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Abstract

Sleep is thought to be a critical regulator of neural circuitry during
neurodevelopment. Under conditions where postnatal neurodevelopment is modified -
either by altered sensory experience, or in the context of genetically-mediated
neurodevelopmental disorders - sleep is commonly altered or disrupted. However, the
precise role sleep plays in promoting brain plasticity is still unknown, and it is unclear
whether normalizing sleep could help normalize brain functions in atypical
neurodevelopment. My dissertation work addresses this gap, by measuring how sleep
loss affects recovery of disrupted visual cortex function in a mouse model of amblyopia
(a form of vision loss caused by altered experience during postnatal development) and
testing how normalizing sleep behavior affects memory disruptions in a model of Fragile
X syndrome (FXS; a genetic disorder). My electrophysiological, behavioral, and molecular
data suggest that sleep not only is critical for recovery mechanisms in disrupted
neurodevelopment, but is also a useful target for therapeutic intervention.

The first part of this dissertation (Chapter 2) examines the relationship between
sleep and recovery of disrupted cortical dynamics in early neurodevelopment. Here, |
examined the relative impacts of visual experience and sleep on recovery of cortical visual
responses in a mouse model of amblyopia. Using monocular deprivation (MD) to disrupt
vision for one eye during early postnatal development, we used in vivo single-unit

recordings and immunohistochemistry (IHC) to measure how binocular and monocular

XixX



visual experience influenced recovery of deprived eye responses after MD. We found that
binocular experience during recovery from MD vastly improved restoration of visual
responses to the deprived eye. Furthermore, this recovery was dependent on sleep.
Together, both binocular visual experience and subsequent sleep could be important
factors mediating recovery of visual cortical responses in amblyopia.

The second part of this dissertation assesses the intersection of sleep and
recovery of hippocampal-cognitive dysfunction in neurodevelopmental disorders. Here, |
tested how a novel hypnotic, ML297, which acts via activation of G-protein inward
rectifying potassium (GIRK) channels can rescue sleep loss and subsequent memory
consolidation in a mouse model of FXS. First (Chapter 3), using C57BL/6 mice, we
determined how ML297 affects memory consolidation using EEG/EMG recordings,
contextual fear conditioning and IHC. We found that ML297 reversed reductions in NREM
and REM spectral power, along with REM sleep amount and led to improved contextual
fear memory. In a second study using Fmr1-% mice (Chapter 4), we characterized sleep
architecture and oscillatory activity for the first time in the FXS mouse model. We found
deficits in NREM sleep architecture, spectral power, and inter-cortical coherence that
were restored with ML297. Restoration of sleep via ML297 also showed improved
cognition via fear learning and spatial memory tasks. Lastly, we found hippocampal
activation patterns associated with memory formation change with ML297 to facilitate
improved cognition. Overall, rescue of abnormal sleep could help with cognitive
dysfunction in FXS and possibly other neurodevelopment disorders.

Together, these findings enlighten us on the contributions of sleep to cortical

development and hippocampal cognition in the context of neurodevelopment. While both

XX



have been extensively measured in past studies, the role of sleep remains vastly
understudied. Further research into the underlying mechanisms by which sleep facilities
recovery in these domains may lead to future and targeted therapeutic intervention for
the diverse number of developmental and neurological disorders where sleep loss

impacts plasticity and cognition.
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Chapter 1 : Introduction

1.1 : Neurobiology of sleep

Sleep states are evolutionarily-conserved behaviors that can be seen in diverse
organisms from invertebrates such as honeybees and cuttlefish to vertebrates such as
fish, birds, and mammals. Sleep is a natural and reversible state, characterized by
reduced responsiveness to external stimuli, increased arousal thresholds, and relative
inactivity, with occurrence regulated by both circadian and homeostatic mechanisms -3,
These two regulatory processes controlling sleep timing are known as Process S
(homeostatic) and Process C (circadian). Process S represents the homeostatic drive for
sleep, where pressure to sleep accumulates over the course of extended wakefulness
(across the light period in diurnal species such as humans), peaks before an individual’s
bedtime, and reduces over the course of the night during sleep %6. Process C refers to
mechanisms by which sleep is regulated by time cues such as environmental light, as
well as an intrinsic, near-24-h timekeeping mechanism that promotes alertness and
wakefulness. In diurnal mammals such as humans, arousal signals mediated by Process
C counteract increased propensity to sleep over the course of the day caused by Process
S. Cues such as light promote wakefulness across the day via the suprachiasmatic nuclei
(SCN) of the hypothalamus, which sends projections to wake-promoting brain structures
710 The study of sleep in vertebrate species expanded with the development of the

electroencephalogram (EEG), which allows for differentiation of distinct sleep states.



Specific EEG oscillation patterns (along with phenomenological features like eye
movements, muscular atonia, and vivid dreaming) can be used to classify sleep into two
different distinct states: rapid eye movement (REM) sleep and non-REM (NREM) sleep
1.3, which alternate cyclically over a period of sleep (in mammals and a few other species).
When EEG is coupled with electromyography (EMG, recording of skeletal muscle
activity), EEG/EMG recordings can provide a basic understanding of sleep-wake cycles

across a diverse number of animal species such as rodents and humans -3,

1.1.1 : Sleep states: NREM sleep

Humans sleep is typically composed of multiple, overnight cycles of NREM and
REM stages, with each cycle lasting an average of 90 minutes. NREM sleep makes up
the larger portion of the sleep cycle and is comprised of three stages: stages 1 and 2
(light and intermediate NREM sleep) and stage 3 (deep NREM sleep) (Figure 1.1) "2,
Stage 2 is characterized by the emergence of thalamocortical sleep spindles (waxing and
waning 7-15 Hz oscillations) and K-complexes (high amplitude events) in the EEG. Stage
3 is also referred to as slow wave sleep (SWS), characterized by prominent, 0.5-4 Hz
thalamocortical oscillations known as delta rhythms. These lower-frequency oscillations
can coordinate other NREM EEG features including sleep spindles and hippocampal
sharp-wave ripples (SWRs; which include both a high amplitude sharp wave and
subsequent 150-250-Hz ripple oscillations) 415, Neuromodulators such as acetylcholine
(Ach), dopamine (DA), serotonin (5-HT), and norepinephrine (NE) are released at very
low levels (compared with release levels during wake) across the central nervous system

during NREM sleep '6-2°,
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Figure 1.1: Typical human sleep profile and sleep-related neural oscillations patterns

(A) Sleep cycles characterized by the cyclic occurrence of rapid-eye-movement (REM) sleep and non-REM sleep.
Non-REM sleep includes lighter sleep stages N1 and N2, followed by slow-wave sleep (SWS) corresponding to
N3 or deep sleep. The first part of the night (early sleep) is dominated by SWS, whereas REM sleep prevails during
the second half (late sleep). (B) Prominent electrical field potential oscillations during SWS are the neocortical slow
oscillations (0.5-4 Hz), thalamocortical spindles (waxing and waning activity between 10-15 Hz), and the
hippocampal sharp wave-ripples (SWR), i.e., fast depolarizing waves that are generated in CA3 and are
superimposed by high-frequency (100-300 Hz) ripple oscillation. REM sleep is characterized by ponto-
geniculooccipital (PGQO) waves, which are associated with intense bursts of synchronized activity propagating from
the pontine brain stem mainly to the lateral geniculate nucleus and visual cortex, and by theta (4—9 Hz) activity.
(C) Sleep is accompanied by changes in levels of different neurotransmitters and neuromodulators. Compared
with waking, cholinergic activity is low during SWS, whereas levels during REM sleep are similar or even higher
than those during wakefulness. A similar pattern is observed for the stress hormone cortisol. Aminergic activity is
high during waking, intermediate during SWS, and minimal during REM sleep. Adapted and modified from
Diekelmann and Born, 2010, Rash and Borne, 2013.



Delta rhythms and NREM spindles represent coordinated activity between neurons
in the neocortex and thalamus. Delta rhythms are generated in the thalamus, occur in a
synchronized manner across the neocortex during NREM sleep, and are most
pronounced in the EEG of frontal regions '42122, These oscillations are coupled with
slower oscillations in other regions such as the cerebellum and parahippocampal gyrus
23, Sleep spindles, which are most pronounced during Stage 2 sleep and at the transition
between NREM and REM sleep, are characterized by waxing and waning bursts of sigma
(7-15 Hz) frequency activity that are generated by the thalamic reticular nucleus (TRN)
24, The TRN contains a dense population of parvalbumin-expressing GABAergic
interneurons that is responsible for regulating communication between the neocortex and
thalamus in wakefulness as well as during sleep oscillations 2%, Fast thalamocortical
spindles generated by the TRN are temporally correlated with SWRs generated in the
hippocampus during deep NREM sleep 2831,

Multiple neurobiological features of NREM sleep are thought to promote memory
storage in the brain. Current data regarding further roles for NREM sleep highlight that
both the occurrence of, and the correspondence between, spindles and SWRs are
associated with memory processing 2-3'. The coordination of these rhythms together is
proposed to underlie the transfer of information between hippocampus and neocortical
circuits during declarative memory consolidation 32. Hippocampal SWRs and
thalamocortical spindles synchronize spike timing between the two circuits, which is
thought to promote long-term potentiation (LTP) of glutamatergic synapses between the
structures. Over time, this synaptic strengthening mechanism may mediate transfer of

memories from hippocampal circuits to long-term neocortical storage — a process referred



to as “systems consolidation” 33-35, Lastly, reduced Ach levels during NREM sleep are
thought to promote memory consolidation, again by increasing coordinated neuronal firing

dynamics between the hippocampus and neocortex 36-38,

1.1.2 : Sleep states: REM sleep

In contrast to the EEG patterns associated with NREM sleep, REM sleep is
characterized by faster neocortical activity, and hippocampal-generated rhythms in the 4-
9 Hz (theta) frequency band (Figure 1.1). These oscillations are similar to oscillatory
patterns found in neocortex and hippocampus during wakefulness 3%-4'. Other signature
features of REM sleep include the rapid eye movements (i.e. saccades) that give REM
sleep its name, muscular atonia (reduction in muscle tone), muscle twitches, and vivid
dreaming 4244 The regulation of REM sleep is not well understood, but current data
suggest that brain and environmental temperatures as well as stress levels have critical
roles in regulating total REM sleep amounts 4547,

In contrast to NREM sleep, Ach levels are high during REM sleep, with release
levels in hippocampus and neocortex even surpassing levels seen during wakefulness.
These changes in Ach levels have the capacity to reduce hippocampal-neocortical
communication established during NREM sleep, instead promoting cortico-cortical
communication 363748 Similar to NREM sleep, REM sleep is thought to have critical roles
in memory storage. Increased neuronal activity during post-learning REM sleep in the
hippocampus and amygdala suggest a role in emotional learning 4952, In human subjects,
occurrence of REM sleep is associated with retention of emotional aspects of learned

information and is associated with more emotional content in dreams 3359,



1.1.3 : Animal models and experimental sleep deprivation (SD) reveal functions of sleep

From an evolutionary perspective, sleep represents an exceptionally dangerous
behavior to engage in - i.e., an extensive period of reduced responsiveness to potential
threats, which displaces beneficial behaviors such as foraging for food. However, the
conservation of sleep among animal species strongly suggests that it must play an
adaptive role, increasing the overall fitness of organisms 359, Several possible functional
roles for sleep have been proposed, based on data from studies of sleep in model
organisms 8'. Rodents, for example, have been a pioneer model for studying the neural
circuitry involved in sleep and its possible related functions. Unlike humans, who tend to
constrain sleep to a single overnight period consisting of ~90-minute cycles (i.e.
monophasic sleep), rodents have polyphasic sleep, where a typical NREM -REM cycle
lasts around 10-15 minutes 6263, Data from rodent studies implicated sleep in numerous
biological processes including the removal of cellular waste from brain tissue, metabolism
regulation, and cell/tissue repair and/or growth %4-66. Based on data from studies using
experimental sleep deprivation (SD) in rodents, sleep also appears to affect synaptic
plasticity and various cognitive domains such as executive function, attention, and
memory 167

SD has also served as a classic experimental strategy to test the role of sleep on
memory. A landmark study by Jenkins and Dallenbach in the 1920s showed that human
subjects memorizing lists of nonsense syllables performed better at retention testing
when allowed to sleep over subsequent hours, compared with those kept awake '-68. Over
the ensuing decades, human studies using SD showed that sleep has critical roles in

storing a diverse range of memory subtypes including visual, verbal, social, and spatial



169,70 Similarly, consolidation of fear memories in visually-cued and contextual fear
conditioning tasks are disrupted by sleep deprivation following initial learning in mice 7*.72.
Disturbed sleep is frequently seen among individuals with disorders such as
schizophrenia, autism, anxiety disorders, and depression. The fact that these disorders
are associated with cognitive disruptions present in healthy subjects in the context of SD
(such as disrupted executive function, hallucinations, delusions, catatonia, paranoia, and
negative affect) suggests that sleep recovery could be impactful in treating these

conditions 12:27.73-76

1.2 : Sleep and developmentally-regulated visual cortex plasticity

During neurodevelopment, sensory experiences shape neural circuits in a way that
informs subsequent sensory processing — this represents a fundamental function of the
neocortex. These processes are initially guided by a combination of intracellular signaling
cascades, genetically-regulated programs, and spontaneous activity, as well as by
exposure to external sensory stimuli in early postnatal life. A well-studied example of this
is ocular dominance plasticity (ODP) in the visual system during a period of heightened

plasticity (or critical period) in early postnatal development 77-84,

1.2.1 : Ocular dominance plasticity (ODP)

ODP is a well-established model of sensory cortex plasticity first studied in the
kitten visual system during a period of early postnatal development — i.e., the critical
period. Here, extracellular neuronal recordings demonstrated that visual experience
influences the response properties within primary visual cortex (V1). In kittens and other

species with a wide field of binocular vision, the majority of V1 neurons have equal firing



responses for stimuli presented to either eye (i.e., a completely binocular response).
However, if vision in one eye was occluded during the critical period, a process known as
monocular deprivation (MD), neurons in V1 eventually will respond exclusively to visual
stimuli presented to spared eye 83. Synaptic and molecular mechanisms of ODP have
been evaluated in much greater detail in other model organisms including rodents, which
possess binocular zones in V1 (bV1) where neurons undergo ODP after a period of MD
during the critical period (Figure 1.2) 88 ODP follows a series of distinct stages in
response to MD. First, there is a depression of deprived eye (DE) responses, followed by
potentiation of spared eye (SE) responses 8. Depression of DE responses is mediated
by NMDA receptor activation, internalization of AMPA receptors, activation of protein
kinase A, and expression of immediate early genes such as Arc that regulate AMPA
receptor internalization #-°1. Similar to studies in cats and primates, over time, bV1
neurons in mice and rats lose responsiveness to DE stimuli and become responsive only
to visual stimuli presented to the SE 83929  Various well-established molecular
mechanisms of LTP are required for ODP, including activation of protein kinase A (PKA),
CaMK2a activation, and extracellular signal-regulated kinase (ERK) phosphorylation %
97, These mechanisms mediate the second phase of changes in bV1, involving
potentiation of responses to SE stimuli.

Changes in DE and SE responses are associated with changes in the bV1
inhibitory network. For example, the loss of DE responsiveness is associated with a
transient decrease in cortical inhibition, mediated in part by reduced activity in
parvalbumin-expressing (PV+) interneurons, which may be essential for subsequent

changes in SE responses in bV1 999,
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Figure 1.2: Ocular dominance plasticity in juvenile mouse visual cortex

(A) An illustration of the mouse visual system. Major areas of the primary visual cortex (V1) receive input only from
the contralateral retina (turquoise projections). The lateral third of V1 is innervated additionally by ipsilateral
projections (red). Although neurons in the binocular region are dominated by contralateral eye input, most neurons
respond to both eyes. Thalamocortical axons from the dorsal lateral geniculate nucleus (dLGN) arborise not only
within layer 4 (L4) but also in superficial layers (L1-3). (B) Four days of MD in juvenile mice (around P28) lead to
strong changes in binocular cortical responses. The OD distribution of cortical neurons shifts towards the eye that
remained open (ipsilateral eye), as can be seen when comparing the two histograms (grey). Ocular dominance
classes from 1-7 indicate relative responsiveness of neurons to contralateral and ipsilateral eye stimulation (1 or
7, cells respond only to the contralateral or ipsilateral eye, respectively; 4, equal response to both eyes). The OD
shifts are caused by a strong weakening of deprived eye responsiveness (compare turquoise bars) and a partial
strengthening of non-deprived eye responsiveness (compare red bars), as indicated by measurements of
population response strength with visually-evoked potentials and intrinsic signal imaging. Adapted from Hofer et
al., 2006.



The maturation of the PV+ interneuron network is thought to gate both the opening
and closure of the critical period 199192, Immediate early gene products such as neuronal
pentraxin 2 (Nptx2) maintain excitatory synaptic connections to PV+ interneurons to
initiate the window for critical period plasticity including ODP 103104 | gstly,
neuromodulator inputs that activate downstream intracellular signaling cascades also
communicate with molecular pathways that can alter neuronal activity patterns involved

in ODP 0%,

1.2.2 : Sleep-associated mechanisms of ocular dominance plasticity

Many of the network-level and molecular mechanisms that promote ODP are
governed by changes that occur in the visual system during sleep-wake cycles. Studies
using kittens show a period of MD (6 hours) during the critical period causes a small but
measurable shift in ocular dominance that is enhanced following a period of ad /ib sleep.
Recordings of V1 neurons’ firing responses in this context show that the depression of
DE responses occurs during the waking hours of MD and are sustained following
subsequent sleep. Furthermore, potentiation of SE responses occurs selectively during
subsequent sleep. Sleep deprivation following MD disrupts ODP, suggesting sleep has
critical roles in V1 plasticity 16107, Several mechanisms required for LTP are activated in
V1 during post-MD sleep, and these pathways seem to be essential for sleep promotion
of ODP. For example, pharmacological disruption of activity-dependent kinases such as
PKA and ERK, and protein synthesis via the mTOR pathway, in V1 during post-MD sleep

eliminated ODP consolidation 107-109,

1.2.3 : ODP as a model of amblyopia and amblyopia treatments
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Amblyopia is a visual disorder which is frequently caused by disrupted vision in
one eye (or loss of proper binocular input) in childhood. This disruption leads to long-
lasting poor binocular vision and loss of visual acuity (in one or both eyes) in adulthood
10,111 Common causes of amblyopia include MD-like deprivation caused from injuries
such as cataracts, occlusion, misalignment of one of the eyes (strabismus) or even
congenital defects that occlude vision in one eye 112113,

Early studies of ODP in cats and primates suggested that if MD ceased (i.e., the
DE was re-opened) outside of the critical period, long-lasting disruptions of visual
persisted which reflected vision loss in patients with amblyopia. These early studies
showed that “reverse occlusion” — i.e., occluding the original SE — led to some recovery
of DE vision '"+117_ These findings informed the current standard of care for affected
children, which is dominant eye patching and visual therapy to force use of the weaker
eye. However, results are mixed on the effectiveness of dominant eye patching therapy,
which is poorly tolerated by young children 18120 _1t is estimated that 54% of children still
display residual amblyopia after patching treatment. In response to efficacy concerns,
alternative treatments are under development, including binocular therapies such as
iPad-based dichoptic training. However, these interventions, like dominant eye patching,
show a low compliance rate among children treated 121125,

Conclusions from animal model studies on post-MD recovery mechanisms
involved in re-establishing binocular vision are mixed. Hypothetical models of ODP based
on competition between synaptic inputs do not predict recovery of lost DE responses from
simply re-opening of the eye, but studies have shown possible recovery of binocular

vision in various species 8126129 |n addition, there is very little research on the role of
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sleep in recovery mechanisms after loss of DE responses due to MD. A single study in
kittens during the critical period showed that a period of sleep following a period of vision
with occlusion of the dominant eye (analogous to dominant eye patching) impaired
recovery of V1 responses, a juxtaposition of the enhancement in ODP by sleep seen after
initial MD 130,

Critically, the relative efficacy of visual therapy providing binocular vs. monocular
(dominant eye-only) visual input in promoting binocular vision has not been fully tested.
Studies examining the roles of visual experience and sleep in cellular mechanisms
involved in post-MD recovery could help in developing optimal treatments for individuals

affected by amblyopia.

1.3 : Sleep and hippocampal memory consolidation

The ability to acquire, consolidate, and recall information from experiences in our
surroundings is vital for survival. Translating these transient sensory experiences into
short and long-term memories is a fundamental function of a brain structure called the
hippocampus 913132 | andmark studies involving patient H.M., who underwent bilateral
temporal lobe resection showed severe episodic memory impairments, i.e., an inability to
commit new life events to long-term memory, despite retaining other cognitive faculties
133, The case of patient H.M. launched the modern era of learning and memory research,
characterizing how the neural circuits in the hippocampus mediate the consolidation of

episodic memory.

1.3.1 : Hippocampal memory consolidation
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The hippocampal circuits mediating memory consolidation have been studied
intensively over the past few decades. The excitatory neurons in the hippocampus form
a tri-synaptic circuit (Figure 1.3). The granule cells in the dentate gyrus (DG) receive
sensory and non-sensory information via excitatory input from the entorhinal cortex 66134,
DG granule cells project to pyramidal neurons in area CA3 (mossy fibers), which in turn
project to pyramidal neurons within CA1 (Schaffer collaterals), these neurons form the
major output from the hippocampus to neocortex 66135136 Within this tri-synaptic
excitatory circuit, molecular mechanisms required for LTP and LTD have been extensively
studied 131.137-140 The hippocampus also contains a diverse array of neighboring
GABAergic interneurons. Recent studies have indicated that interneuron subpopulations
in various subregions of the hippocampus contribute to mechanisms involved in the
acquisition and consolidation of new memories 136.141-143,

Hippocampus-dependent learning and memory consolidation can be studied in
rodent models using a diverse number of behavioral paradigms. One well-established
example is contextual fear conditioning (CFC), here rodents learn to associate a neutral
context (or environment) with an aversive stimulus (e.g. a foot shock) and subsequently
display fear responses in the form of freezing when re-introduced to the shock-paired
context 144145 The cellular and circuit-level mechanisms involved in the encoding and
recall of contextual fear memory (CFM) have been revealed by recent work involving
chemogenetic or optogenetic manipulations of hippocampal activity. For example, when
CFM “engram ensembles”, i.e., the population of DG neurons activated during CFC, are
reactivated, this is sufficient to induce a freezing response 43146, CFC also requires

coordination of neuron populations’ activity between the hippocampus and amygdala,
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specifically through vCA1 monosynaptic projections to the amygdala 47148, Furthermore,
disruption of hippocampal network activity in areas such as CA3 lead to impairment of
CFM consolidation 149150 Another form of hippocampus-dependent learning is object
location memory (OLM), a spatial memory that can be measured based on the natural
tendency of rodents to explore novel stimuli in their environment. During training on this
task, rodents are exposed to two or more identical objects in set locations. When they are
later returned to explore in a context where one of the objects is moved to a novel location,
OLM can be measured based on selective exploration of the displaced object — i.e.,
exploration of the displaced object for longer periods of time. The hippocampal network
has been shown to be essential for proper consolidation of OLM and related special
memory paradigms 91-153 Studies have used OLM tests to study spatial cognition without
the need for traditional re-enforcers, and without the potential for causing distress, present

in tasks such as the Morris water maze 154155,

1.3.2 : Sleep-dependent mechanisms of hippocampal memory consolidation

Behavioral studies have shown that sleep has a vital role in memory consolidation,
and an emerging hypothesis is that this is due to changes in hippocampal-cortical activity
during sleep %8157, In mice, 5 hours of SD immediately following CFC training impairs
CFM recall 24 hours later 7:1%8, This suggests that the first few hours following CFC are

critical for sleep-associated hippocampal mechanisms that consolidate CFM.

