology can further be
dissected by examining the normal function of these interneurons. Parvalbumin-expressing (PV*)
and somatostatin-expressing (SST*) interneurons in the CA3 and dentate gyrus (DG) are uniquely
positioned to gate input from CA3 and entorhinal cortex (EC). Increasing drive from CA3
manifests as increased SWR and SG activity, while increasing drive from EC manifests as
increased fast gamma activity. PV* interneurons participate in feedforward inhibition driven by
EC and target the soma, thus are positioned to decrease drive from CA3. In contrast, SST*
interneurons participate in feedback inhibition driven by local principal cell inputs and target distal
apical dendrites at the level of EC inputs, thus are positioned to reduce drive from EC. Inhibiting

PV* interneurons caused the circuit to generate greater CA3 drive, as measured by increased SWR
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rate, SWR frequency, sharp wave amplitude, and coincident SG power throughout the circuit. In
contrast, inhibiting SST* interneurons caused decreased CA3 drive, inverting many of the effects
of PV* suppression while also decreasing the probability of SWR bursts, increasing SWR length,
and decreasing SWR-coincident SG coherence throughout the circuit. Since SST* interneurons
also target PV* interneurons, it is unsurprising that suppressing both cell types simultaneously
caused similar effects as suppressing PV™ interneurons alone. Therefore, these two interneuron
subtypes in CA3 and DG may play opposing roles in regulating the transition between internal
drive — consolidation of previous experiences — and external drive - encoding of new experiences
— to the hippocampus.

Future experiments should test these findings by examining how these interneurons
modulate input strength from temporammonic and Schaffer collateral inputs by measuring
excitatory field potentials (FEPSPs). Future work might also test whether this bidirectional
modulation occurs when driving rather than suppressing these interneurons, and the effect of
manipulating these cells specifically during key network or behavioral states — for instance, only
at decision points in a task, only during SWRs, or only when fast gamma power is high. Finally,
the role of disinhibition should further be explored. Our results support SST* interneuron inhibition
of PV* interneurons as a potential driver of network transitions, but another population of
interneurons — vasoactive intestinal polypeptide-expressing (VIP) interneurons — inhibit both.
Disinhibition plays a major role in cortical responses to input and may also do so in the
hippocampus.

SWR pathologies observed in normal and AD pathological aging model mice - decreased
SWR incidence, SWR frequency, and SWR-coincident SG - were observed when suppressing

SST* interneurons, which are specifically lost in these mice. This suggests that loss of these
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interneurons may directly affect SWRs in these models by aberrantly increasing drive from EC at
the expense of CA3, leading to a lack of consolidation. These findings overall suggest that driving
the activity of remaining SST* interneurons or supplanting SST* interneuronal innervation in CA3
and DG may be beneficial for improving hippocampal oscillatory activity related to memory
consolidation in AD models and perhaps patients. This might translate into a reduction in cognitive
decline.

In conclusions, SWRs provide a way to assess hippocampal network pathology and a way
to measure gating of CA3 and EC inputs by GABAergic interneurons. This pathology — as assessed
by SWR incidence and coincident SG power in CA3 — predicts memory impairments in an AD
model, suggesting a potential mechanism for these impairments and a potential measurement to
assess the functional efficacy of therapeutics, including those targeted at prodromal AD. Since the
same hippocampal interneuron subtype lost in AD modulates SWR activity, SST* interneurons

may provide a potential target for these therapeutics.
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