14



Perorant Path

Figure 1.3: Hippocampal trisynaptic circuit

The hippocampal circuit is classically described as a trisynaptic loop. However, nowadays, it is assumed that
information does not only flow serially in the hippocampus but that there is also parallel processing. For instance,
the entorhinal cortex sends projections as well to CA3 and CA1 areas, several associational/commissural
connections among CA3 pyramidal cells have been identified and it has even been suggested that CA3 cells
project back to the dentate gyrus. Nonetheless, although the concept of the trisynaptic loop is an oversimplification
of functional activity of the hippocampus it captures many important hippocampal features. Modified from Lopez-
Rojas and Kreutz, 2016
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How does post-CFC sleep change hippocampal function? Subsequent work from
the Abel lab demonstrated that cAMP levels in the hippocampus were decreased during
SD, and that this change (mediated by changes in phosphodiesterase activity) impaired
CFM, suggesting maintenance of CAMP levels as a key mechanism in sleep-dependent
memory consolidation '°°. Furthermore, there is evidence of increased expression of
activity-dependent phosphorylation of ribosomal subunit S6 (pS6) across the dorsal
hippocampus following CFC training. This expression is altered with 6 hours of SD
following training and disrupts CFM. In addition, hippocampal somatostatin-expressing
(SST+) interneuron activity is modulated by cholinergic inputs during SD. SD leads to
heightened SST+ interneuron activity through this mechanism, leading to inhibition of
surrounding pyramidal neurons and disrupted CFM consolidation '°. In conjunction with
molecular changes, there are many changes to hippocampal network dynamics, which
occur in a sleep-dependent manner following CFC. For example, there are increases in
CA1 neuronal firing, alongside changes in hippocampal delta and theta oscillations,
during post-CFC NREM sleep '®'. Subsequent studies found that chemogenetically
inhibiting fast-spiking PV+ interneuron activity following CFC impaired CFM consolidation
and reduced post-CFC delta, theta, and SWR network activity. On the other hand,
rhythmic optogenetic activation of PV+ interneurons within CA1 is sufficient to rescue
CFM deficits caused by SD 2%2°, Lastly, evidience of altering specific sleep such as REM
sleep, which is reduced following CFC training and pharmacologically increased
immediately after training can improve CFM consolidation. 162-164,

Similar to CFC, the consolidation of object location memory (OLM) is also sleep-

dependent. OLM is based on the mouse’s ability to identify familiar objects that have been
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moved to a new location within a familiar context. Mice that undergo 6 hours of SD
immediately following OLM training show impairments in OLM consolidation. Intriguingly,
6 hours of SD is also sufficient to disrupt subsequent OLM encoding, and 6 hours of SD
prior to OLM testing is sufficient to disrupt its recall '%°. These findings support the role of
sleep in promoting memory for spatial tasks such as temporal object recognition tasks
(which measures mice engagement with objects they previously interacted with at
different points in time), Morris water maze, and spatial recognition tasks such as OLM
166-170 in addition to associative (contextual) tasks like CFM. Interestingly, hippocampus-
dependent cognitive processes such as these are disrupted in mouse models of
neurodevelopmental and neurodegenerative disorders. This begs the question of whether
restoring healthy sleep can act as a therapeutic strategy to rescue cognitive abilities

disrupted by such disorders.

1.4 : Sleep and Neurodevelopment

Over the course of human post-natal development, the amount of time spent in
sleep each day changes dramatically. Human infants spend an average of 16-17 hours
asleep per day (approximately 65% of their average day) and sleep time declines steadily
as they reach adulthood 271, These changes in sleep states are also found in rodent
models. In mice and rats, EEG-defined NREM and REM sleep states are measurable
around postnatal day 14 (P14), while infants show defined states at around 3 months 7'
174 Both humans and rodents display an increased proportion of total sleep time in REM
sleep during early postnatal development; the proportion of time spent in REM sharply
declines before reaching adulthood. In contrast, NREM sleep has a small steady increase

in duration across infancy, but remains comparatively stable throughout one’s lifespan
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12171173175 The overall temporal structure of sleep also changes across development.
Circadian regulation of sleep is not present at birth and gradually matures in coordination
with the decline of daily REM sleep amounts 76, These drastic differences in sleep
regulation and sleep time across the early development of the nervous system suggest

that there may be a critical role for sleep in proper brain development.

1.4.1 : Sleep and brain development

Numerous studies have demonstrated that sleep can modulate developmentally-
regulated synaptic plasticity. For example, REM sleep has been found to have roles in
promoting critical period ODP. REM is necessary for alterations in cell sizes in the LGN
layers representing the DE and SE after prolonged MD, and promotes ODP in V1 after
very brief MD in kittens 109177 Additionally, REM sleep promotes spine elimination in V1
neurons following MD (as well as synaptic pruning in motor cortex after motor learning)
178,179 While targeted disruption of NREM is more difficult to achieve than REM-specific
sleep deprivation, available data suggest that NREM is also important for brain
development. For example, chronic NREM sleep disruption in adolescent rats decreases
hippocampal volume and impairs social bonding in adulthood 67:16.180.181 Together, these
data suggest that loss of sleep during early brain development can have long-lasting
effects on both hippocampal and cortical functions, and suggests a strong relationship

between sleep loss and atypical neurodevelopment.

1.4.2 : Autism spectrum disorders

Neurodevelopmental disorders (NDDs) are a heterogeneous group of early

changes to brain development that result in atypical cognitive, neurological, and/or
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psychiatric function. These disorders, including intellectual disability, epilepsy, bipolar
disorder, cerebral palsy, Angelman syndrome, and autism spectrum disorder (ASD) can
result from disruptions to neurodevelopmental processes such as neurogenesis, neuronal
migration, synaptogenesis, and dendritic spine growth. 73182184 - ASDs are one of the
more prevalent forms of NDD and are characterized by core phenotypes such as
persistent, atypical social interactions and restricted, repetitive patterns of behavior.
Currently, the Center for Disease Control reports that 1 in 44 children are diagnosed with
ASD in the United States 8518 ASD is linked to many risk factors including prenatal,
environmental, and genetic mutations. Several gene groups associated with processes
such as axon guidance, synapse formation, and cell-type differentiation are tied to ASD
diagnosed individuals 88-190,

Disrupted sleep has been reported in as many as 86% of children diagnosed with
ASD. These phenotypes include forms of longer latency to sleep, sleep fragmentation,
and insomnia. Insomnia is 2-3 times more prevalent in children with ASD than in children
with typical development 191194 Studies from EEG/EMG recordings in children with ASD
showed shorter sleep times, longer sleep latency, and decreased sleep efficiency 19%.19,
Furthermore, affected individuals with ASD also demonstrate circadian cycle
abnormalities including low melatonin production towards the end of the light phase (close
to bedtime) that correlates with poor sleep and typical autistic behaviors 9719 Since
sleep is critical for overall health including promoting synaptic plasticity and memory
processes, it is unknown if sleep loss in ASD affected individuals is linked to behavioral
phenotypes such as cognitive dysfunction. Rodent models of syndromic ASD such as

Rett’s syndrome, Angelman’s syndrome, and Fragile X syndrome all display measurable
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cognitive deficits 19%-293, pbut there is little known about their sleep phenotypes and

relationship of altered sleep to altered cognition.

1.4.3 : Fragile X syndrome

Fragile X syndrome (FXS) is an X-linked disorder that is a leading cause of both
heritable intellectual disability and syndromic ASD 204205, |t is estimated that 1 in 7000
males and 1 in 11000 females are diagnosed with FXS within the United States 2%, FXS
develops due to mutations in the X chromosome Xq27.3 region where expansion of
trinucleotide CGG repeats leads to transcriptional silencing of the Fragile X messenger
ribonucleoprotein 1 (FMR1) gene via heterochromatin formation. Typical individuals have
5-50 CGG repeats within this 5’UTR region. Individuals with expansion of 55-200 CGG
repeats are considered premutation carriers; this premutation increases mMRNA
transcription of FMR1, but reduces production of protein product Fragile X Messenger
Ribonucleoprotein (FMRP). Expansion to over 200 CGG repeats leads to
hypermethylation of cytosine bases and chromatin condensation and causes complete
silencing of transcription of FMR1 and loss of FMRP, resulting in FXS (Figure 1.4). FMRP
is an RNA binding translational repressor protein that regulates transcription, translation,

and transport of several mMRNAs associated with synaptic plasticity and structure 203.207-

213
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Figure 1.4: FMR1 gene and Fragile X pathology

CGG repeats (yellow) in the promoter region. <55 repeats are typical. Repeat expansion resulting in the
premutation (55-200) is found in 1/130-250 females and 1/260—-800 males. The premutation expansion increases
mRNA transcription and is associated with Fragile X primary ovarian insufficiency (FXPOI), Fragile X-associated
tremor and ataxia syndrome (FXTAS), and Fragile X-associated neuropsychiatric disorder (FXAND). Repeats
greater than 200 results in the methylation of the promoter region and gene silencing that leads to complete loss
of FMRP and subsequent Fragile X syndrome. Modified from Fyke and Velinov, 2021.
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Individuals affected by FXS typically have anatomical, physiological, and cognitive
phenotypes. Recognizable physical features of FXS include long faces, prominent ears,
hyperflexible joints, and (in males) increased testicular volume during puberty (i.e.,
macroorchidism) 214215 Behavioral features include hyperactivity and atypical social
engagement, ASD, anxiety, seizures, and learning impairments 26221, FXS-diagnosed
individuals are reported to experience severe sleep problems. Large-scale studies based
on questionnaire data from parents found that FXS children experience more frequent
night awakenings and difficulty falling asleep at bedtime 2%2. Additional studies using
EEG/EMG recording demonstrated that FXS individuals show fragmented sleep,
decreased sleep duration, and decreased NREM and REM sleep throughout the night
196,220,223-225 Disrupted sleep phenotypes among FXS individuals are a growing concern
with the need for better therapeutic approaches, including behavioral training and

pharmacological intervention.

1.4.4 : Insights into Fragile X syndrome from FXS rodent models

Several animal models have been developed for the study of FXS including
zebrafish, fruit flies, and rodents. The first mouse model for FXS, characterized by the
knockout of the Fmr1 gene (males: Fmr17, females: Fmr1-), was created by the Dutch-
Belgian Fragile X Consortium. This mouse line does not produce FMRP and has
physiological attributes seen in those of FXS male patients such as macroorchidism 225.
The development of this mouse model has provided insight into the functional role of
FMRP in neural development, cognition, and synaptic plasticity. Both FXS patients and
Fmr17y mice show increased dendritic spine density in neocortical and hippocampal

principal neurons, and immature dendritic spine morphology, which suggests improper
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neurotransmission and synaptic plasticity. Studies using Fmr1* mice show FMRP
localizes in dendritic spines, where it interacts with mRNAs and suppresses protein
synthesis. FMRP also binds with other synaptic proteins, such as AMPA subunits GIuR1
and GIuR2, which are involved in dendritic spine structure. Loss of FMRP causes
alterations of synaptic neurotransmission and metabotropic glutamate receptor-mediated
(mGIuR)-dependent LTD 227-229 related to its function in regulating protein synthesis from
mRNAs in dendrites. FMRP is thought to suppress translation of mRNAs into proteins
that negatively regulate internalization of AMPA receptors in the context of LTD. This
translation is normally upregulated downstream of activation of mGIuR. Loss of FMRP
leads to persistent activation of mGluR-driven pathways and excessive productions of
LTD-mediating proteins, which leads to exaggerated LTD. This LTD phenotype is
associated with many of the cognitive impairments seen in both mice and FXS-affected
individuals 209:230-233,

Behavioral deficits analogous to those found in humans have been extensively
studied in Fmr1-¥ mice, which show abnormalities in social discrimination tasks, increased
hyperactivity and locomotion, and increased susceptibility to seizures 203234235
Hippocampus-dependent memory consolidation is also impaired in Fmr1-¥ mice, with
Fmr1- mice showing reduced freezing responses 24 hours later after CFC compared to
wild-type counterparts 236-238_ Fmr1-¥ mice also show deficits in hippocampus-dependent
visuo-spatial memory, including novel object recognition memory and OLM tasks,
although spaced training can rescue OLM performance in Fmr17¥ mice, via activation of

ERK signaling and LTP in the dorsal hippocampus 239241, While these hippocampus-
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dependent tasks require sleep for their consolidation, the relationship of sleep and tasks
such as OLM and CFC have not been extensively studied in Fmr1-¥ mice.

There are few studies on how FXS and loss of FMRP affect sleep/wake
architecture and circadian rhythms. Research done on other models of FXS such as
Drosophila (dFmr1 mutants) has revealed a loss of circadian rhythms and altered sleep
bout durations 242244, Short-term EEG recordings on Fmr17/ rats during wakefulness
found increased gamma frequency power compared to wild-type controls 24°.  With
respect to Fmr1-¥ mice, home-cage observational studies of locomotor activity suggest
sleep changes across development. Young Fmr1# mice (postnatal day 17) show no
differences in total sleep time compared WT controls. However, reaching adulthood ages
(postnatal day 70 and 180), Fmr1-¥ mice show reduced percentages of sleep compared
to controls 246:247 | astly, only a single study using local field potential recording in CA1
has measured sleep states in Fmr1-¥ mice. Here, they showed that Fmr1-¥ mice exhibit
reduced REM sleep and fewer bouts of REM sleep. They also provided further evidence
of increased excitatory activity in CA1 during REM sleep 2*8. However, this study only
measured 120-minute durations, and at an undisclosed circadian phase. Further studies
into a 24-hour sleep-wake cycle of Fmr1# mice are still needed to assess if they are

representative of sleep deficits seen in FXS affected individuals.

1.5 : Hypnotic Targets for Treating Disrupted Sleep

Sleep disorders such as insomnia, sleep-related breathing disorders (e.g., sleep
apnea), parasomnia, etc. have major negative effects on the quality of health and
cognitive ability in humans 24°. Insomnia is the most widely recognized and diagnosed

sleep disorder among individuals. It is characterized by features that include difficulty
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falling or remaining asleep and coincide with other negative behavioral symptoms such
as fatigue and brain fog. In individuals with ASD or other NDDs, these sleep disturbances
are more prevalent 249253 The need for treatment of sleep disorders in both healthy and
ASD populations is clearly shown by the fact that the loss of sleep not only negative
impacts cognition (e.g., memory processing), but also early brain development and
maturation 12192254255 The most widely-studied intervention is pharmacological treatment
that promotes sleep. However, the use of these treatments to promote sleep and benefit
deficits in cognitive ability in ASD-affected individuals (such as those with FXS) is less

understood.

1.5.1 : Insomnia

An estimated 30-40% of the population experiences insomnia, with prevalence
increasing with age. Consequences of insomnia include impaired work performance,
deficiencies in cognitive ability, incidences of depression, and overall poor quality of life
253,256-258  Chronic insomnia leads to health complications such as chronic pain,
cardiovascular disease, gastrointestinal disorders, and other neurological disorders
250.254  Since sleep is critical for brain developmental maturation, recurring sleep
impairments over development could negatively impact developmental processes related
to cognition such as decision-making, executive function, and memory processing. For
children and adolescents, particularly those with ASD, it can also impact or exacerbate
specific phenotypes related to hyperactivity, social interactions, and anxiety 259262 | astly,
other sleep disruptions that occur in both typical children and those with ASD include
circadian rhythm disruptions, sleep apnea, hypersomnia, and restless leg syndrome that

can also have negative impacts on the quality of life many can carry into adulthood 96263,
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1.5.2 : Treatments for insomnia and related sleep disorders

Pharmacological intervention is the primary therapeutic approach to treat
insomnia. One class of sleep-promoting (hypnotic) drugs for patients with insomnia are
benzodiazepines, which act as positive allosteric modulators of GABAA and GABAs
receptors and promote inhibitory neurotransmission. While effective at promoting sleep
(specifically NREM sleep), they can cause unwarranted side effects including
oversedation, spike-wave discharges and other aberrant oscillatory patterns, and
cognitive deficits 264269, Another widely prescribed class includes zolpidem (Ambien),
zopiclone, and zaleplon- collectively known as “Z-drugs”. Z hypnotics promote a more
natural sleep pattern and possess shorter half-lives than benzodiazepines. Some act via
the alpha-1 subunit of GABAA receptors to cause rapid sleep onset. However, there are
still side effects from Z-drugs such as daytime drowsiness, impairments on cognition, and
abuse potential in individuals who use more than the recommended dosage 279272, The
similarities between benzodiazepines and Z-drugs, with regard to both efficacy and
secondary side effects in patients, stem from shared GABAergic mechanisms. Additional
hypnotic treatments include antihistamines, sedating antidepressants, tricyclic
antidepressants, and atypical antipsychotics — these drugs all promote sleep, and also
can cause impaired cognition, plasticity, and behavioral deficits 225.268,269.273-275 The need
for improved pharmacological interventions to promote physiologically normal sleep
without adversely affecting typical neural development and function is vastly needed.

One emerging treatment for a set of sleep deficits is exogenous melatonin (MT) to
help with impaired sleep onset and improve overall sleep quality in users 276279, The

suprachiasmatic nucleus (SCN), that intakes circadian timing cues, regulates synthesis
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of MT hormone via the pineal gland. MT targets two G-protein coupled receptors (MT1
and MT2) to induce sleep in accordance with circadian times such as dusk. MT1 receptors
are widely expressed in orexin neurons within the hypothalamus and the SCN to influence
REM sleep, while MT2 receptors are abundant in the thalamic reticular nucleus and other
structures implicated NREM sleep. Due to limited side effects of exogenous MT in other
studies and efficacy in promotion both NREM and REM sleep via dual receptors, MT has
been suggested as a promising option for treating sleep disorders such as insomnia and
poor sleep 280-282_ | astly, MT treatment in children with ASDs causes some restoration of
circadian rhythms and improved sleep. However some ASD patients do not respond to

MT treatment - again suggesting new therapeutic targets are needed for this population

197,283

1.5.3 : Novel target for treatment of sleep disorders: GIRK channels

One prospective novel hypnotic target is G-protein inward rectifying potassium
(GIRK) channels involved in inhibitory neurotransmission. GIRK channels are coupled
with G-protein coupled receptors (GPCRs) and widely found within the nervous and
cardiovascular systems. Four distinct subunits (GIRK1-4) form both homo- or
heterotetrametric combinations in several brain regions and cardiac tissue with
combinations of GIRK1 and GIRK2 being most common in regions such as the
hippocampus, neocortex, and cerebellum 284287 GIRK channels are activated using the
Gi-dependent signaling pathway activated via GPCR activation of numerous ligands such
as GABA, serotonin, and dopamine. Here, dissociation of the a-GTP and GBy subunit

leads the GBy subunit to bind to GIRK channels to allow channel opening and results in
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K+ ion flow (Figure 1.5). Opening of GIRK channels typically leads to hyperpolarization
of neurons and decrease neuronal excitability 285.288-290,

GIRK channels provide critical modulation of neuronal excitation and membrane
potential within the nervous system. Dysfunction of GIRK channels in areas such as the
hippocampus can disrupt LTP and other forms of synaptic plasticity. Knockout of GIRK2
increases seizure susceptibility in mice, and causes chronic depolarization and
neurodegeneration of dopaminergic neurons. Disruptions like these are implicated in
various disorders such as Alzheimer's disease, Parkinson’s disease, schizophrenia, and
anxiety 291-2%4_ | astly, GIRK channels have roles in circadian sleep regulation. Loss of
GIRK2 shows disruption of MT-induced hyperpolarization within the SCN and disrupting
SCN sleep-promoting mechanisms 2929 _ This suggests that GIRK channels may be a
potential target for inducing sleep with hypnotics.

Few agonists have been developed to activate GIRK channels within the nervous
system. One of the more potent agonists is ML297, which is selective for the GIRK1
subunit and upon binding causes channel opening and subsequent K+ conductance.
ML297 binds to amino acids (phenylalanine and aspartate) on the GIRK1 subunit and can
act independently of GPCR activity. This direct activation hyperpolarizes the cell and
reduces excitability 2°7-2%_ Research on ML297 initially focused on studying its function
as a possible antiepileptic. Studies comparing ML297 and sodium valproate (a standard
antiepileptic drug) in mice of epilepsy, found activation of GIRK channels via ML297 to be
superior or equal in delaying seizures and increasing survival after seizure onset 2.
Further studies examined ML297 as a possible anxiolytic where administration to rats

showed increased time in the open arms of the elevated plus maze 2%,
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Figure 1.5: GIRK channel activation via Gi signaling pathway

G protein-activated inwardly rectifying potassium channels (GIRK channels) are activated by direct interaction with
the By subunits of G protein (Gi signaling). Ligands of various types bind to the G protein-coupled receptor with
seven transmembrane segments. The By subunits tag to GIRK channel to cause channel opening and subsequent
flow of K+ ions to lead to hyperpolarization and inhibitory neurotransmission. Adapted and modified from Liischer
and Slesinger, 2010 using BioRender© 2022.
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Lastly, more recent work has studied ML297 as a hypnotic agent. Studies have found that
direct activation of GIRK1 via ML297 promotes NREM sleep. Excitatory hippocampal
pyramidal and hypothalamic hypocretin neurons showed hyperpolarizing effects when
exposed to ML297 using in vitro slice recordings. Using mice, administration of ML297
promoted NREM sleep during the dark phase without affecting memory retrieval in tasks
such as CFC and novel object recognition memory 2%°. GIRK channel activation via
ML297 may be a potential hypnotic to treat sleep loss without negatively impacting

cognition and could be helpful in treating children with ASDs and the general population.

1.6 : Outline of the dissertation

Sleep is critical for brain development. The shaping of synaptic circuits during
neurodevelopment can be disrupted by genetic mutations or inadequate sensory stimuli
early in life. The role of sleep as a mitigating factor for these deficits is not well understood,
though many developmental disorders are characterized by sleep disruption. It remains
unknown whether properly timed sleep could promote functional recovery of cognition
and synaptic plasticity in neurodevelopmental disorders. We hypothesize that sleep can
promote recovery of cortical and memory functions in the context of atypical
neurodevelopmental conditions. The aim of this dissertation is to examine this hypothesis
by 1) measuring how sleep and sleep loss affect recovery of visual cortex function in a
mouse model of amblyopia and 2) assessing whether restoring normal sleep improves
cognition in a mouse model of Fragile X syndrome (FXS).

In Chapter 2, | assess how sleep loss affects the recovery of visual responses in
V1 in a mouse model of amblyopia. ODP is disrupted with subsequent sleep loss

suggesting that ODP-associated synaptic changes caused by MD occur within sleep. |
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test how reversal of these changes - through restoration of visual input to the DE using
both binocular and monocular visual experience - were affected by subsequent sleep or
sleep loss. Using in vivo electrophysiology and biochemical assays, | find that binocular
visual experience was far more efficacious at reversing ODP changes caused by MD. In
addition, we also show that if sleep was disrupted following a period of binocular recovery,
it delays the cortical ocular dominance changes that restore DE function. Together, this
suggests that the timing of sleep relative to visual experience during amblyopia treatment
may be critical for restoring normal visual cortex function.

In Chapter 3, | examine how GIRK activating hypnotic agonist ML297 affects
sleep-dependent memory consolidation. ML297 promotes NREM sleep without disrupting
memory recall in hippocampal-dependent tasks. | test how GIRK channel activation
affected sleep architecture following training of CFC and how it impacted hippocampal
activation patterns during CFM recall. Using EEG/EMG recordings and biochemical
assays, | find that REM sleep was increased immediately following CFC training, which
lead to improved CFM consolidation. cFos expression in hippocampal subregions
correlates with improvements in CFM recall driven by ML297. Together, this suggests
that ML297 can also serve to improve sleep-dependent memory consolidation via
increased REM sleep.

In Chapter 4, | examine sleep deficits found in Fmr1 mice and test whether
normalizing sleep with ML297 reverses memory consolidation deficits associated with
loss of Fmr1 function. Currently, it is unclear how sleep disruption common to ASD and
FXS contributes or exacerbates memory dysfunction in these disorders. | test how

administration of ML297 to induce sleep improved sleep architectural and spectral power
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alterations and subsequently led to improvements in fear memory consolidation. Using
EEG/EMG recordings, behavioral assays, and biochemical techniques, | find that acute
administration of ML297 improves NREM sleep architectural differences and delta
spectral power changes found in Fmr1” mice. Sleep-dependent fear memory
consolidation is also rescued with ML297 along with cFos driven hippocampal activation
patterns correlating to improvements in CFM recall in Fmr1/ mice. Together, this
suggests that improving sleep via hypnotic treatments can have therapeutic potential in

aid sleep deficits and the improvement of cognitive function in individuals with NDDs.
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Chapter 2 : Enriched Binocular Experience Followed by Sleep

Optimally Restores Binocular Visual Cortical Response in a Mouse

Model of Amblyopia

This chapter includes the manuscript currently in revision at Communications
Biology: Martinez JD, Donnelly MJ, Popke DS, Torres D, Wilson LG, Brancaleone WP,
Clawson BC, Jiang S, & Aton SJ. (2023) Enriched binocular experience followed by sleep

optimally restores binocular visual cortical response in a mouse model of amblyopia.

2.1 : Abstract

Studies of developmental plasticity of the binocular zone of the primary visual
cortex (bV1) have furthered our understanding of neural mechanisms underlying
amblyopia, which arises from an altered balance of input from the two eyes to bV1 during
childhood. Amblyopia causes long-lasting visual impairment and is commonly treated by
patching the dominant eye. However, the relative impacts of monocular vs. binocular
visual experiences on restoration of bV1 function remains unclear. Moreover, while sleep
has been implicated in bV1 plasticity in response to vision loss, its role in recovery of
visual function is unknown. We used monocular deprivation (MD) in juvenile male mice
to model amblyopia in bV1. We compared recovery of visual responses for the two eyes
among bV1 neurons after identical-duration, identical-quality binocular recovery (BR) or
monocular, reverse occlusion (RO) experiences. Using this paradigm, we find that BR is

quantitatively superior to RO with respect to restoring binocular responses in bV1
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neurons. However, this recovery was seen only in freely-sleeping mice; post-BR sleep
deprivation prevented functional recovery. Thus, both binocular visual experience and
subsequent sleep help to optimally renormalize bV1 responses in a mouse model of

amblyopia.

2.2 : Significance Statement

Amblyopia resulting from altered childhood vision is a leading cause of lifelong
vision loss. Treatment typically involves patching of the dominant eye (forcing monocular
visual experience) and produces only partial recovery of vision. Using a well-established
mouse model of amblyopia, we directly compared the effects of binocular vs. monocular
enriched visual experience on visual cortex function recovery and tested the contribution
of sleep to this process. Our data suggest that clinical strategies for amblyopia treatment

should include coordinated stimulation of both eyes, occurring prior to a period of sleep.

2.3 : Introduction

During early postnatal development, both experience-driven synaptic plasticity and
sleep impact lifelong sensory and behavioral functions '-3. For example, MD (occlusion of
one of the two eyes) early in life shifts responsiveness of bV1 neurons to favor the
dominant eye #° - a process known as ocular dominance plasticity (ODP). ODP results
from depression of deprived eye (DE) responses, followed by potentiation of spared eye
(SE) responses, in bV1 neurons 7. Sleep plays an essential role in promoting ODP during
the critical period, promoting both synaptic strengthening and weakening in V1 in the

hours following monocular visual experience 811,
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ODP is a model for the neural mechanisms underlying amblyopia, a visual
disorder caused by imbalanced input to bV1 from the two eyes in early childhood, leading
to long-term disruption of binocular vision and poor visual acuity 25, Dominant eye
patching is the standard clinical intervention to promote recovery in amblyopia. This
strategy was established based on studies carried out in both cats and monkeys, in which
occlusion of the previously-dominant eye (reverse occlusion; RO) was sufficient to drive
a somewhat greater recovery of DE responses in bV1 than reopening the DE alone 617,
Critically, however, neither RO nor simply reopening the DE restored binocularity of bV1
neurons’ visual responses '’, and numerous studies have found long-lasting visual
deficits after RO, despite recovery of DE responses 820, More recently, studies in
developing cats and rodents have found that under certain conditions, binocular vision
can serve to restore binocularity of responses in bV1 224 Across species and
developmental stages, binocular presentation of high-contrast stimuli such as gratings
that synchronously activate left and right eye pathways (leading to coincident activation
of bV1 neurons) seems to be an optimal driver of recovery 2425, Thus, intensive binocular
experience — aimed at promoting cooperative input from the two eyes to bV1 - has
recently been explored as a therapeutic strategy for recovery in amblyopic patient 26-31, It
remains unclear whether binocular or monocular interventions are superior at restoring
vision to amblyopic children — with randomized clinical trials using dichoptic iPad games
to provide binocular stimulation yielding conflicting results '42°32_ 1t thus remains unclear:
1) whether differences in recovery are apparent when the duration and quality (e.g., with

identical contrast, spatial frequency, and temporal features) of visual stimuli are carefully
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controlled, and 2) what changes to the bV1 network (e.g., in visual responses of excitatory
vs. inhibitory neurons) mediate these differences.

Sleep can benefit processes relying on synaptic plasticity, including ODP in bV1 &
13335 |In cat V1, initial shifts in ocular dominance following a brief period of MD are
augmented by a few hours of subsequent sleep ° and are disrupted by sleep deprivation
(SD) 8. This suggests that sleep immediately following either monocular (RO) or binocular
(BR) recovery experiences could also promote recovery of bV1 function after a period of
MD. However, in a single study in critical period cats, a period of sleep following a brief
interval of post-MD RO actually impaired (rather than enhanced) recovery of normal V1
ocular dominance 36. Thus, the function of appropriately-timed sleep in promoting (or
disrupting) visual cortical responses in amblyopia - particularly after binocular visual
recovery - remains to be determined.

To address these questions, we first directly compared how multi-day, post-MD
BR and RO - of identical duration and visual stimulus content - affect recovery of function
in mouse binocular V1 (bV1). Using single-neuron recordings, we find that bV1 ocular
dominance shifts caused by 5-day MD are completely reversed by a period of visually-
enriched BR experience (in a scenario where high-contrast, dynamic stimuli are delivered
to the two eyes simultaneously), but are only partially reversed by RO of identical duration
and quality. These differential effects were observed in both regular spiking (RS) neurons
and fast spiking (FS; putative parvalbumin-expressing [PV+]) interneurons. BR, but not
RO, reversed MD-induced depression of DE-driven firing rate responses in both RS
neurons and FS interneurons, and increases in SE-driven responses in both populations.

Recovery of bV1 visual function was confirmed by quantifying DE-driven cFos expression,
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which was reduced in layers 2/3 after MD (across the population as a whole, and among
PV+ interneurons), and recovered to control levels after BR, but not RO. Critically, BR-
driven recovery of ocular dominance, bV1 visual response changes, and DE-driven cFos
expression were all disrupted by SD in the hours immediately following periods of visual
experience. Together, these results suggest that optimal recovery of bV1 function after a
period of MD is promoted by enriched binocular visual experience and subsequent,
undisturbed sleep. These data add to a growing body of literature that suggests potential
alternative strategies for amblyopia treatment that may improve upon the current standard

for clinical care (dominant eye patching, with no emphasis on relative sleep timing).

2.4 : Materials and Methods

2.4.1 : Animal housing and husbandry

All mouse husbandry and experimental/surgical procedures were reviewed and
approved by the University of Michigan Internal Animal Care and Use Committee.
C57BL6/J mice were housed in a vivarium under 12h:12h light/dark cycles (lights on at
9AM) unless otherwise noted and had ad lib access to food and water. After eyelid suture
surgeries, mice were single housed in standard cages with beneficial environmental
enrichment. For studies comparing the effects of sleep on BR visual experience, mice
were housed with a 4h:20h light:dark cycle (lights on from 9AM-1PM during visual
enrichment experience, dim red light outside of visual enrichment) and had ad lib access

to food and water.

2.4.2 : Monocular deprivation, recovery, visual enrichment, and sleep deprivation
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For all experiments, male littermates were randomly assigned to treatment groups.
monocular deprivation (MD), mice were anesthetized at P28 using 1-1.5% isoflurane.
Nylon non-absorbable sutures (Henry Schein) were used to occlude the left eye. Sutures
were checked twice daily to verify continuous MD; during this time, they were handled 5
min/day. After MD (at P33), mice were anesthetized with 1-1.5% isoflurane a second time
and left eyelid sutures were removed. Mice that underwent binocular recovery (BR) were
then housed over the next 5 days with both eyes open; during this time, they were handled
daily for 5 min/day. Mice that underwent reverse occlusion (RO) had the right (previously
spared; SE) eye sutured for the next 5 days; these mice were also handled 5 min/day
during this period. Mice that lost sutures during the MD or recovery periods or developed
eye abnormalities were excluded from the study. BR and RO mice underwent a 5-day
period of identical daily enriched visual experience from P34-38. This regimen consisted
of a daily placement in a 15” x 15” Plexiglas chamber surrounded by 4 high-contrast LED
monitors, from ZTO (lights on) to ZT4. Phase-reversing oriented grating stimuli (100%
contrast, 1 Hz reversal frequency) of 8 orientations were presented repeatedly on the 4
monitors in a random, interleaved fashion. Spatial frequencies for grating stimuli varied
from 0.0025-0.1 cycles/deg during this period, depending on the mouse’s position within
the arena. During this 4-h period of daily visual enrichment, mice were encouraged to
remain awake and explore the chamber via presentation of a variety of enrichment toys
(novel objects, transparent tubes, and a running wheel) and palatable treats. For sleep
deprivation (SD) studies on BR experience, immediately following the 4-h visual
enrichment period, mice were placed in their home cage within a sound-attenuated

behavioral chamber (Med Associates) under dim red light (Figure 2.4B). BR+Sleep and
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BR+SD mice were housed under the same conditions, with BR+SD undergoing SD by
gentle handling for the first 4 h post-enrichment 373 Ambient red-light levels (measured
at 530-980 nm) during this period were sufficiently low (< 3.68x109 photons/cm2/s) that
mice would have negligible additional visual experience (i.e., form vision) during SD,
based on published psychometric data 3°. Briefly, gentle handling procedures involved
visually monitoring the mice for assumption of sleep posture - i.e., huddled in their nest
with closed eyes. Upon detection of sleep posture, the cage was either tapped or (if
necessary) shaken briefly (1-2 sec). If sleep posture was maintained after these
interventions, the nesting material within the cage would be moved using a cotton-tipped
applicator. No novel objects or additional sensory stimuli were provided, to limit sensory-
based neocortical plasticity during sleep deprivation procedures 4°. To estimate the
amount of sleep lost in BR+SD mice, BR+Sleep mice were visually monitored every 5
min over the first 4 h following visual enrichment for assumption of sleep postures, similar
to previous studies 4’43, As previously described, similar procedures used for sleep
deprivation in adult mice 44 and critical period cats ' either have no significant effect on
serum cortisol, or increases it to a degree that is orders of magnitude lower than that

capable of disrupting ODP 45.

2.4.3 : In vivo neurophysiology and single unit analysis

Mice underwent stereotaxic, anesthetized recordings using a combination of 0.5-
1.0% isoflurane and 1 mg/kg chlorprothixene (Sigma). A small craniotomy (1 mm in
diameter) was made over right-hemisphere bV1 (i.e., contralateral to the original DE)
using stereotaxic coordinates 2.6-3.0 mm lateral to lambda. Recordings of neuronal firing

responses were made using a 2-shank, linear silicon probe spanning the layers of bV1
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(250 um spacing between shanks, 32 electrodes/shank, 25 um inter-electrode spacing;
Cambridge Neurotech). The probe was slowly advanced into bV1 until stable, consistent
spike waveforms were observed on multiple electrodes. Neural data acquisition using a
64-channel Omniplex recording system (Plexon) was carried out for individual mice
across presentation of visual stimuli to each of the eyes, via a full field, high-contrast LED
monitor positioned directly in front of the mouse. Recordings were made for the right and
left eyes during randomly interleaved presentation of a series of phase-reversing oriented
gratings (8 orientations + blank screen for quantifying spontaneous firing rates, reversing
at 1 Hz, 0.05 cycles/degree, 100% contrast, 10 sec/stimulus; Matlab Psychtoolbox). Spike
data for individual neurons was discriminated offline using previously-described PCA and
MANOVA analysis 37:3846-48 ysing Offline Sorter software (Plexon). Spike sorting and
subsequent analysis of firing response properties was carried out by a scorer blinded to
each animal’'s experimental group. To discriminate between pyramidal, regular spiking
(RS) cells and putative, fast-spiking (FS) interneurons, evoked firing rates of each
recorded unit were plotted as a function of the cell’'s spike half-width (Supplemental
Figure 2.5, Supplemental Figure 2.6). This yield two distinct populations of cortical cells
with RS and FS spiking dynamics seen in previously published studies 4°.

For each neuron, a number of response parameters were calculated °'°. Firing
rate-based comparisons were made using firing rate responses recorded for oriented
grating stimulus (or blank screen presentation), for each eye, averaged across all
presentations (i.e., 8 presentations for 10 sec each; 80 sec total). For analysis of DE and
SE maximal firing rates (Figure 2.2, Figure 2.5), values were compared for mean firing

rate across the 80 sec of presentation for each neuron’s preferred stimulus orientation.
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Comparisons of mean and spontaneous firing rates (Supplemental Figure 2.1,
Supplemental Figure 2.3) were made on neuronal data averaged across all
presentations of all oriented grating stimuli (i.e., preferred and non-preferred), or all blank
screen presentations, respectively, for each of the two eyes. Visual responsiveness was
assessed by comparing each neuron’s spontaneous firing rates during blank screen
presentations with evoked firing during grating presentations of the preferred orientation.
Neurons with spontaneous firing higher than maximum evoked firing were considered
non-visually-responsive. An ocular dominance index (ODI) was calculated for each
visually-responsive unit as (C-1)/(C+l) where C represents the maximal visually-evoked
firing rate for preferred-orientation stimuli presented to the contralateral (deprived) eye
and | represents the maximal firing rate for stimuli presented to the ipsilateral (spared)
eye. ODI values range from -1 to +1, where negative values indicate an ipsilateral (SE)
bias, positive values indicate a contralateral (DE) bias, and values close to 0 indicate
similar responses for stimuli presented to either eye. The contralateral bias index (CBI; a
measure of dominance of input from the contralateral eye [or deprived eye in the case of
MD and recovery mice]) and other visual measurements were made using previously

published methods 0.

2.4.4 : Histology and immunohistochemistry

Following all electrophysiological recordings, mice were euthanized and perfused
with ice cold PBS and 4% paraformaldehyde. Brains were dissected, post-fixed,
cryoprotected in 30% sucrose solution, and frozen for sectioning. 50 um coronal sections
containing bV1 were stained with DAPI (Fluoromount-G with DAPI; Southern Biotech).

DAPI staining provided contrast for identifying sites of electrode shank penetration into
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the tissue, and for approximating stereotaxic coordinates of shank locations to verify
placement within bV1 (Figure 2.1B, Figure 2.4D). Mice whose electrode placement could
not be verified were excluded from further analyses.

For immunohistochemical quantification of PV and DE-driven cFos expression in
bV1, mice from all groups underwent monocular eyelid suture of the original SE (i.e., the
right eye) at ZT12 (lights off) the evening before visual stimulation. At ZTO (next day),
stimulation of the original DE (i.e., the left eye) was carried out in the LED-monitor-
surrounded arena with treats and toys to maintain a high level of arousal (as described
above) Mice from all groups were exposed to a 30-min period of oriented gratings (as
described for visual enrichment above), after which they were returned to their home cage
for 90 min (for maximal visually-driven cFos expression) prior to perfusion. Coronal
sections of bV1 were collected as described above and immunostained using rabbit-anti-
cFos (1:1000; Abcam, ab190289) and mouse-anti-PV (1:2000; Millipore, MAB1572)
followed by secondary antibodies: Alexa Fluor 488 (1:200; Invitrogen, A11032) and Alexa
Fluor 594 (1:200; Invitrogen, A11034). Stained sections were mounted using Prolong
Gold antifade reagent (Invitrogen) and imaged using a Leica SP8 confocal microscope
with a 10x objective, to obtain z-stack images (10 ym steps) for maximum projection of
fluorescence signals. Identical image acquisition settings (e.g. exposure times, frame
average, pixel size) were used for all sections. bV1 boundaries were estimated using
comparisons to established stereotaxic coordinates. cFos+ and PV+ cell bodies were
quantified in 3-4 sections (spanning the anterior-posterior extent of bV1) per mouse by a
scorer blinded to the animal’'s experimental condition, and reported as approximate

density, using previously established procedures. Co-labeling was quantified using the
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Image J JACoP plugin %' and values for each mouse are averaged across 3-4 sections.
As an added control (to ensure that observed changes in expression in bV1 were the
result of visual manipulations; Figure 2.3, Figure 2.6), primary auditory cortex (A1) was
identified in the same brain sections used for bV1 measurement. A1 boundaries were
estimated using established stereotaxic coordinates. A1 layer-specific expression was
quantified in each section as described above (Supplemental Figure 2.2, Supplemental

Figure 2.4).

2.4.5 : Statistical analysis

Statistical analyses were carried out using GraphPad Prism software (Version 9.1).
Comparisons of ocular dominance, firing rates, and visual response properties were
made using stably recorded (i.e., with consistent waveforms present across the entire
visual stimulation period), visually-responsive (visually-evoked firing rate > spontaneous
firing rate) units in bV1. Nonparametric tests were used for non-normal data distributions.
Specific statistical tests and p-values can be found within the results section and in

corresponding figures and figure legends.
2.5 : Results

2.5.1 : Binocular recovery (BR) causes more complete reversal of MD-induced bV1 ocular

dominance shifts than identical-duration reverse occlusion (RO)

We first directly compared the degree of bV1 response recovery induced by multi-
day BR and RO in bV1 neurons following a 5-day period of MD (Figure 2.1A). The
duration and timing of MD (P28-33; during the peak of the critical period for ODP) was

chosen with the aim of inducing a robust ocular dominance shift, with changes to both DE
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and SE responses in bV1 7. To ensure comparable quality and duration of visual
experience between BR and RO recovery groups, and to optimize potential for recovery
of binocular responses, from P33-38, these mice were placed for 4 h/day (starting at
lights-on) in a square chamber surrounded by four LED monitors presenting high-
contrast, phase-reversing gratings (8 orientations, 0.05 cycles/deg, reversing at 1 Hz) in
an interleaved manner. This type of visual stimulus was selected to mimic visual stimuli
used experimentally to promote recovery in amblyopia patients 29325253 and is similar to
stimuli that promote optimal recovery from MD in adult mice 2*. With binocular
presentation, this visual enrichment would optimize for synchronous co-activation of
inputs to V1 representing the two eyes, which is thought to be an important feature of
visual response recovery. During this period of visual enrichment, mice had access to a
running wheel, manipulanda, and treats in order to increase wake time, promote more
consistent visual stimulation, and drive maximum recovery 24. After the 5-day recovery
period, we compared bV1 neurons’ visual responses for stimuli presented to either the
right or left eyes, for the hemisphere contralateral to the original DE (Figure 2.1B).
Consistent with previous reports, 5-day MD induced a large ocular dominance shift
in favor of the SE compared to normally-reared (NR) control mice with binocular vision
from birth (Figure 2.1C-E). 5 days of BR visual experience returned bV1 ocular
dominance to a distribution similar to age-matched NR mice, completely reversing the
effects of MD. After BR, ocular dominance index distributions (Figure 2.1D) and
contralateral bias indices for each mouse (Figure 2.1E) matched those of NR mice,
showing a preference for the DE (contralateral) eye. In contrast, ocular dominance

distributions following 5-day RO visual experience were intermediate between MD mice
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and age-matched NR mice (Figure 2.1C-E), suggesting only partial recovery. Visual
responsiveness among neurons within bV1 was similar between the groups. The
proportion of visually-responsive recorded neurons (i.e., those with higher firing rate
responses to grating stimuli than to blank screen presentation) was 84.4% (222/263),
85.6% (238/278), 85.8% (230/268), and 82.8% (217/262) for NR, MD, BR, and RO
groups, respectively.

MD is known to effect a change in the balance of activity between principal (RS;
mainly glutamatergic) neurons and FS (mainly PV+, GABAergic) interneurons 105455 |n
our extracellular recordings, FS interneurons (identifiable based on distinctive spike
waveform features (1°48) represented roughly 15-20% of all stably-recorded neurons (i.e.,
those with spiking present across the entire visual response testing period), across all
treatment conditions (Figure 2.1F). We found that relative to neurons recorded from NR
mice, MD led to similar ocular dominance shifts toward the SE in both RS neurons and
FS interneurons (Figure 2.1G-H, respectively). These MD-induced changes were
completely reversed in both RS and FS populations in BR mice, but were only partially
reversed in RO mice (Figure 2.1G-H). We conclude that near the closure of the critical
period for ODP, 5-day BR is quantitatively superior to 5-day RO at reversing effects of

MD.
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Figure 2.1: BR is more effective than RO at reversing MD-induced ocular dominance shifts.

(A) Experimental design. Mice underwent 5-day MD from P28-P33. MD mice were recorded at P33. Two recovery
groups with either binocular recovery (BR) or reverse occlusion (RO) visual experience from P33-38 had daily 4-h
periods of visual enrichment starting at lights on and were recorded at P38. Normally-reared (NR) mice were
recorded at P38 without prior manipulation of vision. (B) Representative image of electrode probe placement in
bV1 coronal section stained with DAPI (left), and enlarged view of electrode contacts, which spanned the layers of
bV1 (center). Schematic of bV1 coordinates in coronal sections. Green lines represent probe placements in bV1
for all groups (right). (C) Ocular dominance histograms from bV1 neurons recorded contralateral to the original DE
for all four groups, using a 7-point scale (1= neurons driven exclusively by contralateral eye; 7= neurons driven
exclusively by ipsilateral eye, 4= neurons with binocular responses) n = 5 mice/group. (D) Cumulative distribution
of ocular dominance indices for all neurons recorded in each group. **** (gray) indicates p < 0.0001, K-S test vs.
NR; #### (orange) indicates p < 0.0001, K-S test vs MD; ns indicates not significant. (E) Contralateral bias indices
for mice in each treatment group. One-way ANOVA: F (3, 16) = 29.34, p < 0.0001. Tukey’s post hoc test vs NR —
MD: p < 0.0001; BR: p = ns; RO: p < 0.001. Tukey’s post hoc test vs MD — BR: p < 0.0001; RO: p < 0.01. Error
bars indicate mean + SEM. (F) The proportion of recorded neurons classified as regular spiking (RS) neurons and
fast-spiking (FS) interneurons in each treatment group. RS neurons: NR (n = 175); MD (n = 192); BR (n = 196);
RO (n =175). FS interneurons: NR (n =47); MD (n = 46); BR (n = 34); RO (n = 42). (G-H) Ocular dominance index
cumulative distributions for RS neurons (G) and FS interneurons (H). Ocular dominance index values for both
populations were significantly shifted in favor of the SE after MD, were comparable to those of NR mice after BR,
and were intermediate — between NR and MD values — after RO. ** and **** (gray) indicate p < 0.01 and p <
0.0001, K-S test vs. NR; ### and #### (orange) indicate p < 0.001 and p < 0.0001, K-S test vs MD.
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2.5.2: BR and RO differentially restore bV1 RS neurons and FS interneuron firing rate

responses after MD

MD leads to sequential changes in V1 neurons’ maximal responses to DE and SE
stimulation (which are depressed and potentiated, respectively) 6791056 \We next
investigated which of these changes could be reversed in bV1 neurons as a function of
post-MD BR or RO. To better characterize microcircuit-level changes due to MD, we
examined how DE and SE visual response recovery varied between RS neuron and FS
interneuron populations, and in different layers of bV1. DE responses were significantly
depressed after 5-day MD as previously reported ©7; these changes were seen across
cortical layers, in both RS neurons (Figure 2.2A-B) and FS interneurons (Figure 2.2E-
F). In both populations, DE response depression was most pronounced in the
extragranular layers. Both BR and RO both largely reversed DE response depression in
RS neurons, although modest differences remained after RO (Figure 2.2A); recovery
appeared most complete in RS neurons in layers 5/6 (Figure 2.2B). DE response
depression in FS interneurons was fully reversed by 5-day BR (Figure 2.2E), with the
most dramatic changes occurring in the extragranular layers (Figure 2.2F). In
comparison, response depression reversal was more modest (though still significant)
after RO (Figure 2.2E), with the largest changes occurring in layer 4 FS interneurons
(Figure 2.2F).

MD strongly potentiated responses to SE stimulation, across both bV1 neuron
populations, and across cortical layers (Figure 2.2C-D, G-H). BR and RO had differential
effects with respect to reversing MD-potentiated responses. For both RS neurons and FS

interneurons (Figure 2.2C, G), potentiation of SE responses was almost completely
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reversed by BR. In contrast, in both neuron populations, RO led to only partial reversal of
MD-induced SE response potentiation (Figure 2.2C, G). After BR, reversal of SE
response potentiation was present in RS neurons across bV1 layers. In contrast, after
RO, SE responses remained significantly potentiated in layer 4 and layers 5/6 (Figure
2.2D). Among FS interneurons, BR tended to reverse SE response potentiation more
completely than RO across all layers of bV1, with the most complete reversal (leading to
significant differences from MD alone) seen in layer 4 (Figure 2.2H). Together, these data
suggest that 5-day BR is superior to RO with respect to reversing both synaptic
depression and synaptic potentiation in bV1 caused by prior MD.

MD-driven changes in bV1 neurons’ visually-evoked firing responses reflect a
combination of Hebbian and homeostatic plasticity mechanisms 5761, While Hebbian
plasticity mechanisms (i.e., LTP and LTD of glutamatergic synapses) have the potential
to alter maximal firing rate responses to visual stimulation, homeostatic plasticity could
also affect the spontaneous firing rate of bV1 neurons. To assess how MD and recovery
experiences affect the overall firing of bV1 neurons, we also compared mean (across all
visual stimulus presentations) and spontaneous (during blank screen presentation) firing
rates in bV1 after MD and recovery experience (Supplemental Figure 2.1). Among RS
neurons, mean (Supplemental Figure 2.1A) and spontaneous (Supplemental Figure
2.1C) responses for the DE were unaffected or augmented, respectively — effects which
differed from the depression of DE maximal firing rate responses observed after MD
(Figure 2.2A). This difference suggests that while peak DE visual responses are
depressed after MD (via a Hebbian mechanism), this effect may be partially offset by

homeostatic firing enhancement. While RO had no further effect on DE mean or
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spontaneous firing rates, BR enhanced overall firing in RS neurons (i.e., beyond levels
seen after MD). SE mean and spontaneous firing in RS neurons were enhanced by MD;
these effects were not altered by RO and were only partially reversed after BR. Among
bV1 FS interneurons, DE mean and spontaneous firing rate changes after MD, RO, and
BR (Supplemental Figure 2.1B, D) followed the same pattern as changes in maximal
firing rates (Figure 2.2E) — with suppression after MD which were reversed after both
recovery experiences. SE mean and spontaneous firing was modestly, but significantly,
enhanced in FS neurons after MD; this enhancement remained after RO, but not BR.
Taken together, these data suggest that many, but not all, of the response changes
observed in bV1 neurons’ preferred-orientation responses after visual manipulations are

also observed in their mean and spontaneous firing.
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Figure 2.2: BR and RO differentially reverse MD-induced changes in DE and SE firing rate responses
among RS neurons and FS interneurons.

(A, C) Cumulative distributions of preferred-stimulus (i.e. maximal) DE (A) and SE (C) visually-evoked firing rate
responses for bV1 RS neurons. DE responses were significantly depressed after 5-day MD; this was reversed fully
after BR and partially after RO. SE responses in RS neurons showed post-MD potentiation, which was maintained
after RO, but largely reversed by BR. *, **, and **** (gray) indicate p < 0.05, p < 0.01, and p < 0.0001, K-S test
vs. NR; #, ### and ##H# (orange) indicate p < 0.05, p < 0.001, and p < 0.0001, K-S test vs MD. (B, D) Violin plots
of RS neurons’ DE (B) and SE (D) visually-evoked responses recorded from neurons in bV1 layers 2/3, 4, or 5/6.
Dashed lines represent the 25%, median, and 75% quartiles. *, **, ***, and **** (gray) indicate p < 0.05, p < 0.01,
p <0.001, and p < 0.0001, Dunn’s post hoc test vs. NR; #, ##, and #### (orange) indicate p < 0.05, p < 0.01 and
p < 0.0001, Dunn’s post hoc test vs MD. p < 0.01, < 0.05, and < 0.01 for DE responses recorded in layers 2/3, 4,
and 5/6, respectively; p < 0.0001 for SE responses recorded in all layers, Kruskal-Wallis test. (E, G) Cumulative
distributions of maximal DE (E) and SE (G) visually-evoked firing rate responses for FS interneurons. DE and SE
responses were depressed and potentiated, respectively, after MD. These response changes were partially
reversed by RO, and fully reversed by BR. ** and **** (gray) indicate p < 0.01 and p < 0.0001, K-S test vs. NR; #,
##, ###, and #### (orange) indicate p < 0.05, p < 0.01, p < 0.01, and p < 0.0001, K-S test vs MD. (F, H) Violin
plots of FS interneurons’ DE (F) and SE (H) visually-evoked responses recorded from neurons in each bV1 layer.
*and ** (gray) indicate p < 0.05 and p < 0.01, Dunn’s post hoc test vs. NR; # and ## (orange) indicate p < 0.05
and p < 0.01, Dunn’s post hoc test vs MD. p < 0.001, < 0.05, < 0.001 for DE responses recorded in layers 2/3, 4,
and 5/6, respectively; p = ns, < 0.01, and < 0.01 for SE responses recorded in layers 2/3, 4, and 5/6 respectively,
Kruskal-Wallis test.
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2.5.3 : BR, but not RO, fully restore DE-driven cFos expression in bV1 layers 2/3

To further characterize how MD, BR, and RO affect visual responses throughout
bV1, we used immunohistochemistry to quantify DE-driven cFos expression in PV+
interneurons and non-PV+ neurons. Mice were treated as shown in Figure 2.1, after
which they were returned to the visual enrichment arena for 30 min of visual stimulation
of the DE only, then were perfused 90 min later. Visually-driven expression of cFos and
PV expression were quantified across the layers of bV1 contralateral to the DE (Figure
2.3A-D). Consistent with previous reports 6263 DE-driven cFos expression was
significantly reduced across bV1 after MD (Figure 2.3B). Both total density of cFos+
neurons and the density of cFos+ PV+ interneurons decreased after MD. BR reversed
these changes, restoring DE-driven cFos expression to levels seen in NR control mice
(Figure 2.3B, C). In contrast, and consistent with data shown in Figure 2.3A, D, both
total DE-driven cFos expression and density of cFos+ PV+ interneurons remained
significantly reduced after RO. Quantification of cFos and PV by layer showed that the
largest differential effects of visual experience were seen in layers 2/3. Following MD, DE-
driven cFos expression was reduced across all layers (Figure 2.3B), and cFos+ PV+
interneuron density was dramatically reduced in layers 2/3 (and to a lesser extent, layer
4) (Figure 2.3D). RO restored DE-driven cFos expression in layer 4 and layers 5/6, but
not layers 2/3 (Figure 2.3B). After BR, total and PV+ interneuron cFos expression was
renormalized across all layers, including layer 2/3, where cFos+ neuron density was
restored to levels seen in NR mice (Figure 2.3D). As an additional control, to verify that
changes in expression were driven by alterations of visual input, the same analysis was

applied to adjacent segments of primary auditory cortex (A1) within the same
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immunolabeled brain sections used for bV1 measurements. As shown in Supplemental
Figure 2.2, no differences in cFos or PV expression were observed between the four
experimental groups. Together, these data suggest that activity-driven plasticity in layer
2/3, especially in layer 2/3 PV+ interneurons, differs dramatically during monocular vs.

binocular recovery from MD.
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Figure 2.3: DE-driven cFos expression is reduced after MD and restored after BR, but not RO.

(A) Representative images of bV1 cFos (cyan), parvalbumin (PV) [red], and overlap across treatment groups
following DE stimulation. Mice (n = 5/treatment group) received DE-only visual stimulation for 30 min, then were
returned to their home cages for 90 min prior to perfusion. Dashed lines represent cortical layer distribution used
in cell counting analysis. Scale bar = 100 ym. (B) DE-driven cFos+ neuron density was decreased in bV1 after
MD. cFos expression was fully rescued after BR and partially rescued after RO. One-way ANOVA: F (3, 16) =
39.65, p < 0.0001; *** and **** (gray) indicate p < 0.001 and p < 0.0001, Tukey test vs. NR; ### and #### (orange)
indicate p < 0.001 and p < 0.0001, Tukey test vs MD. cFos+ neuron density in bV1 layers 2/3, 4, and 5/6. One-
way ANOVA for layers 2/3, 4, or 5/6, respectively: F (3, 16) = 95.41, p < 0.0001, F (3, 16) = 9.093, p = 0.001, and
F (3, 16)=12.35, p = 0.0002. (C) Density of PV+ bV1 interneurons was similar between groups. One-way ANOVA:
F (3, 16) = 2.99, p = 0.062. PV+ interneuron density in bV1 layers 2/3, 4, and 5/6. One-way ANOVA for layers 2/3,
4, or 5/6, respectively: F (3, 16) = 3.40, p = 0.044, ns, and ns. (D) cFos+ PV+ interneuron density decreased with
MD and recovered with BR, but not RO. One-way ANOVA: F (3, 16) = 11.40, p = 0.0003; ** (gray) indicates p <
0.01, Tukey test vs. NR; ## (orange) indicates p < 0.01, Tukey test vs MD. cFos+PV+ interneuron density in bV1
layers 2/3, 4, and 5/6. One-way ANOVA for layers 2/3, 4, or 5/6, respectively: F (3, 16) = 18.88, p < 0.0001, F (3,
16) = 4.25, p = 0.022, and ns. *, ***, and **** (gray) indicate p < 0.05, p <0.001, and p < 0.0001, Tukey test vs.
NR; #, ##, ### and #### (orange) indicate p < 0.05, p < 0.01, p <0.001, and p < 0.0001, Tukey test vs MD. Error
bars indicate mean = SEM.
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2.5.4: Sleep in the hours following BR visual experience is necessary for ocular

dominance recovery

Initial shifts in ocular dominance in favor of the SE are promoted by periods of
sleep following monocular visual experience 81964 However, it is unclear whether, or
how, sleep contributes to bV1 functional recovery after MD. Because 5-day BR (with 4 h
of binocular visual enrichment per day) was effective at reversing many of the effects of
prior MD, we tested whether post-visual enrichment sleep plays an essential role in this
recovery. Mice underwent the same 5-day MD and 5-day BR periods shown in Figure
2.1. Following each daily visual enrichment period, mice were returned to their home
cage, and over the next 4 h were either sleep deprived (SD) under dim red light (to prevent
additional visual input to V1) or allowed ad lib sleep (BR+SD and BR+Sleep, respectively;
Figure 2.4A-B). BR+Sleep mice spent (on average) just over 70% of the first 4 h post-
enrichment period (corresponding to SD in BR+SD mice) in a behavioral sleep posture
(crouched, immobile, nested and with closed eyes) (Figure 2.4C). We then compared
bV1 neurons’ visual responses for stimuli presented to either the right or left eyes, for the
hemisphere contralateral to the original DE, between BR+Sleep and BR+SD mice (Figure
2.4D). In contrast to prior reports on the effects of SD following RO in critical period cats
(Dadvand et al., 2006), we found that SD in the hours following daily BR visual experience
reduced post-MD recovery of ocular dominance in favor of the original DE (Figure 2.4E).
Ocular dominance index and contralateral bias index values for bV1 neurons recorded
from BR+SD mice were significantly reduced compared to those of BR+Sleep mice,
indicating reduced DE preference similar to that seen after MD alone (Figure 2.4F-G).

These effects of SD on ocular dominance recovery across BR were present in both RS
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neurons and FS interneurons in bV1 (Figure 2.4H-J). The proportion of visually
responsive neurons recorded in BR+Sleep and BR+SD mice was also similar (88.3% and
84.5%, respectively). Thus, in the context of BR-mediated recovery from MD, post-

experience sleep plays an essential role in recovery of ocular dominance in bV1.
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Figure 2.4: Sleep loss following BR visual experience prevents ocular dominance shifts

(A) Experimental design. Mice underwent 5-day MD and 5-day BR; each day after 4-hr BR, BR+Sleep mice were
returned to their home cage and allowed ad lib sleep under dim red light, BR mice underwent 4 hours of sleep
deprivation (BR+SD) through gentle handling under dim red light. (B) Schematic of experimental setup for animal
observation under dim red light. (C) On average, BR+Sleep mice spent 71% of the 4 h period following visual
enrichment (n = 5) in sleep, based on visual confirmation of immobility, stereotyped (crouched) sleep postures,
nesting, and closed eyes, consistent with prior studies (Delorme et al 2021, Puentes-Mestril et al 2021). (D)
Schematic of bV1 coordinates in coronal sections. Green lines indicate probe placements in bV1 for BR+Sleep
and BR+SD groups. (E) Ocular dominance histograms for bV1 neurons recorded from BR+Sleep and BR+SD
groups (4 mice/group). (F) Cumulative distribution of ocular dominance index values for bV1 neurons recorded
from BR+Sleep and BR+SD mice. **** indicates p < 0.0001, K-S test for BR+Sleep vs. BR+SD. Values from
neurons recorded in MD-only mice from Fig. 1 are shown (dashed gray lines) for comparison. (G) Contralateral
bias index values were reduced for bV1 neurons recorded from BR+SD mice. Unpaired t-test: p = 0.0059. Error
bars indicate mean + SEM. (H) Proportion of recorded neurons identified as RS neurons or FS interneurons for
the two groups. RS neurons: BR+Sleep (n = 144); BR+SD (n = 138). FS interneurons: BR+Sleep (n = 28); BR+SD
(n =31). (I-J) Ocular dominance index values for recorded RS neurons (l) and FS interneurons (J) were reduced
in BR+SD mice. ** and **** indicate p < 0.01 and p < 0.0001, K-S test.
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2.5.5 : BR-mediated renormalization of DE and SE responses are reversed by sleep loss

To determine how SD affects visual responsiveness in DE and SE pathways, we
assessed how maximal visually-evoked firing rates (at each neuron’s preferred stimulus
orientation) were affected by post-BR sleep vs. SD. In both RS neurons and FS
interneurons, post-BR SD led to a significant reduction of DE firing rate responses
compared with those recorded from freely-sleeping mice (Figure 2.5A-B, E-F). When DE
responses were compared across bV1, as a whole, those recorded from BR+SD mice
were significantly lower than those recorded from BR+Sleep mice, similar to those
recorded from mice after MD alone. Among RS neurons, we found that this effect was
most pronounced in layers 2/3, where DE-driven firing rates in BR+SD mice were similar
to those recorded from MD mice (Figure 2.5B). Among FS interneurons, SD effects were
most pronounced in layer 4, where depressed DE responses were similar to those of MD-
only mice (Figure 2.5F).

Across bV1, as a whole, RS neurons’ SE responses were not significantly different
between BR+Sleep and BR+SD mice (Figure 2.5C). SE responses were significantly
elevated in RS neurons recorded in layer 4 and layers 5/6 from BR+SD mice, where
median response rates were similar to those recorded in MD-only mice (Figure 2.5D).
Across the bV1 FS interneuron population, SD interfered with BR-driven normalization of
SE responses, which remained elevated, similar to those recorded from mice following
MD alone (Figure 2.5G). FS interneurons’ SE responses in BR+SD mice were
significantly elevated relative to BR+Sleep mice in layers 5/6, with median firing rate

responses similar to those seen in MD mice (Figure 2.5H). Together, these data suggest
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that eye-specific response renormalization due to BR in both RS neurons and FS
interneurons is suppressed by post-BR SD.

As with MD, BR, and RO groups (Supplemental Figure 2.1), we also compared
mean (i.e., across all visual stimulus orientations) and spontaneous (blank screen) firing
between BR+Sleep and BR+SD groups (Supplemental Figure 2.3), to identify sleep-
dependent changes that might be mediated by homeostatic, rather than Hebbian,
mechanisms. As shown in Supplemental Figure 2.3A and C, both DE and SE mean and
spontaneous firing followed a similar pattern to maximal visually-evoked firing (Figure
2.5A, C). Because both SE mean and spontaneous firing differed between the two
groups, with SE firing being reduced overall in BR+Sleep mice (and this was most
pronounced for spontaneous firing (Supplemental Figure 2.3C), one possibility is that
this difference is driven by homeostatic synaptic downscaling occurring in a sleep-
dependent manner in bV1 %. FS interneurons’ mean and spontaneous firing rates
generally did not differ significantly between BR+Sleep and BR+SD mice (Supplemental
Figure 2.3B, D), although SE mean firing rates were lower in BR+Sleep mice, similar to
maximal visually-evoked firing (Figure 2.5G).

To further characterize layer- and cell type-specific changes in visual responses
after post-BR sleep vs. SD, we quantified DE-driven cFos and PV+ interneuron
expression in bV1 of BR+Sleep and BR+SD mice (Figure 2.6A-D), using the same DE
visual stimulation strategy described for Figure 2.3. Across bV1, as a whole, overall DE-
driven cFos expression was significantly reduced in BR+SD mice compared to BR+Sleep
mice (Figure 2.6A-B). This reduction was most dramatic in layers 2/3 and 5/6 (Figure

2.6B), where cFos levels in BR+SD mice were intermediate between those of BR+Sleep
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and MD-only mice. The density of cFos+ PV+ interneurons was likewise significantly
decreased after DE stimulation in BR+SD mice (Figure 2.6D), with dramatic reductions
in layers 2/3 and 4 (Figure 2.6D). As an additional control, to verify that changes in
expression were driven by alterations of visual input, the same analysis was applied to
adjacent segments of primary auditory cortex (A1) within the same immunolabeled brain
sections used for bV1 measurements. As shown in Supplemental Figure 2.4, no
differences in cFos or PV expression were observed between BR+Sleep and BR+SD
groups. Taken together, our data suggests that most of the changes to DE and SE
responses initiated in bV1 by MD are sustained when BR is followed by SD. Conversely,
BR-mediated recovery of binocular function in bV1 RS neurons and FS interneurons

relies on post-BR sleep.
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Figure 2.5: Post-BR SD prevents recovery of DE and SE responses after MD

(A, C) Cumulative distributions of preferred-stimulus DE (A) and SE (C) visually-evoked firing rate responses for
bV1 RS neurons. DE firing rate responses were significantly decreased in BR+SD mice relative to BR+Sleep mice.
** indicates p < 0.01, K-S test. (B, D) Violin plots of RS neurons’ DE (B) and SE (D) visually-evoked responses
recorded from neurons in bV1 layers 2/3, 4, or 5/6. Dashed lines represent the 25%, median, and 75% quartiles; *
and ** indicate p < 0.05 and p < 0.01, Mann-Whitney test. (E, G) Cumulative distributions of maximal DE (E) and
SE (G) visually-evoked firing rate responses for bV1 FS interneurons. Firing rate responses for DE and SE
stimulation were significantly decreased and increased, respectively, in BR+SD mice. * and ** indicate p < 0.05
and p <0.01, K-S test. (F, H) Violin plots of FS interneurons’ DE (F) and SE (H) visually-evoked responses recorded
from neurons in bV1 layers 2/3, 4, or 5/6. * indicates p < 0.05, Mann-Whitney test. Values for the MD-only condition

(gray dashed lines) from Fig. 2 are shown for comparison.
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5/treatment group) received DE-only visual stimulation for 30 min, then were returned to their home cages for 90
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relative to BR+Sleep mice. Unpaired t-test: * indicates p < 0.05. cFos+ neuron density was reduced in bV1 layers
2/3, 4, and 5/6 after BR+SD relative to BR+Sleep. Unpaired t-test: * and ** indicate p < 0.05, and p <0.01,
respectively. (C) PV immunostaining was similar between groups. PV+ interneuron density in bV1 layers 2/3, 4,
and 5/6 was similar between groups. (D) cFos+ PV+ interneuron density was decreased in BR+SD mice relative
to BR+Sleep mice. Unpaired t-test: ** indicates p <0.01. cFos+ PV+ interneuron density was reduced in bV1 layers
2/3 and 4 in BR+SD mice relative to BR+Sleep mice. Unpaired t-test: * and ** indicate p < 0.05 and p < 0.01,
respectively. Values for the MD-only condition (gray dashed lines) from Fig. 3 are shown for comparison.

83



2.6 : Discussion

In this study, we compared how different recovery experiences and subsequent
sleep affect recovery of visual cortical responses following MD. We first compared the
effects of equal-duration, qualitatively-similar binocular vs. monocular visual experience
on recovery of bV1 responses following MD, using single-unit electrophysiology and
immunohistochemistry. It is important to note that our BR intervention did not involve
simply re-opening the original DE — an intervention used in early studies using primates
and cats as an amblyopia model 617, Rather, we attempted to create an experimental
scenario for BR where cooperative input from the two eyes might be expected to reach
bV1 simultaneously, and that mice would be encouraged to use the eyes together. We
chose to optimize visual stimulation during recovery experiences with high-contrast
gratings, which have been shown to optimize recovery of visual function in adult mice
after MD 2425 and which would optimize coincident activation of the two eyes during
binocular viewing. Moreover, we place BR and RO mice in a behavioral scenario where:
1) the stimuli were novel, and 2) as BR mice moved through the environment, binocular
disparity cues (i.e., spatial frequency of stimuli presented to the eyes) would be constantly
changing. Critically, a side-by-side comparison of equal-duration BR and RO clearly
showed that bV1 ocular dominance shifts in favor of the SE are reversed after 5-day BR,
but not 5-day RO (Figure 2.1). This reversal is present in both RS neurons and FS
interneurons, and is associated with reversal of both MD-driven DE response depression
and SE response potentiation (Figure 2.2, Supplemental Figure 2.1). Insofar as MD
serves as a model for amblyopia caused by disruption of vision in one of the two eyes

during childhood, these data add to a body of growing evidence that suggests that
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enriched binocular visual experience may offer advantages over and above the standard
of care for amblyopia. We also characterized the effects of post-experience sleep and
sleep loss on recovery processes. When daily BR experience is followed by SD, recovery
of normal binocular vision in bV1 is nearly completely blocked (Figure 2.4, Figure 2.5,
Figure 2.6). This suggests that the relative timing of sleep relative to recovery experience
is potentially a critical — but overlooked - consideration for the treatment of amblyopia.
How do BR and RO differ in their effects in bV1? Here we find that 5-day MD
causes significant DE response depression among both RS neurons and FS interneurons
in bV1 — with the most dramatic depression observed among FS interneurons in layers
2/3. These findings are consistent with results of longitudinal calcium imaging studies in
mouse V1 % and both acute and longitudinal electrophysiological recordings in cat V1
910 These changes not only reduce FS interneuron firing rates, but also strongly reduce
DE-driven cFos expression among PV+ and PV- neuron populations in layers 2/3 (Figure
2.3). Thus, our data are consistent with the interpretation that MD leads to a transient
decrease in cortical inhibition through effects of PV+ interneurons 9%, Importantly,
closure of the critical period for ODP is thought to involve restoration of “mature” levels of
cortical inhibition, which disrupts subsequent competitive plasticity of excitatory inputs '-66-
68 We find that while this response depression is almost completely reversed by 5-day
BR, only partial recovery of DE responses is achieved with RO. Differential recovery
between BR and RO is evident both at the level of firing rates (Figure 2.2) and DE-driven
cFos expression (Figure 2.3). Across the initial 5-day MD period, both FS interneurons
and RS neurons also show widespread potentiation of SE firing rate responses, across

all layers of bV1. These SE response changes (which are thought to occur only after DE
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response depression has already take place) /%10 appear to be almost fully reversed after
5-day BR visual experience. In contrast, SE response enhancement is minimally altered
after 5-day subsequent RO. In general, these findings are consistent with intrinsic signal
imaging studies in binocular mouse V1, which indicated that a single day of BR is superior
to RO at restoring binocularity 23. Future studies will be needed to determine the precise
role of FS interneurons’ response properties in mediating recovery, the extent to which
initial eye-specific response changes during MD are mediated by Hebbian vs.
homeostatic plasticity mechanisms 58.:60.61.6%-72 ' and how differential outcomes with BR vs.
RO themselves reflect Hebbian vs. homeostatic changes within bV1.

How does post-experience sleep or sleep loss affect bV1 during recovery? Our
data clearly demonstrate that following periods of BR experience, subsequent sleep is
essential for recovery of MD-driven changes in ocular dominance (Figure 2.4), DE and
SE firing rate responses (Figure 2.5), and DE-driven cFos expression (Figure 2.6).
These are the first data demonstrating that following MD, sleep plays a critical role in
restoring normal visual function. Prior work has shown that post-MD sleep is essential for
initial ocular dominance shifts in favor of the spared eye &'133 and for MD-induced
structural plasticity in V1 neurons ®4. In comparison, the role of sleep in promoting
recovery of bV1 function following amblyopia onset is understudied. Prior work done in
critical period cats after brief RO indicated that post-RO SD had little impact — and even
tended to reduce recovery of binocular vision 3. However, virtually nothing is known about
interactions between BR visual experience and subsequent sleep. While post-BR sleep
has been suggested to promote homeostatic downscaling of firing rates in rodent

monocular zone %%, no prior work has addressed how it affects bV1 ODP. The present
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work characterizes how sleep contributes to experience-driven recovery of binocular
vision in bV1. We find that post-BR sleep is required for reversal of both DE response
depression and SE response potentiation, in both RS neurons and FS interneurons. As
with changes driven by initial MD (Figure 2.2, Figure 2.3), changes driven by post-BR
sleep appear to be most dramatic in layers 2/3 (Figure 2.5, Figure 2.6).

Why might sleep be essential for these changes? Available data suggests that
both Hebbian synaptic potentiation and weakening can occur in bV1 during post-MD
sleep 10337374 through sleep-dependent activation of specific molecular pathways 91133
or sleep-specific activity patterns 0. It is plausible that similar mechanisms are involved
in the reversal of MD-driven synaptic changes during post-BR sleep. For example,
specific oscillatory patterning of neuronal firing in the V1-LGN network during sleep may
be essential for spike timing-dependent plasticity between synaptically-connected
neurons 343537.75-77  Alternatively, sleep may promote permissive changes in biosynthetic
pathways that are essential for consolidating some forms of plasticity in vivo 478, In V1,
sleep plays a role in increasing inhibition within layers 2/3, reducing E/I ratios across the
rest phase ’9; this may play a role in reversing ocular dominance changes driven by
suppression of FS interneurons in the context of MD 1955, Finally, sleep also contributes
to homeostatic changes in V1 neurons’ firing rates 365 thus sleep-dependent
homeostatic plasticity may also contribute to bV1 changes observed in BR+Sleep, but not
BR+SD, mice. Indeed, spontaneous and mean neuronal firing rate data from these mice
(Supplemental Figure 2.3) support this idea.

Many factors affect the degree of ODP initiated by MD in animal models of

amblyopia, including behavioral state 891" and neuropharmacology 7-80-82. Emerging data
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suggests that these factors may also affect recovery from amblyopia 88384 However,
findings from both patients and animal models have raised debate about whether
dominant-eye (SE) patching provides the optimal sensory stimulus for promoting recovery
of vision 26:298586 Here, in side-by-side comparison of the effects of brief binocular vs.
monocular recovery experiences in mice, we show the two have strikingly different effects
on bV1 ocular dominance and network activation in bV1. These data reflect findings using
comparisons of 24-h binocular vs. monocular recovery 23, where simply re-opening the
DE in mice was found to be more efficacious for restoring binocular vision than RO. One
possibility is that plasticity mechanisms in mouse bV1 differ from those in operation in
primate bV1 when the DE is reopened '’. In support of this argument, simply reversing
occlusion of the weaker eye is insufficient to correct amblyopia in patients. On the other
hand, our present data suggests that features of the binocular visual stimulation used in
our BR condition may be useful for developing experimental therapeutics for amblyopia
recovery. Critically, our data also provide the first demonstration that the timing of sleep
relative to visual experience during amblyopia treatment may be an important
consideration for restoring normal bV1 function. This finding may have important
implications for treating amblyopia later in life, after the critical period, and future studies
should address whether similar or different mechanisms are in operation when recovery
occurs long after the critical period has closed. We hope that the present data will inform

future strategies for optimizing amblyopia treatment in children.
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Supplemental Figure 2.1: Mean and spontaneous firing rate changes associated with MD, BR, and RO.

(A) Cumulative distributions of DE (left) and SE (right) mean visually-evoked firing rate responses (i.e. across all
stimulus orientations) for bV1 RS neurons. DE mean firing responses were unchanged after MD and RO, but
increased after BR. MD enhanced SE mean firing responses. This enhancement was unaffected by RO and only
partially reversed by BR. **, ***, and **** (gray) indicate p < 0.01, p < 0.001, and p < 0.0001, K-S test vs. NR; ##
and ##H#HE (orange) indicate p < 0.01 and p < 0.0001, K-S test vs. MD. (B) Cumulative distributions of DE (left) and
SE (right) mean visually-evoked firing rates for FS interneurons. DE responses were depressed after MD; this was
effect was reversed by both BR and RO. SE responses were enhanced after MD; this effect was partially reversed
by BR, but not RO. *, **, and **** (gray) indicate p < 0.05, p < 0.01, and p < 0.0001, K-S test vs. NR; ### and ###H#
(orange) indicate p < 0.001 and p < 0.0001, K-S test vs. MD. (C) Cumulative distributions of RS neurons’ DE (left)
and SE (right) spontaneous firing rates (during presentation of a blank screen). MD enhanced DE spontaneous
firing, and which was further enhanced by BR. *, ***, and *** (gray) indicate p < 0.05, p < 0.001, and p < 0.0001,
respectively, K-S test vs. NR; ## (orange) indicates p < 0.01, K-S test vs. MD. (D) Cumulative distributions of FS
neurons’ DE (left) and SE (right) spontaneous firing rates. *, **, and *** (gray) indicate p < 0.05, p < 0.01, and p <
0.0001, respectively, K-S test vs. NR; #### (orange) indicates p < 0.0001, K-S test vs. MD.
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Supplemental Figure 2.2: cFos and PV expression are unchanged in primary auditory cortex (A1) after
manipulations of visual experience.

(A) Representative images of cFos (cyan) and parvalbumin (PV) [red] expression in A1 for the main treatment
groups (n = 5/treatment group). A1 regions were measured in the same brain sections, ipsilateral to bV1 measures
(Figure 4). (B) No changes in cFos expression across NR, MD, and both visual experience groups were observed
in total or across cortical layers. One-way ANOVA: F (3, 16) = 0.527, p = 0.669 for total cFos expression. cFos in
bV1 layers 2/3, 4, and 5/6. One-way ANOVA for layers 2/3, 4, or 5/6, respectively: F (3, 16) = 1.17, p = 0.349, F
(3, 16) = 0.153, p = 0.925, and F (3, 16) = 2.356, p = 0.110. (C) No changes in PV+ interneuron density groups
were observed in total or across cortical layers. One-way ANOVA: F (3, 16) = 0.3867, p = 0.7641 for total PV+
density. PV+ interneuron density in bV1 layers 2/3, 4, and 5/6. One-way ANOVA for layers 2/3, 4, or 5/6,

respectively: F (3, 16) = 0.456, p = 0.716, F (3, 16) = 0.631, p = 0.605, and F (3, 16) = 0.743, p = 0.541. Scale bar
=100 pm.
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Supplemental Figure 2.3: Mean and spontaneous firing rate comparisons for BR+Sleep and BR+SD

groups.

(A) Cumulative distributions of DE (left) and SE (right) mean visually-evoked firing rate responses (i.e. across all
stimulus orientations) for bV1 RS neurons. Similar to maximal visually-evoked firing at the preferred stimulus
orientation (Fig. 5) mean DE responses were significantly decreased and SE responses were significantly
increased in BR+SD mice, relative to responses recorded from BR+Sleep mice. * and ** indicate p < 0.05, and p
< 0.01, K-S test. (B) Cumulative distributions of DE (left) and SE (right) mean visually-evoked firing rate responses
(i.e. across all stimulus orientations) for bV1 FS interneurons. No changes in DE responses were observed. SE
responses were significantly higher BR+SD mice compared to BR+Sleep counterparts. * indicates p < 0.05, K-S
test. (C) Cumulative distributions of RS neurons’ DE (left) and SE (right) spontaneous firing rates (during
presentation of a blank screen). While DE spontaneous activity was unaffected, SE spontaneous activity was
significantly lower in BR+Sleep mice. *** indicates p < 0.001, K-S test. (D) FS interneurons’ DE (left) and SE (right)
spontaneous firing rates (during presentation of a blank screen) did not differ between BR+Sleep and BR+SD
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condition. Values for the MD-only condition (gray dashed lines) from Fig. 2 are shown for comparison.
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Supplemental Figure 2.4: cFos and PV expression in A1 do not differ between BR+Sleep and BR+SD mice

(A) Representative images of A1 cFos (cyan) and parvalbumin (PV) [red] expression in BR+Sleep and BR+SD
mice (n = 5/treatment group), from the same brain sections shown in Fig. 6, and ipsilateral to measured DE
expression in bV1. (B-C) No changes in cFos expression or PV+ interneuron density were observed between the
groups. cFos expression: p = 0.55 (total), p = 0.59 (layer 2/3), p = 0.15 (layer 4), and p = 0.83 (layer 5/6). PV

expression: p = 0.61 (total), p = 0.78 (layer 2/3), p = 0.64 (layer 4), and p = 0.55 (layer 5/6). Unpaired t-test. Scale
bar =100 ym.

100



>

NR 20+ +  Regular Spiking 100 w= Regular Spiking
@ - m  Fast Spiking o g mw Fast Spiking
T 60 215 apm =
=] = u =1
5 B0l w s
404 & 10 -
_2 = L] " N £
= £ 5 7 = ee® E
2 27 i Ve . o =
D— 0_ . ‘ - .-‘ y -
0102030405060.70.8001.01.11.2 00 02 04 06 08 10 12 14 012345878 9101112131415
Spike Half-width (ms) Spike half-width (ms) Firing Rate (Hz)
B - MD 20— _
= * Regular Spiking 100 = Regular Spiking
2 = ikil i = Fast Spiking
£ 60| Fis54 o« " FestSplng g 809 _
=] —~ =1
"5 2 5 60
o 40 & 5
o 404
é 20+ :g E
=z w Z 201
m o4 =
0.00.10.20.3 0.4 0.50.6 0.7 0.8 0.8 1.0 1.1 00 02 04 06 08 10 12 14 0123456878 2101112131415
Spike Half-width (ms) Spike half-width (ms) Firing Rate (Hz)
804 BR 204 + Regular Spiking 80+ = Regular Spiking
® & m  Fast Spiking @ = Fast Spiking
c G0+ T 15 -l “é‘ 60
-] — 1 o
5 S o] = 5
= 40 104 ¢ = 404
_8 =  ® » g
g 204 E 5 LI ..: - E
= u [ ! ..p g’ . N E 207
LTI .
- 042 0 -
0.10.2030405060.70.808101.11.2 00 02 04 06 08 10 12 14 012345878 2101112131415
Spike Half-width (ms) Spike half-width (ms) Firing Rate (Hz)
80+ Ro 20+ . Jar Spiking 80+ m Regular Spiking
_ . F astg Spiking W Fast Spiking
£ 60+ T 15 2 60|
2 ] 2
2 40 3 2 a0
L]
é o 2
320 £ 5
=z l ic 3 20 =
0- 0-
0.00.10.20.30405060.70.80.81.01.11.2 00 02 04 06 08 10 12 14 012345878 9101112131415
Spike Half-width (ms) Spike half-width (ms) Firing Rate (Hz)

Supplemental Figure 2.5: Spike sorting half-widths for acute recorded mice.

(A-D) Left: Distribution of spike half-widths (ms) for all recorded units in Figs. 1-2. Middle: Evoked firing rate of a
unit plotted as a function of the cell’s spike half-width yielding two distinct populations of cortical cells corresponding
to putative, fast-spiking interneurons (squares) and pyramidal, regular-spiking cells (circles). Right: Distribution of
all evoked firing rates for all acute recorded units. Fast-spiking units: black for all groups. Regular-spiking units:
NR (gray, A), MD (orange, B), BR (blue, C), and RO (green, D)
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Supplemental Figure 2.6: Spike sorting half-widths for acute recorded mice in BR+sleep and BR+SD mice.

(A-D) Left: Distribution of spike half-widths (ms) for all recorded units in Figs. 4-5. Middle: Evoked firing rate of a
unit plotted as a function of the cell’s spike half-width yielding two distinct populations of cortical cells corresponding
to putative, fast-spiking interneurons (squares) and pyramidal, regular-spiking cells (circles). Right: Distribution of
all evoked firing rates for all acute recorded units. Fast-spiking units: black for all groups. Regular-spiking units:
BR+sleep (blue, A), and BR+SD (red, B)
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Chapter 3 : Atypical Hypnotic Compound ML297 Restores Sleep

Architecture Immediately Following Emotionally Valenced Learning to
Promote Memory Consolidation and Hippocampal Network Activation

During Recall

This chapter includes the publication: Martinez JD, Brancaleone WB, Peterson
KP, Wilson LG, & Aton SJ. (2022) Atypical hypnotic compound ML297 restores sleep
architecture immediately following emotionally valenced learning to promote memory
consolidation and  hippocampal network activation during recall. Sleep.

DOI:10.1093/sleep/zsac301

3.1 : Abstract

Sleep plays a critical role in consolidating many forms of hippocampus-dependent
memory. While various classes of hypnotic drugs have been developed in recent years,
it remains unknown whether, or how, some of them affect sleep-dependent memory
consolidation mechanisms. We find that ML297, a recently-developed candidate hypnotic
agent targeting a new mechanism (activating GIRK1/2-subunit containing G-protein
coupled inwardly rectifying potassium [GIRK] channels), alters sleep architecture in mice
over the first 6 h following a single-trial learning event. Following contextual fear
conditioning (CFC), ML297 reversed post-CFC reductions in NREM sleep spindle power
and REM sleep amounts and architecture, renormalizing sleep features to what was

observed at baseline, prior to CFC. Renormalization of post-CFC REM sleep latency,
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REM sleep amounts, and NREM spindle power were all associated with improved
contextual fear memory (CFM) consolidation. We find that improvements in CFM
consolidation due to ML297 are sleep-dependent and are associated with increased
numbers of highly-activated dentate gyrus (DG), CA1, and CA3 neurons during CFM
recall. Together our findings suggest that GIRK1/2 channel activation restores normal
sleep architecture - including REM sleep, which is normally suppressed following CFC -
and increases the number of hippocampal neurons incorporated into the CFM engram

during memory consolidation.

3.2 : Significance Statement

Both REM and NREM sleep are thought to be important for consolidating
hippocampus-dependent memories. We find that GIRK1/2 activator ML297, administered
after single-trial fear learning, restores REM sleep that is normally suppressed after
learning fearful associations. This restoration is associated with improvements in fear
memory storage, resulting in more robust hippocampus activation in the context of
subsequent memory recall. Thus, this drug, which also has antiepileptic and anxiolytic
properties, may be useful for promoting normal, restorative sleep that benefits memory

storage.

3.3 : Introduction

Sleep plays an essential role in memory consolidation '-3. Available data from both
human subjects and animal models have implicated both non-rapid eye movement
(NREM) and REM sleep in the process of memory storage. While the underlying

mechanisms are still under investigation, these states differ one another, and from wake,
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with respect to neuromodulation, neural network oscillatory behavior, neuronal firing
patterns, gene expression, and protein translation %12

Sleep loss over the first few hours following training on many hippocampus-
dependent tasks leads to long-term memory disruption 1314 Among these, one of the
most well-studied is contextual fear memory (CFM), which is initiated by single-trial
contextual fear conditioning (CFC) in mice, and is consolidated in a sleep-dependent
manner over the next few hours 881517 During these first few hours following CFC, both
NREM and REM sleep are altered '7-?'. Some of these changes, including enhancements
in REM theta (4-12 Hz), NREM spindle (7-15 Hz) and NREM sharp wave-ripple
oscillations, predict successful CFM consolidation and recall 7-2'. Both CFC and tone-
cued fear conditioning also affect sleep architecture in mice, including transiently
suppressing REM sleep %223, How REM suppression affects CFM consolidation remains
unknown. However, data from analogous studies with human subjects have suggested
that post-conditioning REM sleep time, and limbic system brain activation during REM,
predicts successful fear memory consolidation 2426, Moreover, in mice, theta oscillations
present in the dorsal hippocampus during post-CFC REM sleep have been shown to play
a causal role in promoting CFM consolidation '7-?”. Optogenetically-driven hippocampal
theta activity can even rescue CFM consolidation from the deleterious effects of post-
CFC sleep deprivation (SD) '7. Thus, taken together, available data suggest that limbic
system activity and oscillations associated with both NREM and REM sleep contribute to
the long-term storage of recently-encoded fear memories.

Hypnotic drug interventions have recently been used as an experimental strategy

to test the relationships between sleep, memory consolidation, and synaptic plasticity 2%
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34 The majority of the hypnotics used in these studies - including benzodiazepines, non-
benzodiazepine “z-drugs”, and sodium oxybate - act as positive allosteric modulators of
GABAA receptors or as GABAB receptor agonists. These drugs, while effective at
promoting NREM sleep, can have unwanted side effects, including over-sedation,
electroencephalogram (EEG) anomalies including aberrant oscillations, and memory
deficits 28-30.35-37 Recent work has aimed to develop new classes of hypnotic drugs,
including orexin receptor antagonists, melatonin receptor agonists, and most recently,
activators of G-protein inward rectifying potassium (GIRK) channels 3840, GIRK channels
consist of four subunits (1-4 or Kir3.1-3.4), with homo- or hetero-tetrameric compositions
that are specific to organs, brain regions, and cell types (e.g. GIRK1/2 channels are
selectively expressed in hippocampal neurons, GIRK1/4 channels are present in cardiac
myocytes, and GIRK2/3 channels are present in the midbrain) 446, GIRK channel
activation is typically associated with Gi-mediated intracellular signaling and itself causes
neuronal hyperpolarization, leading to reduced neuronal activity 4”48, Recent studies have
found that the GIRK1/2 subunits can be directly activated independently of Gi signaling
using a selective and potent compound known as ML297 4950 Behavioral studies using
ML297 in rodents have shown it suppresses seizures, reduces anxiety-like behaviors,
and promotes NREM sleep during the circadian active phase (i.e., dark phase) 404951,
However, it remains unclear whether, and how, ML297 affects sleep-dependent memory
processing.

To characterize the effects of GIRK1/2 channel activation on post-learning sleep
and sleep-dependent memory consolidation, we administered ML297 immediately

following CFC and measured changes in post-conditioning sleep architecture. We found
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that while post-CFC NREM sleep was unchanged, ML297 administration restored REM
sleep in the hours following CFC (renormalizing it to levels seen at baseline), and
significantly improved CFM consolidation. This effect was sleep-dependent - i.e., ML297
had no beneficial effect on CFM when administered during post-CFC SD. Finally, we
found that post-CFC sleep, and particularly ML297-augmented post-CFC sleep, led to
increased hippocampal cFos and Arc expression during CFM recall. Taken together, our
data demonstrate that post-CFC REM sleep plays a critical role in CFM consolidation,
leading to greater hippocampal activation during recall - and that restoration of normal

post-CFC REM sleep by ML297 promotes this process.

3.4 : Materials and Methods

3.4.1 : Animal handling and husbandry

All mouse husbandry, experimental, and surgical procedures were reviewed and
approved by the University of Michigan Internal Animal Care and Use Committee
(PRO00010245). For all experiments, 4—5-month-old, male C57BL/6J mice (Stock No.
000664, Jackson Labs) were housed under a 12:12h light/dark cycle (lights on at 9 AM)
and had ad lib access to food and water. Mice were housed with littermates until either
EEG implantation surgery or (for non-implanted mice) daily habituation prior to behavioral
procedures, at which point they were single housed in standard cages with beneficial

environmental enrichment.

3.4.2 : Experimental design and statistical analyses

Male littermates were randomly assigned to treatment groups (n = 5-7 per group)

at the time of single housing for EEG implantation or behavioral procedures. Data
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analyses were carried out in a blinded manner; in some cases (e.g., for EEG recordings),
data were consensus scored by 2 individuals in order to reduce variability. Statistical
analyses were carried out using GraphPad Prism software (Version 9.1). For each
specific data set, the statistical tests and p-values used are listed in the “Results” section

and in corresponding figures and figure legends.

3.4.3 : Surgical procedures and EEG recording

For EEG experiments, mice underwent surgical procedures for implantation of
electroencephalogram (EEG) and electromyogram (EMG) electrodes. Briefly, mice were
anesthetized with 1-2% isoflurane. Stainless steel screw electrodes for EEG recording
and referencing were positioned over primary visual cortex (2.9 mm posterior to Bregma,
2.7 mm lateral) bilaterally and cerebellum, respectively, and a braided stainless steel wire
EMG electrode was placed in the nuchal muscle. After 11 days of postoperative recovery,
each mouse underwent 3 days of habituation to daily handling (5 min/day) and tethering
to recording cables in their home cage. Following habituation, 24-h baseline recordings
were made from each mouse, starting at lights-on (ZT0). Subsequently, for studies of
sleep-dependent memory consolidation, mice underwent CFC training at lights on (ZT0)
the following day, and were recorded for an additional 24 h thereafter. EEG/EMG signals
(0.5-300 Hz) were amplified at 20 x, digitized, further digitally amplified at 20-100 x, and
continuously recorded (with a 60-Hz notch filter) using Plexon Omniplex software and

hardware (Plexon Inc.) as previously described 17:19.52.53,

3.4.4 : Sleep state and power spectra analysis
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Baseline and post-CFC recordings were scored in 10-second epochs as wake,
NREM, or REM sleep using custom MATLAB software. EEG and EMG data were band-
pass filtered at 0-90 Hz and 150-250 Hz, respectively, for viewing during scoring. Raw
EEG data (0.5-300 Hz) were used for fast-Fourier transform and generation of power
spectral density from 0.5 to 20 Hz using NeuroExplorer 5 software (Plexon Inc.). An
automated spindle detection algorithm was used to identify sleep spindles in band-pass
fitered EEG data (7-15 Hz), as intervals containing = 6 successive deviations (i.e., peaks
or troughs) of signal that surpassed mean signal amplitude by 1.5 standard deviations,

lasting between 0.25-1.75 seconds 2.

3.4.5 : CFC, drug administration, sleep monitoring, and sleep deprivation

Mice underwent single-trial CFC as previously described 8817-1°, Each mouse was
placed in a novel cylindrical conditioning chamber made of clear Plexiglas with a metal
grid floor and distal cues (Med Associates). Mice were allowed to freely explore for 2 min
and 28 s, after which they received a 0.75 mA, 2-s foot shock through the grid floor,
followed by an additional 30 s in the CFC chamber. Immediately following CFC, mice
were returned to their home cage and given an i.p. injection of either ML297 (30 mg/kg;
Tocris) or vehicle (2% DMSO in 0.5% hydrooxypropyl cellulose aqueous solution).
Injections occurred within 5 min of removal from the CFC chamber. CFM tests were
conducted 24 h later by returning mice to the CFC chamber for 5 min. Mice were video
monitored continuously during both CFC training and CFM testing, and both freezing
behavior and time-in-location (Supplemental Figure 3.1, Supplemental Figure 3.8)
within the CFC chamber was quantified in a semi-automated manner using Ethovision XT

16 software (Noldus). Freezing was first scored based transient periods of immobility, as
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described previously %4, and was verified offline based on assessment of characteristic
freezing-associated posture 753, CFM-associated freezing behavior was quantified by
subtracting each mouse’s % freezing time during pre-shock baseline from % freezing time
across the entire CFM test, as described previously 61719,

Following CFC, mice were either allowed ad lib sleep (Sleep) or were sleep-
deprived (SD) via gentle handing over the next 6 h (ZT0-6). This method of SD was
chosen based on prior work showing that stress response (e.g. glucocorticoid production)
evoked by gentle handling SD is not sufficient to disrupt consolidation of fear memory
(and in fact may enhance consolidation) 5%, Following SD, all mice were allowed ad lib
recovery sleep over the next 18 h prior to CFM testing. For mice without EEG/EMG
implants, sleep was quantified over the first 6 h post-CFC via visual monitoring. Every 5
min, individual mice were scored as awake or asleep, with sleep identification based on
immobility, slow breathing, and presence of stereotyped (crouched) sleep postures,
consistent with prior studies. For SD, gentle handling procedures included cage tapping
or shaking, or nest disturbance %758, EEG/EMG-based validation of both the visual sleep

scoring method, and SD methodology, are shown in Supplemental Figure 3.7.

3.4.6 : Histology and immunohistochemistry

To quantify hippocampal activation patterns associated with recall, 90 min
following the conclusion of CFM tests, mice were euthanized with an overdose of sodium
pentobarbital and perfused with ice cold PBS, followed by ice cold 4% paraformaldehyde.
Brains were dissected, post-fixed, and cryoprotected in a 30% sucrose solution. 50 pym
coronal dorsal hippocampal sections were immunostained using rabbit-anti-cFos (1:1000;

Abcam, ab190289) and guinea pig-anti-Arc (1:500; Synaptic Systems, 156004) as
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markers of neuronal activation. Secondary antibodies used included Alexa Fluor 488
(1:200; Invitrogen, A11032) and Alexa Fluor 594 (1:200; Invitrogen, A11034). Stained
sections were mounted using Prolong Gold antifade reagent with DAPI (Invitrogen,
P36931) and imaged using a Leica SP8 confocal microscope with a 10X objective, to
obtain z-stack images (10 uym steps) for maximum projection of fluorescence signals.
Identical image acquisition settings (e.g. exposure times, frame average, pixel size) were
used for all sections.

For analysis of hippocampal activation patterns, three images of dorsal
hippocampus were taken per mouse and equally sized regions of interest (ROls) for DG,
CA1 and CA3 regions were obtained for each image. cFos+ and Arc+ neurons were
identified and quantified in subregions of these ROIs (i.e., pyramidal or granule cell layers,
DG hilus) by a scorer blinded to animal condition, using Imaged software. For Arc
expression in pyramidal cell layers of CA1 and CA3, mean fluorescent intensity (MFI) was
measured by adaptive thresholding of fluorescent signals and subtracting the

fluorescence intensity of each region from mean background fluorescence .

3.5 : Results

3.5.1: GIRK channel activation renormalizes REM sleep architecture in the hours

immediately following CFC and improves CFM consolidation

To test how GIRK1/2 channel activation affects post-CFC sleep and sleep-
dependent CFM consolidation, we recorded ML297-induced changes in sleep
architecture and EEG activity following CFC (Figure 3.1, Figure 3.2). 4-5 month old, male
C57BL/6J mice underwent continuous 24-h baseline EEG/EMG recording starting at

lights-on (ZTO0), followed by single-trial CFC at ZTO the following day. Immediately
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following CFC, mice were administered either vehicle or ML297 (30 mg/kg, i.p.), and
underwent EEG recording for an additional 24 h prior to CFM testing at ZTO on the third
day (Figure 3.1A). Automated scoring during CFC and CFM testing was used to quantify
both CFC- and CFM-associated freezing behavior (Figure 3.1B). Representative heat
maps showing time spent at different locations within the conditioning chamber during
training and testing can be seen in Supplemental Figure 3.1. During initial training (prior
to foot shock), vehicle and ML297 groups showed comparable, low levels of freezing
behavior (two-tailed, unpaired t-test; p = 0.2663; t, df = 1.177, 10). During the post-shock
period of CFC, freezing amounts were likewise comparable between vehicle and ML297
groups (two-tailed, unpaired t-test; p = 0.8990; t, df = 0.1419, 10), suggesting similar initial
behavioral responses during encoding. However, during CFM testing (i.e., recall), both
total freezing (two-tailed, unpaired t-test; p = 0.0141; t, df = 2.969, 10) and the change in
freezing from pre-shock values (two-tailed, unpaired t-test; p = 0.0101; t, df = 3.162, 10),
were higher in ML297-treated mice than vehicle-treated controls (Figure 3.1B). This
suggests that CFM consolidation was improved by post-CFC administration of ML297.
To test whether enhanced CFM consolidation following ML297 administration
correlated with differences in sleep architecture, we first compared baseline vs. post-CFC
sleep amounts between vehicle and ML297 groups. Vehicle and ML297 groups showed
similar NREM, REM, and wake amounts across the 24-hour baseline recording period
(Figure 3.1C-D, Supplemental Figure 3.2A-B, Supplemental Figure 3.3A,
Supplemental Figure 3.4A,C), as well as similar NREM sleep amounts over the next 24
h post-CFC (two-way repeated measures (RM) ANOVA; p(time of day x treatment) =

0.8121; F(11, 110 = 0.6157); Figure 3.1E). Wake amounts post-CFC were similar as well
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(two-way RM ANOVA; p(time of day x treatment) = 0.7915; F(1,110) = 0.6394;
Supplemental Figure 3.3B). However, ML297 significantly altered the time course of
REM sleep following CFC (two-way RM ANOVA; p(time of day x treatment) = <0.0001;
F(11,110) = 4.209; Figure 3.1F). This was observed as increased REM sleep amounts
over the first 6 h following CFC in ML297-treated mice (two-way RM ANOVA; p(time of
day x treatment) = 0.0006; F(11,10 = 24.26); Sidak’s post hoc test for vehicle vs. ML297,
p = 0.0226; Figure 3.1F), and reduced REM sleep amount (relative to vehicle-treated
controls) over the latter 6 h of the light phase (ZT6-12; Sidak’s post hoc test for vehicle
vs. ML297, p = 0.0045; Figure 3.1F). CFC reduced REM sleep during the first 6 h post-
CFC (relative to baseline) in vehicle-treated mice (two-way RM ANOVA; p(time of day x
treatment) = 0.0003; F(1,10 = 30.57)), consistent with previous findings 2223. ML297
reversed this effect over ZT0-6 by increasing REM sleep during this same time period
(Sidak’s post hoc test for vehicle vs. ML297, p = 0.0004; Figure 3.1D, F-G). ML297 did
not affect the proportion of time spent in NREM at any timepoint compared with vehicle
(two-way RM ANOVA; p(time of day x treatment) = 0.1657; F(1,10 = 2.236)), the change
in NREM amounts from baseline following CFC (two-way RM ANOVA,; p(time of day x
treatment) = 0.0749; (1,10 = 3.953); Figure 3.1C, E, G), or the proportion of time spent
in NREM or REM during the dark phase following CFC (ZT12-24) (Supplemental Figure
3.2C-D). Critically, freezing behavior at CFM recall was positively correlated with the
proportion of time spent in REM sleep over the first 6 h post-CFC (Pearson correlation
coefficient, R = 0.6319; p = 0.0275), but negatively correlated with REM amounts over
the subsequent 6 h (i.e., ZT6-12; Pearson correlation coefficient, R = -0.6550, p = 0.0208;

Figure 3.1H).
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We also quantified how CFC and ML297 affected other features of sleep
architecture, including NREM and REM bout durations and bout numbers. These aspects
of NREM and REM sleep were similar at baseline between the vehicle and ML297 groups
(Figure 3.2A-B, E-F). Following CFC, both vehicle and ML297 groups had comparable
NREM bout duration (two-way RM ANOVA; p(time of day x treatment) = 0.4974; F(11,110
= 0.9487); Figure 3.2C) and bout numbers (two-way RM ANOVA; p(time of day x
treatment) = 0.6252; F(11,110 = 0.8149); Figure 3.2D). In contrast, over the first 6 h post-
CFC, ML297-treated mice showed significantly increased REM sleep bout durations
compared to vehicle-treated counterparts (two-way RM ANOVA; p(time of day x
treatment) = 0.0245; F(1,10 = 6.994); Sidak’s post hoc test for vehicle vs. ML297, p =
0.0003; Figure 3.2G) and bout numbers (two-way RM ANOVA; p(time of day x treatment)
= 0.0016; F(1,10 = 18.39); Sidak’s post hoc test, p = 0.0267; Figure 3.2H). Group
differences in wake bout duration or number were not observed, either at baseline or post-
CFC (Supplemental Figure 3.4). In the hours immediately following CFC, vehicle-treated
mice showed both reduced REM bout duration and number (relative to baseline); ML297
restored REM bout numbers to baseline levels during this same period (Sidak’s post hoc
test for vehicle vs. ML297, p = 0.0019; Figure 3.2l). Finally, latency to the first bout of
post-CFC REM sleep (but not NREM sleep) was significantly reduced in mice
administered ML297 (two-way RM ANOVA; p(sleep state x treatment) = 0.0052; F(1,10
= 12.67); Sidak’s post hoc test for vehicle vs. ML297, p = 0.0001; Figure 3.2J). Reduced
latency to REM following CFC also predicted successful CFM recall the following day,
with mice with the shortest latency to REM showing the highest levels of freezing

(Pearson correlation coefficient, R = -0.7924, p = 0.0021; Figure 3.2J).
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Taken together, these data suggest that ML297-mediated GIRK channel activation
may improve CFM consolidation through a restorative increase in REM sleep over the
first few hours following CFC. Thus, ML297 treatment has the effect of renormalizing REM
sleep architecture, to offset suppression of REM that typically occurs after CFC and other

fear-associated learning %°.
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Figure 3.1: GIRK1/2 activation restores REM sleep amounts during the first few hours of fear memory
consolidation and improves fear memory recall.

(A) Configuration of EEG electrodes for sleep recording and schematic of experimental design. Mice were recorded
over a 24-h baseline starting at lights-on (ZTO0), then underwent single-trial contextual fear conditioning (CFC)
followed by an i.p. injection of vehicle or GIRK1/2 activator ML297 (30 mg/kg). Each mouse was recorded for an
additional 24 h prior to being tested for contextual fear memory (CFM). (B) During CFC training mice in the two
groups displayed similar freezing behavior. During CFM testing, freezing behavior was significantly greater in
ML297-treated mice. Bars indicate mean £ SEM; n = 6 mice/group; * indicates p = 0.0141 (total freezing during
recall), * indicates p = 0.0101 (change in freezing from pre-shock period during CFC), two-tailed, unpaired t-test.
(C) NREM and (D) REM sleep behavior during baseline across the light:dark cycle for vehicle- and ML297-treated
mice. Gray shaded areas represent lights off. No changes seen in time spent in NREM or REM sleep across the
light:dark cycle nor in total NREM or REM sleep across 6 h quartiles. n = 6 mice/group. (E-F) Sleep behavior post-
conditioning across the light:dark cycle for vehicle- and ML297-treated mice. Gray shaded areas represent lights
off. No changes seen in time spent in NREM across the light:dark cycle. Time spent in REM sleep was significantly
altered during the light cycle. REM sleep is significantly increased 3-4 hours post-treatment of ML297 compared
to vehicle controls at this same time point. Values indicate mean + SEM; n = 6 mice/group; ** indicates p = 0.0057,
Sidak’s post hoc test vs. vehicle. ML297 reorganized sleep to show significantly more total REM sleep during ZTO-
6 and significantly less total REM sleep during ZT6-12. Sidak’s post hoc test vs. vehicle. * indicates p = 0.0226
(ZT0-6) and p = 0.0045 (ZT6-12), Sidak’s post hoc test vs. vehicle. (G) Compared to baseline, REM sleep in the
first 6 h post-CFC was more suppressed in vehicle-treated vs. ML297-treated mice, while significantly promoted
during the last 6 h post-CFC. *** and * indicates p = 0.0004 (ZT0-6) and p = 0.0169 (ZT6-12), respectively, Sidak’s
post hoc test vs. vehicle. (H) Correlation between freezing behavior and % time spent in REM sleep in the first 6
h post CFC and last 6 h post CFC of the light cycle. R and p values are shown for Pearson correlation.
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Figure 3.2: ML297 REM sleep architecture is promoted during post-conditioning with GIRK channel
activation.

(A) Mean bout duration and (B) number of bouts for NREM sleep over the 24 h during baseline in vehicle and
ML297 groups were similar. (C) Mean bout duration and (D) number of bouts for NREM sleep over the 24 h post-
CFC in vehicle- and ML297-treated mice were similar. (E) Mean bout duration and (F) bout numbers for REM sleep
over the 24 h during baseline in vehicle and ML297 groups were similar. (G) Mean bout duration and (H) bout
numbers for REM sleep over the 24 h post-CFC in vehicle- and ML297 treated mice. * indicates p = 0.0400 (REM
bout duration), p = 0.0177 (number of REM bouts), Sidak’s post hoc test vs. vehicle. Values indicate mean + SEM.
(G) REM mean bout durations and (H) bout numbers are shown for hours 0-6 and 6-12 post-CFC. ML297-treated
mice show longer REM bout durations during ZT0-6. ** indicates p = 0.0003, Sidak’s post hoc test vs. vehicle.
ML297-treated mice show a greater number of REM sleep bouts during ZT0-6 and a reduced number of REM
sleep bouts during ZT6-12. * indicates p = 0.0267 (ZT0-6), p = 0.0123 (ZT6-12), Sidak’s post hoc test vs. vehicle.
(I) Post-CFC changes in REM mean bout duration (/eft) and number (right) from time-matched baseline values.
ML297 administration led to a relative increase in the number of REM sleep bouts in the first 6 h post-CFC, and a
decrease in bouts in the last half of the light cycle. ** indicates p = 0.0019 (ZT0-6) and * indicates p = 0.0419 (ZT6-
12), Sidak’s post hoc test vs. vehicle. (J) ML297-treated mice showed decreased latency to REM sleep (but
unchanged latency to NREM sleep) after CFC (*** indicates p = 0.0001, Sidak’s post hoc test vs. vehicle). Shorter
REM latency predicted successful CFM consolidation. R and p values are shown for Pearson correlation. n = 6
mice/group
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3.5.2 : ML297 administration alters NREM and REM EEG oscillations in a manner

consistent with renormalizing sleep architecture

We next assessed how NREM- and REM-associated EEG oscillations are affected
by ML297 administration. We found that at baseline, vehicle and ML297 groups showed
no EEG spectral power differences in either NREM or REM sleep (Figure 3.3A, C).
Following CFC, vehicle- and ML297-treated mice showed NREM spectral power
differences (two-way RM ANOVA; p(frequency x treatment) < 0.0001; F(78, 1343 =
3.643)) with vehicle-treated mice having a greater proportion of total EEG power in the
NREM delta (0.5-4 Hz) band (Figure 3.3B). Post-CFC REM EEG spectra also differed
between groups, with ML297-treated mice having greater proportional spectral power in
the theta (4-12 Hz) band (two-way RM ANOVA,; p(frequency x treatment) < 0.0001; F(78,
869 = 2.349), Sidak’s post hoc test for vehicle vs. ML297, p = 0.001; Figure 3.3D). We
assessed the change in power from baseline in both vehicle and ML297 groups during
post-CFC NREM and REM sleep. We found changes in NREM delta (two-way RM
ANOVA; p(frequency x treatment) < 0.0001; F(78, 1343 = 5.290)) and REM theta (two-
way RM ANOVA,; p(frequency x treatment) < 0.0001; F(78, 869 = 4.082)), during ZT0-6
and ZT2-6, respectively (Figure 3.3E-F). No differences were observed for NREM- or
REM-associated EEG oscillations between groups during the dark phase (Supplemental
Figure 3.5).

Because ML297 promoted REM sleep during the first few hours post-CFC, and
caused relative decrease in NREM delta power, we also assessed the effects of both
CFC and ML297 on NREM sleep spindles - waxing-and-waning, discrete EEG oscillations

with a peak frequency of 7-15 Hz. Spindles are: 1) inversely related to NREM delta power
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6062 2) implicated in CFM consolidation 2'83, and 3) critical for transitions between NREM
and REM sleep 6495, To test whether alterations in REM sleep architecture after ML297
administration were associated with changes in NREM spindles, we next detected these
events in a semi-automated manner 52 and compared post-CFC spindle characteristics
between groups. Both at baseline, and following CFC, neither spindle density (two-way
RM ANOVA; p(time of day x treatment) = 0.7795; F(5, 50 = 0.4935)) nor duration (two-
way RM ANOVA; p(time of day x treatment) = 0.7784; F(5, 50 = 0.4951)) differed
significantly between ML297- and vehicle-treated mice (Figure 3.4A-B, D-E). Spindle
power during baseline NREM sleep was similar between the two groups and relatively
invariant across the entire light phase (ZT0-12; Figure 3.4C). However, in the first few
hours following CFC, the proportion of total NREM EEG spectral power in the spindle
(i.e., sigma) band was significantly higher in ML297-treated vs. vehicle-treated mice (two-
way RM ANOVA,; p(time of day x treatment) = 0.0211; F(5, 50 = 2.938); Figure 3.4E).
This difference appeared to reflect suppressed spindle power (relative to baseline) in
vehicle-treated mice over the first 4 h of post-CFC NREM sleep, which was reversed by
ML297 (Sidak’s post hoc test for vehicle vs. ML297 at ZT0-2 and 2-4, p = 0.0223 and p =
0.0424). This difference in spindle power between the groups following CFC is consistent
with both the relative increases in NREM EEG delta power, and the overall suppression
of REM, following conditioning in vehicle-treated (but not ML297-treated) mice.
Intriguingly, this difference in spindle power continued into the subsequent dark phase
(ZT12-24) (two-way RM ANOVA; p(time of day x treatment) = 0.0300; (5, 50 = 2.718);
Supplemental Figure 3.6). Together, our EEG data suggest that administration of GIRK

channel activator ML297 following CFC modestly augments REM theta, and renormalizes
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NREM delta/spindle ratios, in a manner consistent with its renormalization of sleep
architecture. Because these EEG oscillatory changes are similar to those known to be
associated with successful sleep-dependent CFM consolidation 171921 they are
consistent with state-dependent hippocampal oscillations serving as a potential driver of

memory enhancement by ML297 23,
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Figure 3.3: ML297 has modest effects on overall NREM and REM EEG spectral power.

EEG power spectra (recorded over visual cortex, bilaterally) are shown for vehicle- and ML297-treated mice during
NREM baseline (A) and post-CFC (B), and during REM baseline (C) and post-CFC (D). Values indicate % of total
spectral power at each frequency band, mean + SEM; n = 6 mice/group. For (B), **** and * indicate post-CFC
differences in NREM delta frequency bands at ZT0-6 and 6-12, respectively, p < 0.0001 for 2.9-3.9 Hz and p <
0.05 for 1.4-1.7 Hz, respectively, Sidak’s post hoc test vs. vehicle. For (D), *** indicates post-CFC differences in
REM at ZT2-6, p < 0.001 for 7.1-8.1 Hz, Sidak’s post hoc test vs. vehicle. Values indicate mean + SEM; n = 6
mice/group. (E) Comparisons of changes in spectral power from baseline showed significant differences in NREM
delta frequency bands from 0.7-1.9 and 2.9-3.9 Hz (p < 0.0001, Sidak’s post hoc test) at ZT0-6 and REM theta
frequency bands 6.8-8.3 Hz (p < 0.0001, Sidak’s post hoc test) at ZT2-6. (F) Over the following 6 h of the light
phase (ZT6-12) no changes in spectral power from baseline were observed in either NREM or REM.

were observed in either NREM or REM.
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Figure 3.4: ML297 normalizes NREM sleep spindle power in the hours following CFC.

NREM spindle density (A) and mean duration (B) were similar between vehicle and ML297 groups for hours 0-12
during baseline. (C) NREM EEG spectral power within the spindle/sigma frequency band (7-15 Hz) was similar
between groups at baseline. NREM spindle density (D) and mean duration (E) were similar between both vehicle-
and ML297-treated mice following CFC. (F) Over the first 4 h following CFC, NREM spindle power was higher in
ML297-treated mice relative to vehicle-treated mice. * indicates p < 0.05, Sidak’s post hoc test. Values indicate
mean + SEM; n = 6 mice/group.
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3.5.3 : ML297 effects on CFM consolidation are sleep-dependent

Because ML297 restores REM sleep architecture and NREM oscillations during a
critical time window for CFM consolidation, we next tested whether ML297-mediated
improvement in CFM was sleep-dependent, or due to other effects of GIRK activation. In
a second cohort of non-instrumented mice, we tested whether post-CFC SD interfered
with ML297-driven improvements in CFM consolidation. At lights-on, mice underwent
single-trial CFC training and were immediately administered either vehicle or ML297.
Over the next 6 h, mice in each treatment group were either allowed ad lib sleep (and
visually monitored for changes in sleep amount) or underwent gentle-handling SD in their
home cage (which is sufficient to disrupt CFM consolidation) 617, To further validate this
approach, we compared the sleep architecture based on EEG/EMG recordings and visual
scoring in the same cohort of mice. We found no difference in total sleep time measured
using EEG analysis vs. visual observations (Supplemental Figure 3.7A-C). EEG
measurements in SD mice indicated that gentle handling led to 90% of the 6-h SD period
spent in wake, with minimal NREM bouts and no REM sleep (Supplemental Figure
3.7D). Over the course of SD, mice underwent a progressively increasing number of
experimenter interventions to prevent sleep, as predicted based on accumulating
homeostatic sleep drive (Supplemental Figure 3.7E).

CFM recall was tested for all mice 24 h after training (Figure 3.5A). The total time
spent asleep over the first 6 h following CFC was similar for the two freely-sleeping
groups, with no significant effect of ML297 on total sleep time (two-tailed, unpaired t-test;
p =0.4077; t, df = 0.8684, 9) (Figure 3.5B). Mice were video monitored during both CFC

and CFM recall testing; representative heat maps showing time-in-location within the CFC
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chamber during training and testing can be seen in Supplemental Figure 3.8. As
expected, during CFC training, freezing behavior was similar between groups during both
pre-shock (two-way ANOVA,; p(treatment) = 0.9848; F(1, 20 = 0.3134); p(sleep condition)
=0.0669; F(1, 20 = 3.754)) and post-shock (two-way ANOVA,; p(treatment) = 0.4845; F(1,
20 = 0.5075); p(sleep condition) = 0.0803; F(1, 20 = 3.394)) intervals (Figure 3.5C). 24 h
after CFC, mice were returned to the CFC chamber to test CFM recall. There were
significant effects of both prior sleep condition and drug treatment on freezing during
recall (two-way ANOVA,; p(treatment) = 0.00213; F(1, 20 = 14.03); p(sleep condition) <
0.0001; F(1, 20 = 39.71)), and on the change in freezing between recall and training (two-
way ANOVA; p(treatment) = 0.0022; F(1, 20 = 12.29); p(sleep condition) < 0.0001; F(1,
20 =31.07), Figure 3.5C). As expected, freely-sleeping vehicle-treated mice had superior
CFM comparted to vehicle-treated SD mice (Tukey’s post hoc test, p = 0.0140) (Figure
3.5C). Freely-sleeping ML297-treated mice showed stronger CFM than all other groups
tested (Tukey’s post hoc test vs. Sleep+ML297: Sleep+Vehicle, p = 0.0423, SD+Vehicle,
p < 0.0001, and SD+ML297, p = 0.0012). However, SD disrupted CFM consolidation
regardless of ML297 treatment - i.e., there was no effect of ML297 when mice were sleep
deprived (Tukey’s post hoc test for vehicle vs. ML297 in the SD condition, NS). These
findings support the conclusion that sleep is required for ML297-mediated improvements
in CFM consolidation. Together, these data suggest that GIRK1/2 channel activation

promotes memory consolidation via sleep-dependent mechanisms.
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Figure 3.5: Post-CFC ML297 administration improves CFM consolidation in a sleep-dependent manner.

(A) Experimental design. Mice underwent single-trial CFC at lights on, were subsequentially administered vehicle
or ML297 (30 mg/kg) via i.p. injection and returned to their home cage. Mice in the two drug treatment groups
were then allowed ad lib sleep or were sleep deprived over the first 6 h post-CFC, after which all mice were
allowed to sleep freely in their home cage until CFM testing the following day at lights on. (B) Total amounts of
observed sleep during the first 6 h post-CFC were similar for the two ad lib sleep groups. Bars indicate mean +
SEM, n =5 and 6 mice, respectively, for vehicle and ML297. (C) Vehicle and ML297 groups in both ad lib sleep
and sleep deprivation (SD) conditions had similar freezing behavior during training (pre-shock and post-shock).
n =25 and 6 mice, respectively, for vehicle and ML297 groups with ad lib sleep, and n =7 and 6 mice, respectively,
for vehicle and ML297 groups with SD. Freezing behavior during recall, and changes in freezing from the CFC
pre-shock period, were significantly greater in freely-sleeping ML297-treated mice compared with freely-sleeping
vehicle-treated mice. SD reduced CFM-associated freezing behavior in both treatment groups, which did not
differ from one another. n = 5 and 6 mice, respectively, for vehicle and ML297 with ad lib sleep, and n =7 and 6
mice, respectively, for vehicle and ML297 with SD. *, **, *** and **** indicate p < 0.05, p < 0.01, p <0.001, and p

< 0.0001, respectively, Tukey’s post hoc test.

125



3.5.4 : ML297-mediated improvement in CFM consolidation is associated with greater

hippocampal activation during subsequent recall

The major input to hippocampus from the neocortex is relayed through the DG.
Acting as a gateway to the rest of the hippocampus, the DG receives sensory and non-
sensory information from the rest of the neocortex via entorhinal cortical input. Neuronal
immediate early gene (IEG) expression increases among DG granule cells during both
initial learning and memory retrieval, and granule cell activation plays a causal role in
recall 6. We tested whether changes in DG activity during CFM recall were associated
with sleep- and ML297-mediated improvements in CFM consolidation, by quantifying
cFos and Arc expression in hippocampus. After CFM recall, mice were returned to their
home cages; 90 min later they were perfused to quantify protein products of IEG
expression associated with recall. We found a significant effects of both sleep and ML297
treatment on cFos expression in the DG (two-way ANOVA; p(sleep condition) < 0.0001,
F (1, 16) = 57.37; p(treatment) = 0.0003, F(1, 16 = 20.80); Figure 3.6A-B). ML297-treated
mice allowed ad lib sleep had significantly increased cFos+ cell counts in DG during recall
compared to both SD groups, and freely-sleeping vehicle-treated counterparts (Sidak’s
post hoc test vs. Sleep+ML297: Sleep+Vehicle, p = 0.0116; SD+Vehicle, p < 0.0001;
SD+ML297, p = 0.0002; Figure 3.6B-C). SD also disrupted recall-associated DG cFos
expression in vehicle-treated mice (Sidak’s post hoc test, p = 0.0010; Figure 3.6C).
Similar recall-associated patterns were observed for DG Arc expression (two-way
ANOVA; p(sleep condition) = 0.0009; F(1, 16 = 16.49); p(treatment) = 0.0304; F(1, 16 =
5.641)) (Figure 3.6B, D), with reduced numbers of Arc+ neurons in SD mice (Sidak’s post

hoc test vs. Sleep+ML297: SD+Vehicle, p = 0.0020; SD+ML297, p = 0.0057) (Figure
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3.6D). Overall expression of both IEGs in DG at recall was predictive of successful recall,
with higher numbers of cFos+ and Arc+ neurons corresponding to increased freezing
behavior during CFM testing (cFos: Pearson correlation coefficient, R = 0.7225, p =
0.0003; Arc: Pearson correlation coefficient, R = 0.5521, p = 0.0116) (Figure 3.6E).

We also quantified IEG expression within individual subregions of the DG to
examine whether changes associated with recall in the four treatment groups were
region-specific. As shown in Figure 3.6C-D, similar patterns of expression were observed
in the granule cell body layer of both the superior and inferior blade of DG, and in the DG
hilus. For cFos expression, we found significant effect of both sleep and treatment in both
the superior and inferior blades (superior: two-way ANOVA; p(sleep condition) = 0.0005,
F (1, 16) = 19.15; p(treatment) = 0.0127 F(1, 16 = 7.863); inferior: two-way ANOVA,
p(sleep condition) = 0.0051, F (1, 16) = 10.53; p(treatment) = 0.0379; F(1, 16 = 5.123)),
as well as in the hilus (two-way ANOVA; p(sleep condition) < 0.0001, F (1, 16) = 82.24;
p(treatment) = 0.0002; F(1, 16 = 22.19); Figure 3.6C). Similarly, Arc expression patterns
in superior and inferior blades after recall were similar to overall Arc+ neuron numbers
(superior: two-way ANOVA,; p(sleep condition) = 0.0021, F (1, 16) = 13.37; p(treatment)
= 0.0584 F(1, 16 = 4.155); inferior: two-way ANOVA,; p(sleep condition) = 0.0010, F (1,
16) = 16.03; p(treatment) = 0.0246; F(1, 16 = 6.154); Figure 3.6D).

To better understand how recall-associated neuronal activation is affected across
the rest of the hippocampal circuit as a function of post-learning sleep and ML297, we
also examined IEG expression within the pyramidal cell layers of CA1 and CA3 after CFM
recall (Figure 3.7A-B). Recall-driven cFos+ neuron numbers in CA1 varied significantly

as a function of prior sleep and drug treatment in CA1 (CA1: two-way ANOVA,; p(sleep
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condition) = 0.0060, F (1, 16) = 10.03; p(treatment) = 0.0011 F(1, 16 = 15.72); Figure
3.7C). Critically, however, cFos+ neuron numbers in CA1 were increased by ML297, even
in SD mice (Sidak’s post hoc test vs. SD+Vehicle, p = 0.0058). This suggests that CA1
cFos+ cell numbers are enhanced by ML297 administration even in a scenario where
consolidation of CFM has been disrupted by SD. Nonetheless, higher numbers of cFos+
neurons in CA1 were associated with better CFM recall (i.e., higher levels of freezing;
Pearson correlation coefficient, R = 0.6701, p = 0.0012; Figure 3.7D). cFos+ neuron
numbers in CA3 showed a similar overall pattern, but varied significantly as a function of
sleep only (two-way ANOVA; p(sleep condition) = 0.0030, F (1, 16) = 12.25; p(treatment)
=0.1914; F(1, 16 = 1.861); Figure 3.7C). cFos+ cell counts in CA3 also reflected freezing
levels during recall for individual animals (Pearson correlation coefficient, R = 0.5719, p
= 0.0084; Figure 3.7D).

Due to the widespread nature of Arc expression in CA1 and CA3, we quantified
mean fluorescence intensity (MFI) of Arc immunostaining in these sections after recall,
using previously described methods #. Using this strategy for quantification of Arc, no
significant differences were observed across groups for any of the groups in either CA1
or CA3 (Figure 3.7C), and MFI values were not predictive of freezing behavior during
recall (Figure 3.7D).

Taken together, these studies suggest that both post-CFC sleep (vs. SD), and
post-CFC administration of ML297, can increase dorsal hippocampus neuronal activation
during subsequent CFM recall. These effects on hippocampal activation (particularly on
neuronal activation in DG) during recall mirror, and are positively correlated with freezing

behavior during recall. These findings also support the idea that GIRK1/2 activation alters
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hippocampal network-level processes involved in consolidation in a sleep-dependent

manner, leading to sleep-dependent changes in activation during recall.

129



A CFC Train  vehicle or ML297 CFM Test IHC

N 'l_l'||ssue
‘ Z10......ZT6 ZT0 90 min  Harvest }/_5
T T Sleep or SD LTI
B Sleep+Vehicle Sleep+ML297 SD+Vehicle SD+ML297
- - - - -
- - - - -
C Total Superior Blade Inferior Blade Hilus
. . mm ‘ehicle
5 - e % 50 % 0 % %0 = ML297
B .
& T 2 2 2 ® o Sleop+Vehicie
0 = = =
Ei s . 8 40 8 g 10 = Sleep+ML297
+ + + + . .
5 50 . & . ] o @ . o SD+Vehicle
s s 5 5 O SD+ML297
B o 0 ‘5 0 [=} 0
#* Sleep sD * Sleep sD #* Sleep sD #* Sleep sD
D Total Superior Blade Inferior Blade E

**
60

40

1

Sleep SD Sleep SD # of cFos+ cells # of Arc+ cells

20

% Change in Freezing

# of Arc+ cells / section
# of Arc+ cells / section

# of Arc+ cells / section

Figure 3.6: Post-CFC ML297 increases the number of active neurons in DG during subsequent CFM recall,
in a sleep-dependent manner.

(A) Experimental paradigm. Mice underwent single-trial CFC, were administered vehicle or ML297 (30 mg/kg)
following training, and then were either allowed ad lib sleep or underwent 6-h SD. 24 h after CFC, mice were
tested for CFM, and perfused 90 min later to immunohistochemically quantify recall-associated cFos and Arc IEG
expression in dorsal hippocampus. n = 5 mice/ group. (B) Representative images of cFos+ (green) and Arc+
(magenta) DG neurons following CFM recall in the four treatment groups. Scale bar = 100 ym. (C) Mice allowed
ad lib sleep had significantly increased cFos+ neuron counts across DG compared to both SD groups. ML297
increased cFos+ neuron numbers further in freely-sleeping mice. Similar patterns were observed for the two DG
granule cell blades, and for the DG hilus. (D) Arc+ neuron counts across DG were also reduced in both SD groups.
ML297 administration led to a trend for higher overall Arc+ DG neurons relative to vehicle in freely-sleeping mice.
*, %%, % and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively, Sidak’s post hoc test. (E)
Higher numbers of cFos+ and Arc+ neurons across DG at recall reflected the success of CFM consolidation
across individual mice. R and p values are shown for Pearson correlation.
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Figure 3.7: Post-CFC ML297 increases the number of active neurons in CA1 during subsequent CFM recall,
in a sleep-independent manner.

(A) Experimental design, as in Fig. 6A. (B) Representative images of cFos+ neurons (green) and Arc+ mean
fluorescence intensity (MFI) in the pyramidal layers (magenta) in CA1 and CAS following CFM recall in the four
groups. Scale bar = 100 ym. (C) Post-CFC SD significantly decreased the number of cFos+ neurons in CA1 and
CAZ3 during recall in vehicle-treated mice. In CA1 only, ML297 increased cFos+ neuron numbers after recall in SD
mice as well as freely-sleeping mice. No significant changes in Arc MFIl were observed with SD or drug treatment
in either CA1 or CA3. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, Sidak’s post hoc test.
(D) Numbers of cFos+ neurons in both CA1 and CA3 during recall correlated with CFM recall performance. No
correlations were observed between freezing behavior and Arc MFI expression. R and p values are shown for
Pearson correlation.
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3.6 : Discussion

We find that in the hours immediately following CFC, direct GIRK1/2 channel
activation can increase REM sleep, restoring REM sleep architecture (normally
suppressed after fear learning) to baseline levels, and improving sleep-dependent
consolidation of fear memory. We find that ML297-associated increases in overall REM
sleep amounts, bout durations, and bout numbers (and reduced latency to REM sleep)
co-occur with increased NREM spindle power over the first 6 h post-CFC (and higher
spindle power continuing into the subsequent dark phase). It is likely that these changes
are driven by the same underlying mechanism, due to the increasingly well-established
causal relationship between spindle-rich NREM sleep and transitions from NREM into
REM sleep %455, In other words, it is likely that transitions into REM sleep after ML297
administration reflect the normal physiology of such transitions. Critically, all of the NREM
and REM sleep changes caused by ML297 in the hours following CFC appear to be
renormalizing sleep architecture to what is typically observed under baseline conditions
(i.e., in the absence of fear learning). Two features of these findings are worth noting.
First, the ML297-induced changes in sleep architecture that are correlated with successful
CFM consolidation occur almost exclusively within a window of time (i.e., the first 6 h after
CFC) where SD is sufficient to disrupt the consolidation process 681517, Second, post-
CFC SD is sufficient to prevent the CFM consolidation benefits of ML297 administration.

It is worth noting that both spindle-rich NREM sleep (such as that present at the
transition to REM) and REM sleep have been linked to memory storage, across species
- from humans to rodent models '67.68. NREM spindles have received a great deal of

recent study due to their linkage to sleep-related improvements on a range of mnemonic
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tasks, and to sleep-dependent synaptic plasticity in neocortex 321:31.5269.70 \Vithin the
hippocampus, spindles and other NREM-associated electrophysiological 92! and
neuromodulatory %20 changes have been mechanistically linked to successful CFM
consolidation. Our present data suggest that REM is at least equally vital for CFM, and
support growing body of data indicating that REM-specific features of post-learning
hippocampal activity 7?7 and gene expression 71’3 are essential for the consolidation
process. Together, our findings support the notion that post-CFC REM sleep plays a
causal role in promoting fear memory consolidation.

To better understand the link between our behavioral results and hippocampal
network-level events underlying successful memory consolidation, we examined IEG
expression within the hippocampus following CFM recall. We find that just as recall itself
is suppressed after post-CFC SD, the number of cFos+ and Arc+ neurons in DG after
recall, as well as the number of cFos+ neurons in downstream regions CA3 and CA1, is
decreased in SD mice. This is consistent with the idea that hippocampal activation during
recall is reduced overall after SD-disrupted consolidation. Because mice are given an
adequate opportunity for recovery sleep between SD and recall (i.e., 18 h from ZT6 to
ZT0 the following day), we believe that this alteration is due to a long-term change in the
strength of the memory trace itself, rather than an acute effect of SD on hippocampal
activation 4674, In other words, an increase in the number of neurons active at recall
following ad lib sleep would reflect more neurons’ inclusion into the hippocampal
‘engram”, while decreases after SD would reflect a reduction in neuronal incorporation
into the memory trace. Intriguingly, ML297 administration after CFC in freely-sleeping

mice results in a further increase in the number of IEG+ neurons in DG, where recall-
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activated neurons are generally sparser, but does not affect IEG+ numbers when
administered in the context of SD. These sleep-dependent effects of ML297 on DG
neurons’ activity during recall closely reflect effects of ML297 on CFM consolidation. In
contrast, in CA1, ML297 increases numbers of recall-activated cFos+ neurons,
regardless of whether mice are freely-sleeping or sleep-deprived. This suggests
additional, sleep-independent effects of ML297 within CA1, the region of hippocampus
where GIRK1/2 channels are most abundant 414449 Overall, our data suggest that GIRK
channel activation has sleep-dependent and sleep-independent effects on the dorsal
hippocampal network in the context of consolidation, leading to incorporation of more
neurons into the CFM engram, which is evident in the pattern of network activation during
CFM recall.

While numerous genetic findings suggest that loss of GIRK channel activity
disrupts hippocampal memory processing ’°, their precise molecular role in this process
remains unclear. In vitro studies have shown that in the hippocampus (e.g. CA1) GIRK
channel activation induces hyperpolarization, reduce neuronal excitability, and
suppresses LTP 474851 However, it is unknown how these effects translate to in vivo
function, and particularly how these changes are modulated in different brain states (such
as wake vs. NREM and REM sleep). Future studies will be needed to disentangle the
relationship between direct cellular effects of ML297 administration, its behavioral effects
(e.g., sleep-promoting, anxiolytic), and its mnemonic effects during the memory
consolidation process.

It is also worth noting that GIRK1/2 is expressed in other brain regions, including

the neocortex and the thalamus 76. The effects of ML297 treatment on delta and spindle
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oscillations may very well be mediated by activation of GIRK1/2 in these structures 23.
While our present findings are focused on drug effects on subsequent recall-associated
activation in the hippocampus, it is very plausible that ML297 also affects other structures
important for CFM, including thalamocortical circuits and the amygdala.

Recent data have implicated GIRK channels as a target for therapeutics in various
neurological and psychiatric conditions including epilepsy, Alzheimer's disease,
substance abuse, and anxiety disorders 4%75. QOur present data support the recent
suggestion 40 that GIRK1/2 activation via ML297 could also be beneficial as a hypnotic.
Beyond this, our data demonstrate that this hypnotic agent restores physiological REM
sleep (whose disruption by fear learning is well-established 23 to promote sleep-
dependent memory consolidation. These findings have important ramifications for
treatment of disorders - including neurodevelopmental disorders, dementia, and anxiety

disorders) where both sleep architecture and cognitive function are disrupted.
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3.8 : Chapter 3 Supplementary Information Figures

>

Vehicle ML297

I\/Iin CFC Train CFMTest CFC Train CFM Test

Time in Location

Supplemental Figure 3.1: Representative heat maps of time-in-location for individual EEG-implanted mice
during CFC training and CFM testing.

(A) Heat maps indicating time spent in various locations within the conditioning chamber, for representative vehicle-

and ML297-treated mice during CFC and CFM testing. Red represents locations in the CFC chamber where mice
spent the most time, while blue represents locations in the CFC chamber where mice spent the least time.
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Supplemental Figure 3.2: NREM and REM sleep architecture are similar during the dark phase (ZT12-24)
during baseline recording and following CFC.

(A) NREM and (B) REM total sleep behavior during baseline across 6-h periods of dark phase were similar for

vehicle and ML297 groups. (C) NREM and (D) REM total sleep behavior post-CFC during the dark phase were
similar for vehicle and ML297 groups. n = 6 mice/group
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Supplemental Figure 3.3: Wake architecture across the light:dark cycle.

Recording time percentage spent in wake across (A) baseline and (B) post-CFC periods were generally similar
for vehicle and ML297 groups. When percent time in wake was calculated across the first 6 h of the dark phase
(ZT12-18), vehicle mice spent more time in wake compared to ML297 mice (* indicates p < 0.05, Sidak’s post hoc
test vs. vehicle n = 6 mice/group). Gray shaded areas represent lights off.
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Supplemental Figure 3.4: Wake architecture in vehicle and ML297 groups.
Mean bout duration for wake during (A) baseline and (B) post-CFC periods in vehicle and ML297 groups were

similar. Number of wake bouts during (C) baseline and (D) post-CFC periods in vehicle- and ML297-treated mice
were also similar. Gray shaded areas represent lights off. n = 6 mice/group
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Supplemental Figure 3.5: NREM and REM EEG spectral power across the dark phase (ZT12-24).

EEG power spectra (recorded over visual cortex, bilaterally) for the dark cycle (12-24) are shown for vehicle and
ML297 groups during NREM baseline (A) and post-CFC (B), and during REM baseline (C) and post-CFC (D).
Values indicate % of total spectral power at each frequency band, mean + SEM; n = 6 mice/group. No significant
changes between vehicle and ML297 groups were observed during baseline or post-CFC. n = 6 mice/group. (E-F)
Change in spectral power from baseline for NREM and REM sleep. No changes in spectral power from baseline
were observed at specific delta or theta frequencies.
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Supplemental Figure 3.6: NREM sleep spindle features in the dark phase (ZT12-24) following CFC.

NREM spindle density (A) and spindle duration (B) were similar between vehicle and ML297 groups for hours 12-
24 during baseline. (C) NREM EEG spectral power within the spindle/sigma frequency band (7-15 Hz) was similar
between groups at baseline. NREM spindle density (D) and mean duration (E) were similar between both vehicle-
and ML297-treated mice following CFC at ZT12-24. (F) Average NREM spindle power was significantly different
in vehicle-treated mice relative to ML297-treated mice, over the entire dark phase following CFC (two-way RM
ANOVA; p(time of day x treatment) = 0.0300; F(5, 50 = 2.718). Values indicate mean + SEM; n = 6 mice/group.
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Supplemental Figure 3.7: Validation of visual observation-based sleep scoring and SD methods.

(A) Total percentage of time spent in sleep, compared for the same cohort of mice using EEG/EMG and visual
scoring (VS) over a 6-h period (ZT0-6), was similar. Values indicate mean + SEM; n = 4 mice/group. (B) Sleep
architecture for EEG recorded mice. (C) Total sleep across 2-h bins for EEG vs. VS methods. (D) Total percentage
of recording time spent in wake and NREM sleep in EEG/EMG recorded mice across 6 h SD by gentle handling.
As a group, SD mice spent 90% of the SD period awake, and did not enter REM sleep. (E) Across SD, an increasing
number of experimental interventions (cage tapping, cage shaking, nest disturbances) were required to maintain
wakefulness, consistent with increasing sleep pressure. (F) Spindle density during brief periods of NREM within
SD was similar to that observed during ad lib sleep.
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Supplemental Figure 3.8: Representative heat maps of time-in-location for individual non-implanted mice
during CFC training and CFM testing.

(A) Heat maps indicating time spent in various locations within the CFC chamber for representative vehicle and
ML297 mice during CFC and CFM testing. Red represents locations in the CFC chamber where mice spent the
most time, while blue represents locations in the CFC chamber where mice spent the least time.
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Chapter 4 : Hypnotic Treatment Reverses NREM Sleep Disruption and

EEG Desynchronization in a Mouse Model of Fragile X Syndrome to

Rescue Memory Consolidation Deficits

This chapter includes the manuscript currently in preparation for submission to
Neuron: Martinez JD, Wilson LG, Brancaleone WP, Peterson KP, Popke DS, Caicedo
Garzon V, Perez Tremble RE, Donnelly MJ, Torres D, Mendez Ortega SL, Shaver JJ,
Clawson BC, Yang Z, Jiang S, & Aton SJ. (2023) Hypnotic treatment reverses NREM
sleep disruption and EEG desynchronization in a mouse model of Fragile X syndrome to

rescue memory consolidation deficits.

4.1 : Abstract

Fragile X syndrome (FXS) is a leading cause of genetic-related intellectual
disability associated with disrupted cognitive function and profound sleep abnormalities.
Sleep loss itself negatively impacts cognitive function, yet the contribution of sleep loss
to impaired cognitive function in FXS is understudied. One untested possibility is that
disrupted cognition in FXS is exacerbated by abnormal sleep. We hypothesized that
disruption of sleep-dependent mechanisms negatively impacts cognitive functions such
as memory consolidation. We examined if altering sleep architecture using ML297, a
hypnotic treatment acting on G-protein-activated inward-rectifying potassium channels,

to promote sleep could improve deficits in memory consolidation in Fmr1-¥ mice. We
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found deficits in NREM sleep architecture, spectral power, and inter-cortical coherence in
Fmr17y mice that were rescued with ML297. Restoration of sleep also showed improved
cognition via fear learning and spatial memory tasks. Lastly, we found hippocampal
activation patterns associated with memory formation change with ML297 to facilitate
improved cognition. These studies provide a comprehensive examination of the impact
of sleep on neurophysiological and behavioral phenotypes of FXS, with our data
suggesting sleep as a potential therapeutic target for improving health and cognitive

outcomes in FXS.

4.2 : Introduction

Fragile X syndrome (FXS) is an X-linked neurodevelopmental disorder (NDD)
resulting from silencing of the FMR1 gene and loss of Fragile X messenger
Ribonucleoprotein (FMRP). It is the leading cause of both heritable intellectual disability
and syndromic autism spectrum disorder (ASD) in pediatric patients "2, and is
characterized by altered sensory processing, hyperactivity, and cognitive impairments 3
5. Available data suggest that FXS patients often experience difficulty falling asleep and
frequent nighttime awakenings -, although the relationship between altered sleep and
cognitive and behavioral aspects of FXS is unknown. Fmr1 knockout mice recapitulate
behavioral phenotypes seen in FXS patients, and exhibit deficits in sensory-driven
synaptic plasticity and hippocampus-mediated learning and memory consolidation 1°-15.
However, relatively little is known about their sleep architecture. Limited data using home-
cage observational studies show sleep changes across development with juvenile Fmr1-
¥ mice showing no differences in total sleep time during the light phase compared to wild-

type (WT) controls, but reaching younger adulthood, Fmr1-¥ mice begin demonstrating
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significantly reduced overall sleep time 1617, However, a full characterization of sleep
behavior Fmr17¥ mice using 24-h polysomnography has not been done. Since sleep loss
is known to have detrimental effects on cognitive function and synaptic plasticity in both
humans and mice, one untested possibility is that disrupted sensory processing and
cognition in FXS could be exacerbated by abnormal sleep.

Sleep has essential roles in plasticity and cognition, specifically hippocampal-
dependent memory consolidation 826, This is evident in individuals diagnosed with sleep
disorders such as insomnia, who report not only loss of sleep, but associated negative
behavioral symptoms such as fatigue and cognitive impairments. In individuals with ASD
or another neurodevelopmental disorders, these sleep disturbances are more impactful
2730 Successful treatment of sleep disruptions in FXS could prevent sleep loss-mediated
negative impacts cognition (i.e., memory processing), but also early brain development
and cortical maturation 3'-34, Recent work on new classes of hypnotic drugs including
orexin receptor antagonists and activators for G-protein inward rectifying potassium
(GIRK) channels have shown promise to promote sleep without affecting other
neurobiological functions including cognition 3%-37. Four distinct subunits (GIRK1-4) form
homo- and heterotetrametric channels in several brain regions and cardiac tissue with
combinations of GIRK1/2 being most common in regions such as the hippocampus,
neocortex, and cerebellum 340, GIRK1/2 subunits can be directly activated using the
selective and potent compound, ML297, to promote hyperpolarization of the cell and
subsequent reduced excitability 4142, Recent studies using ML297 in rodents have shown

it suppresses seizure activity, acts as an anxiolytic, increases NREM sleep, and improves
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memory consolidation via promotion of REM sleep3’41-44, Intriguingly, GIRK1/2 channel
activity is likely disrupted by loss of FMRP 4546

In this study, we characterized sleep architecture and EEG activity in Fmr1-¥ mice
in multiple cortical regions and found deficits that were largely reversed by GIRK1/2
channel agonist, ML297. ML297 administration following training on two hippocampus-
mediated, sleep-dependent tasks (object location memory and contextual fear memory)
led to a rescue of disrupted consolidation of memory in these tasks. These studies set

groundwork for understanding sleep as a therapeutic target for treating patients with FXS.

4.3 : Materials and Methods

4.3.1 : Experimental models and subject details

We generated male Fmr1#% mice and wild-type (WT) littermates in-house by
crossing WT male mice with Fmr1 heterozygous (Fmr1*-) both on a C57BL/6 background
(The Jackson Laboratory, Stock #. 003025). Genotypes for mice were determined using
standard PCR methods and primers set available via the Jackson Laboratory. For all
experiments, 4-5-month-old mice were used. Mice were housed under a 12:12 hour
light/dark cycle (lights on at 9:00 AM), provided with compressed cotton and “Enviro-dri”
paper nesting and bedding material (Shepherd Specialty Papers, TN), and had ad lib
access to water and food. Mice were housed with littermates until either EEG electrode
implantation surgery or behavior, at which point they were single housed in standard
cages with extra nesting and bedding material for enrichment. Mice that underwent EEG
recording had open tops to ensure no issues with tethering of cables. All mouse
husbandry, experimental, and surgical procedures were reviewed and approved by the

University of Michigan Internal Animal Care and Use Committee.
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4.3.2 : EEG-EMG surgical procedures and neural data acquisition

Mice were anesthetized with 1-2% isoflurane anesthesia in O2 and administered
ketoprofen (0.005 mg/kg; intraperitoneal injection, i.p.). Mice were placed into a
stereotaxic frame and maintained under isoflurane. Mice were fitted with two miniature,
stainless steel screw electrodes (P1 Technologies, Catalog #: E362/96/1.6/SPC)
positioned over primary visual cortex (V1; 2.9 mm anterior/posterior [AP] and 2.7 mm
medial/lateral [ML]) and prefrontal cortex (PFC; 1.8 mm ML). A reference screw was
placed over cerebellum and a braided stainless steel wire EMG electrode was placed in
the nuchal muscle. EMG electrodes were custom made with stranded stainless-steel wire
(Cooner Wire, Catalog No: AS636) soldered to miniature stainless steel male pins (P1
Technologies, Catalog No: 363A/PKG). The implant was secured using a pedestal (P1
Technologies, Catalog No: MS7P) bonded with super glue (Loctite) and dental alike
solution. Mice were placed in single housed cages and left on a heating pad until fully
mobile. After 11 days of postoperative recovery, each mouse was moved to a new cage
with an open top and habituated to tethering of flexible cables for 3 days before recorded
data collection. Mice were recorded for four consecutive days (96 hours total). Day 1 was
a 24-h baseline recording (Baseline A) starting at lights-on (ZTO0). After 24 hours (Day 2),
mice were injected with vehicle solution at lights-on and recorded. Day 3 was a second
baseline recording (Baseline B). Day 4, mice were injected with ML297 (30 mg/kg) at

lights-on and recorded for a final 24-hour period.

4.3.3 : Sleep state and power spectra analysis

EEG/EMG signals (0.5-300 Hz) were amplified at 20 x, digitized, further digitally

amplified at 20-100 x, and continuously recorded (with a 60-Hz notch filter applied to
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remove environmental noise) using Plexon Omniplex software and hardware (Plexon Inc.,
TX) as previously described Baseline and post-treatment recordings were scored
manually in 10-second epochs as wake, NREM, or REM sleep using custom MATLAB
software and previously published studies 2°26:44.47-49_Scorers were blind to genotype and
recording day. EEG and EMG data were band-pass filtered at 0-90 Hz and 150-250 Hz,
respectively, for viewing during scoring. NREM sleep was defined as synchronized, high
amplitude, low frequency oscillations within the EEG and low EMG activity. REM sleep
was defined as reduced, low frequency oscillations and a theta rhythm pattern (4-12 Hz)
with lack of EMG activity. Wakefulness was defined as de-synchronized EEG activity with
active EMG activity. For power spectra analysis, raw EEG data (0.5-300 Hz) was first
filtered to 0.5-100 Hz using custom MATLAB scripts, Afterwards, using Neuroexplorer 5
software (Nex Technologies), EEG data underwent a fast-Fourier transform (FFT) using
a 500 ms window with a Hann taper and window overlap of 50% to display and calculate

percentage of power spectral data.

4.3.4 : Sleep spindle identification and spectral coherence analysis

An automated spindle detection algorithm made with custom MATLAB software
was used to identify sleep spindles in band-pass filtered EEG data (7-15 Hz), as intervals
containing = 6 successive deviations (i.e., peaks or troughs) of signal that surpassed
mean signal amplitude by 1.5 standard deviations, lasting between 0.25-1.75 seconds
4447 The coherence of raw EEG data at given frequencies was analyzed using
Neuroexplorer 5 software (Nex Technologies) using previously published methods 5051,
Coherence was calculated using a 0.5 s Welch’s window with a 50% overlap. Coherence

generated values are expressed from 0 to 1.0, with 0 indicating no relationship between
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two signals (two brain regions) at a given frequency and 1.0 indicating a perfect, linear
relationship. Band coherence for frequency bands of interest was assessed by averaging

the coherence values with each designated frequency band.

4.3.5 : Pharmacological preparation and injection

ML297 was purchased from Tocris Bioscience (Catalog #. 5380). For all
experiments, ML297 was initially dissolved in DMSO and diluted with 0.5%
hydrooxypropy! cellulose aqueous solution. Mice were injected with a 30mg/kg solution
of ML297, dosage based on previously published studies in rodent 414344 Vehicle

solutions consisted of 2% DMSO in 0.5% hydroxypropyl cellulose aqueous solution.

4.3.6 : Contextual fear conditioning (CFC)

Mice underwent single-trial CFC as previously described 2°26:44.48,5253 Mice were
handled by the experimenter for 5 minutes daily for 3 days prior to training. Each mouse
was placed in a novel cylindrical conditioning chamber made of clear Plexiglas with a
black and white checkerboard pattern and metal grid floor (Med Associates). Before each
individual mouse session, the arena was cleaned with a 5% Lysol solution. Mice were
allowed to freely explore for 2 min and 28 s, after which they received a 0.75 mA, 2 s foot
shock through the grid floor, followed by an additional 30 s in the CFC chamber.
Immediately following CFC, mice were returned to their home cage. For studies on
ML297, mice were given an i.p. injection of either ML297 (30 mg/kg; Tocris) or vehicle
(2% DMSO in 0.5% hydrooxypropyl cellulose aqueous solution). Injections occurred
within 2 min of removal from the CFC chamber. Contextual fear memory (CFM) tests were

conducted 24 h later by returning mice to the CFC chamber for 5 min. Both CFC training
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and CFM testing began at lights-on (ZT0), and mice were video monitored continuously

during both sessions.

4.3.7 : Object location memory (OLM) and open field (OF) tests

Mice underwent a single trial OLM task as previously described 23545, Here, mice
are placed in a rectangular arena made of grey PVC walls, transparent PVC bottom, and
the following dimensions: length of 40 cm, width of 30 cm, and height of 30 cm. Spatial
cues were placed on the opposite sides of the short walls and consisted of one black and
white checkerboard pattern and one black and white striping pattern. Mice were handled
by the experimenter for 5 minutes daily for 4 days prior to training. Prior to each session,
the arena and objects were cleaned with a 10% ethanol solution. Before training, mice
were habituated to the arena, which consisted of 5 minutes of free exploration and served
as the OF test. The OF test is a rapid assessment of well-defined behaviors such as
anxiety-related behaviors, body activity, and locomotion that require little to no prior
training to the subject mouse %¢. During training, a pair of identical objects were placed
symmetrically across in the middle of the arena. Mice were placed in the arena facing the
wall and were allowed to freely explore the arena and objects for 10 mins. Immediately
following training, mice were returned to their home cage. For studies on ML297, mice
were given an i.p. injection of either ML297 (30 mg/kg; Tocris) or vehicle (2% DMSO in
0.5% hydrooxypropy! cellulose aqueous solution). Injections occurred within 1 min of
removal from the OLM arena. OLM tests were conducted 24 h later. During testing, one
object was displaced (novel location) along a straight line diagonally from the object in
the same position (familiar location). The displacement of the object and its novel location

were all counterbalanced to avoid place and object preferences. Mice were again allowed
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to freely explore the arena and objects for 10 mins. Both OLM training and OLM testing
began at lights-on (ZT0), and mice were video monitored continuously during both

sessions and the habituation (OF test) period.

4.3.8 : CFM and OLM behavior quantification

All behavioral measurements were assessed using Ethovision XT 16 (Noldus)
software with files coded for blind scoring. For CFC behavior, freezing was measured
using in a semi-automated manner. Freezing was first scored based on transient periods
of immobility, as described previously 4% and was verified offline based on the
assessment of characteristic freezing-associated posture 264°. CFM-associated freezing
behavior was quantified by subtracting each mouse’s % freezing time during pre-shock
baseline from % freezing time across the entire CFM test, as described previously
26,44.4852 For OF test (habituation period), the total ambulatory distance was measured to
account for differences in locomotor ability. Thigmotaxis (or wall-hugging behavior), an
anxiety-related behavior, was measured by comparing percentage of time spent in the
outer (wall) zone vs. the inner (center) zone 6. Both locomotor ability and thigmotaxis
were measured to ensure analyses in OLM were not skewed due to inactivity instead of
genotype or treatment effects. For OLM behavior, measurements were based on time
mice spent exploring the familiar and displaced object. Engagement with object included
directing nose to the object at no more than 1 cm and/or touching the object. A
discrimination index was used a relative measure of discrimination corrected for total

exploration time 23.

4.3.9 : Sleep monitoring and sleep deprivation (SD)
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Following CFC training, mice that were either allowed ad lib sleep (Sleep) or were
sleep-deprived (SD) via gentle handing over the next 6 h (ZT0-6). This method of SD was
chosen based on prior work showing that stress response (e.g. glucocorticoid production)
evoked by gentle handling SD is not sufficient to disrupt consolidation of fear memory
(and in fact may enhance consolidation) 54559 For SD, gentle handling procedures
included cage tapping or shaking, or nest disturbance and has been previously shown to
ensure above 90% wakefulness based on EEG/EMG validation 44. Following SD, all mice
were allowed ad lib recovery sleep over the next 18 h prior to CFM testing. For ad lib
sleep mice, sleep was quantified over the first 6 h post-CFC via visual monitoring. Every
5 min, individual mice were scored as awake or asleep, with sleep identification based on
immobility, slow breathing, and presence of stereotyped (crouched) sleep postures,
consistent with prior studies %62 and has been validated with similar total sleep time in

EEG/EMG implanted mice 4.

4.3.10 : Histology and immunohistochemistry

To quantify hippocampal activation patterns associated with recall, 90 min
following the conclusion of CFM tests, mice were euthanized with an overdose of sodium
pentobarbital and perfused with ice cold PBS, followed by ice cold 4% paraformaldehyde.
Brains were dissected, post-fixed, and cryoprotected in a 30% sucrose solution. 50 pym
coronal dorsal hippocampal and amygdala sections were cryosectioned. To quantify
parvalbumin (PV) interneuron expression in the thalamic reticular nucleus (TRN), brains
were dissected, post-fixed, and rinsed in PBS. 100 ym coronal sections containing TRN

were collected via a vibratome.
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For all tissue, free-floating sections were washed in PBS with 0.2% Triton X-100
(PBST) three times, each for 10 mins,and then incubated in Starting Block™ blocking
buffer (Thermo Scientific) for 1 hour. Sections were then incubated overnight in primary
antibody at 4°C: rabbit-anti-cFos (1:1000; Abcam, ab190289) in 5% Starting Block
blocking solution (hippocampus and amgydala sections) or mouse-anti-PV (1:2000;
Millipore, MAB11572) in 5% Starting Block blocking solution (TRN sections). Sections
were then washed in PBST, two times for 10 minutes and incubated with secondary
antibody: Alexa Fluor 488 (1:200; Invitrogen, A11032) in 5% Starting Block blocking
solution (cFos sections) or Alexa Fluor 594 (1:200; Invitrogen, A11034) in 5% Starting
Block blocking solution (PV sections). Sections were washed in PBS, two times, mounted
on microscope slides (Fisherbrand Superfrost Plus) and coverslipped with Prolong Gold

antifade reagent with DAPI (Invitrogen, P36931).

4.3.11 : Microscopy and image analysis

Images were obtained using a Leica SP8 confocal microscope with a 10X
objective, to obtain z-stack images (10 um steps) for maximum projection of fluorescence
signals. ldentical image acquisition settings (e.g. exposure times, frame average, pixel
size) were used for all sections. For analysis of hippocampal and amygdala activation
patterns, three images per section of dorsal hippocampus and amygdala were taken per
mouse and areas for regions of interest (ROI) were determined using previously
established methods 5289, cFos+ neuron density was quantified in subregions of these
ROls (i.e., pyramidal or granule cell layers, DG hilus). For analysis of parvalbumin (PV+)
interneuron expression within the thalamic reticular nucleus (TRN), cell density was

measured using the number of PV+ cells counted within the area made via the ROI
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surrounding the TRN. Counts were made by two scorers blinded to genotype and
treatment using Fiji image analysis software, with the final number computed using the

average of counts made by the two scorers.

4.3.12 : Statistical analysis

Data analyses were carried out in a blind manner; in some cases (e.g., EEG
recordings and cell counts), data was consensus scored by two individuals to reduce
variability. Exclusion criteria for EEG recordings were based on lack of signal in one
cortical region or faulty reference electrode that prevented confirmation of recording
signals. For CFC behavior, exclusion criteria consisted of freezing levels above 15%
before shock administration during CFC training sessions. For OLM behavior, exclusion
criteria included mice that spend less than 10 seconds interacting with objects during 10-
minute training sessions or exhibited impaired locomotor ability and/or thigmotaxis.
Statistical analyses were carried out using GraphPad Prism software (Version 9.5). For
each specific data set, the statistical tests and p-values are listed within the appropriate

corresponding figure legend.

4.4 : Results

4.4.1 : Fmr17Y mice have disrupted NREM sleep architecture and altered EEG activity

To fully characterize sleep phenotypes in a FXS mouse model, we used
continuous EEG/EMG recording in Fmr1- mice and male wild-type (WT) littermates. 4-5
month old WT and Fmr17¥ mice implanted with bilateral EEG electrodes over primary
visual cortex (V1) were recorded in a 12 h: 12 h light:dark cycle, and comparisons of sleep

architecture were first made across the 12-h light (i.e., rest) phase (ZT0-12) (Figure 4.1A-
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B). Fmr17¥ mice spent significantly less total time in non-rapid eye movement (NREM)
sleep and more time in wake. In contrast, rapid eye movement (REM) sleep amounts
were similar between WT and Fmr1-¥ mice (Figure 4.1C). The total number of NREM
and wake bouts (but not REM bouts) was significantly greater in Fmr1-¥ mice compared
to WT littermates (Figure 4.1D), while the mean duration of NREM bouts (but not wake
or REM bouts) was significantly shorter in Fmr1-¥ mice (Figure 4.1E). To test whether
other specific features of NREM sleep architecture were disrupted in Fmr1/ mice, we
next compared NREM sleep spindles - discrete waxing-and-waning EEG oscillations of
7-15 Hz [i.e., sigma (o) band]) 8356 between the two genotypes. Using a semi-automated
method to detect spindle events in the EEG 4447, we found that spindle density in NREM
sleep was significantly decreased in Fmr1-¥ mice compared to WT littermates (Figure
4.1F). Mean spindle duration was similar between genotypes (Supplemental Figure
4.1A). These changes in spindling were associated with morphological changes in the
thalamic reticular nucleus (TRN) — a structure which is known to play an essential role in
generation of NREM spindles 7 - in Fmr1- mice. Using immunohistochemistry (IHC), we
found a reduced density of parvalbumin-expressing (PV+) interneurons in the TRN of
Fmr1/ mice compared to WT littermates (Supplemental Figure 4.2). Together, these
findings suggest that NREM sleep is disrupted and fragmented, with alterations to
associated thalamocortical oscillations, in this Fragile X mouse model.

Altered EEG patterns in either sleep or wake are widely reported in individuals with
ASD and in mouse models of specific neurodevelopmental disorders 6876, To better
characterize state-specific EEG oscillations in Fmr1-¥ mice, we next compared power

spectral density of EEG activity, across a wide range of frequencies, for each brain state.
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Fmr1- mice showed significantly increased delta (d; 0.5-4 Hz), and decreased sigma (o;
7-15 Hz) power in the EEG during NREM sleep, and significantly reduced theta (6; 4-12
Hz) activity in the EEG during REM sleep, compared to WT littermates (Figure 4.1G-H).
Consistent with previous findings from Fmr1-¥ mice and rats 77-’°, gamma (y; 31-100 Hz)
power was increased in the EEG during both NREM and wake in Fmr1-¥ mice (Figure
4.11-J; Supplemental Figure 4.1B-C). Thus, multiple state-specific cortical,
thalamocortical, and hippocampal oscillations 8%8! are disrupted in Fmr1-Y mice, in
association with disruptions in overall sleep architecture. These changes may be partly
due to microcircuit-level differences in brain structures such as the TRN, which are

essential for coordinating these oscillations 7.
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Figure 4.1: Fmr1*Y mice have disrupted NREM sleep architecture and altered EEG activity

(A) Schematic of EEG/EMG recording configuration, with EEG electrodes positioned over bilateral primary visual
cortex (V1).

(B) Wild-type (WT) littermates (left) and Fmr1 mutants’ (right) time spent in sleep and wake states across the
12-h light phase.

(C) Percent recording time (for the entire 12-h light phase) spent in NREM sleep, REM sleep, and wake for WT
and Fmr17 mice. Two-way RM ANOVA, p(state) < 0.0001, p(genotype) = 0.19, p(state x genotype interaction) =
0.0014.

(D) Mean bout durations across the light phase for NREM, REM, and wake. Two-way RM ANOVA, p(state) <
0.0001, p(genotype) = 0.0062, p(state x genotype interaction) = 0.0003.

(E) Number of light-phase bouts of NREM, REM, and wake. Two-way RM ANOVA, p(state) < 0.0001, p(genotype)
= 0.0005, p(state x genotype interaction) < 0.0001.

(F) NREM spindle density during the light phase was lower for Fmr1 mice.

(G) NREM EEG power spectra (left), showing increased mean delta (5; 0.5-4 Hz) power in Fmr1 mice. Two-way
RM ANOVA, p(frequency) < 0.0001, p(genotype) = 0.60, p(frequency x genotype interaction) < 0.0001. Total
NREM delta-band power across the 12-h light phase (right) was also increased.

(H) REM EEG power spectrum (left), showing reduced theta (8; 4-12 Hz) power in Fmr1* mice. Two-way RM
ANOVA, p(frequency) < 0.0001, p(genotype) = 0.10, p(frequency x genotype interaction) < 0.0001. Total REM
theta-band power across the 12-h light phase (right) was also reduced.

(I) Total sigma-band for spindles (7-15 Hz; left) and gamma-band (31-100 Hz; right) power were reduced and
increased, respectively, in Fmr17 mice during NREM sleep.

(J) Total delta-band (leff) and gamma-band (right) power were reduced and increased, respectively, in Fmr17
mice during wake.

n = 8 mice/genotype. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, Sidak’s post hoc test (C-E) or two-
tailed, unpaired t-test (F-J). Data points and error bars indicate mean + SEM.
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4.4.2 : Administration of novel hypnotic compound ML297 renormalizes NREM sleep

architecture in Fmr1% mice

After finding evidence of sleep disruption and altered EEG activity in Fmr1- mice,
we sought to restore normal sleep architecture via hypnotic treatment. Recent studies
have characterized hypnotic actions of the G protein-coupled potassium channel
(GIRK)1/2 activator ML297, which promotes physiologically normal sleep without
cognitive side effects 4382, Because activation of GIRK channels (via coupling to GABAs
receptors) is thought to be disrupted in FXS due to loss of FMRP 4546, ML297 may have
an ideal mechanism of action for restoring sleep in this mouse model. To explore this
possibility, we characterized sleep/wake architecture after administration of ML297 or
vehicle in Fmr1-¥ mice. 4—5-month-old Fmr1-¥ mice and WT littermates were implanted
with EEG recording electrodes over V1 and prefrontal cortex (PFC) to characterize state-
specific EEG activity across brain regions. Implanted mice then underwent a 4-day
recording paradigm, consisting of baseline and treatment conditions. (Figure 4.2A).

Baseline recording days (baselines A and B) were characterized by significantly
decreased NREM sleep, increased wake, and comparable REM sleep across the 12-h
light phase (ZT0-12) in Fmr1 mice compared to WT mice, but minimal significant
changes across the dark phase (ZT12-24; Supplemental Figure 4.3A-B). Disrupted
NREM sleep architecture (increased NREM and wake bout numbers, decreased NREM
bout durations) was also present in Fmr1-¥ mice across both baseline days’ light phase
(Supplemental Figure 4.3C-F). While vehicle treatment did not correct disruptions to
NREM sleep in Fmr1-/ mice (Figure 4.2B), recordings following ML297 administration

showed restoration of NREM sleep time, bout duration, and bout number to levels seen
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in WT littermates (Figure 4.2C). Quantification of changes to sleep architecture due to
vehicle or ML297 was done by comparing sleep state variables with those in
corresponding baseline recordings (i.e., baseline A [day 1] vs. vehicle [day 2]; baseline B
[day 3] vs. ML297 [day4]). ML297, but not vehicle, significantly increased NREM sleep
amounts across the light phase (i.e., in the 12 h following administration) (Figure 4.2D),
increased NREM bout duration, and reduced NREM bout numbers in Fmr1/ mice
(Figure 4.2E-F). No changes in REM were noted after ML297 administration (Figure
4.2G-K), and WT littermates administered ML297 showed no changes to either NREM or
REM sleep (Figure 4.2). Furthermore, latency to NREM and REM sleep was similar
between both genotypes and treatments (Supplemental Figure 4.4). Wake bouts were
also normalized in Fmr1/% mice, leading to decreased wake time and bout numbers
(Supplemental Figure 4.4). Together, these data suggest that disrupted sleep
phenotypes in Fmr17¥ mice were renormalized by ML297 to match WT littermates. This
indicates that acute ML297 treatment, which restores GIRK1/2 channel activation thought

to be disrupted in FXS 4546 can rescue NREM sleep deficits present in Fmr1-y mice.
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Figure 4.2: ML297administration renormalizes light-phase NREM sleep architecture in Fmr1% mice

(A) Schematic of EEG/EMG recording configuration, with EEG electrodes positioned over primary visual (V1) and
prefrontal (PFC) cortical regions (left). Experimental timeline of 4-day continuous recording in a 12:12 light-dark
cycle (right). Baseline recordings were carried out on days 1 and 3; vehicle and ML297 i.p. injections were given
at lights-on (ZT0) on days 2 and 4, respectively. Representative 10-sec epochs are shown for wake, NREM sleep,
and REM sleep EEG and EMG activity.

(B) NREM percent recording time (left), mean bout duration (middle), and bout numbers (right) are shown post-
vehicle injection for WT and Fmr17 mice. Two-way RM ANOVA for recording time: p(time of day) = 0.001,
p(genotype) = 0.015, p(time x genotype interaction) = 0.87. For NREM bout duration: p(time of day) = 0.13,
p(genotype) = 0.0017, p(time x genotype interaction) = 0.21. For NREM bout numbers: p(time of day) = 0.52,
p(genotype) = 0.0054, p(time x genotype interaction) = 0.23.

(C) NREM percent recording time (left), mean bout duration (middle), and bout numbers (right) are shown post-
ML297 injection for WT and Fmr1% mice. Two-way RM ANOVA for recording time: p(time of day) = 0.016,
p(genotype) = 0.16, p(time x genotype interaction) = 0.26. For NREM bout duration: p(time of day) = 0.40,
p(genotype) = 0.57, p(time x genotype interaction) = 0.21. For NREM bout numbers: p(time of day) = 0.0092,
p(genotype) = 0.73, p(time x genotype interaction) = 0.60.

(D) Changes in percent recording time spent in NREM after vehicle or ML297, vs. time-matched baseline values
(i.e., vehicle —baseline A, ML297 — baseline B). Two-way RM ANOVA for ZT0-12: p(treatment) = 0.03, p(genotype)
= 0.10, p(treatment x genotype interaction) = 0.04. For ZT13-24: p(treatment) = 0.052, p(genotype) = 0.45,
p(treatment x genotype interaction) = 0.83.

(E) Changes in mean NREM bout duration after vehicle or ML297, vs. time-matched baseline values. Two-way
RM ANOVA for ZT0-12: p(treatment) = 0.12, p(genotype) = 0.04, p(treatment x genotype interaction) = 0.04. For
ZT13-24: p(treatment) = 0.08, p(genotype) = 0.40, p(treatment x genotype interaction) = 0.07.

(F) Changes in numbers of NREM bouts after vehicle or ML297, vs. time-matched baseline values. Two-way RM
ANOVA for ZT0-12: p(treatment) = 0.02, p(genotype) = 0.22, p(treatment x genotype interaction) = 0.32. For ZT13-
24: p(treatment) = 0.98, p(genotype) = 0.81, p(treatment x genotype interaction) = 0.17.

(G) REM percent recording time (left), mean bout duration (middle), and bout numbers (right) are shown post-
vehicle injection for WT and Fmr1” mice. Two-way RM ANOVA for recording time: p(time of day) = 0.005,
p(genotype) = 0.27, p(time x genotype interaction) = 0.69. For REM bout duration: p(time of day) = 0.059,
p(genotype) = 0.39, p(time x genotype interaction) = 0.73. For REM bout numbers: p(time of day) = 0.007,
p(genotype) = 0.27, p(time x genotype interaction) = 0.76.

(H) REM percent recording time (left), mean bout duration (middle), and bout numbers (right) are shown post-
ML297 injection for WT and Fmr17 mice. Two-way RM ANOVA for recording time: p(time of day) = 0.03,
p(genotype) = 0.17, p(time x genotype interaction) = 0.73. For REM bout duration: p(time of day) = 0.07,
p(genotype) = 0.15, p(time x genotype interaction) = 0.12. For REM bout numbers: p(time of day) = 0.004,
p(genotype) = 0.10, p(time x genotype interaction) = 0.77.

(I) Changes in percent recording time spent in REM after vehicle or ML297, vs. time-matched baseline values (i.e.,
vehicle — baseline A, ML297 — baseline B). Two-way RM ANOVA for ZT0-12: p(treatment) = 0.87, p(genotype) =
0.63, p(treatment x genotype interaction) = 0.48. For ZT13-24: p(treatment) = 0.65, p(genotype) = 0.09,
p(treatment x genotype interaction) = 0.24.

(J) Changes in mean REM bout duration after vehicle or ML297, vs. time-matched baseline values. Two-way RM
ANOVA for ZT0-12: p(treatment) = 0.12, p(genotype) = 0.15, p(treatment x genotype interaction) = 0.22. For
ZT13-24: p(treatment) = 0.54, p(genotype) = 0.99, p(treatment x genotype interaction) = 0.72.

(K) Changes in numbers of REM bouts after vehicle or ML297, vs. time-matched baseline values. Two-way RM
ANOVA for ZT0-12: p(treatment) = 0.66, p(genotype) = 0.34, p(treatment x genotype interaction) = 0.68. For ZT13-
24: p(treatment) = 0.39, p(genotype) = 0.48, p(treatment x genotype interaction) = 0.27.

n =5 mice/genotype. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, Sidak’s post hoc test. Data points
and error bars indicate mean + SEM.
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4.4.3 : Cortical subregion-specific NREM EEG changes, and intracortical desynchrony of

NREM oscillations, are partially renormalized by ML297 administration in Fmr1-Y mice

Because we noted changes in state-specific spectral power in Fmr1- mice, we
next assessed how ML297 impacted EEG activity and synchronization across V1 and
PFC cortical regions. Across both baseline recordings (baseline A and B) in V1, we again
observed increased NREM delta (6) and gamma (y) power, and reduced sigma (o) power,
in Fmr17Y mice — changes which were present across both the light and dark phase
(Supplemental Figure 4.5A-D). In contrast, while gamma power in PFC was similarly
elevated in Fmr1#% mice, NREM delta and sigma power were comparable between WT
and Fmr1- mice in PFC (Supplemental Figure 4.5E-H). These regional differences in
NREM delta power are consistent with reported anteroposterior axis differences in NREM
slow wave activity in children and adults with ASD ©%70, Similarly, baseline recordings in
V1 again showed decreased REM theta (6) power in V1 of Fmr1-¥ mice (Supplemental
Figure 4.6A-D), but these changes were not present in PFC (Supplemental Figure 4.6E-
H). Interestingly, a similar brain region-specific change in the distribution of REM theta
has been reported in adult ASD patients?. Wake gamma power remained elevated
across both cortical areas in Fmr1- mice in baseline recordings (Supplemental Figure
4.8).

Vehicle treatment did not alter NREM-, REM-, or wake-specific EEG features in
Fmr1-/ mice, in either region (Figure 4.3A, C, E, G; Supplemental Figure 4.7A, C, E,
G; Supplemental Figure 4.9A, C, E, G). In contrast, ML297 administration normalized
NREM delta, sigma, and gamma power to WT levels in V1 of Fmr1-¥ mice (Figure 4.3B,

D), and modestly reduced delta power in PFC (Figure 4.3F, H). ML297 also normalized

171



wake gamma activity in V1, but did not reverse elevated gamma in PFC (Supplemental
Figure 4.9B, D, F, H) or REM theta decreases in Fmr17¥ mice (Supplemental Figure
4.7B, D, F, H). These findings show that Fmr1- mice exhibit brain region-specific
differences in NREM and REM EEG spectral power that are reminiscent of those in ASD
patients, and that ML297 administration can reverse these changes in a brain region-and
state-specific manner.

Our observations of both region-specific changes in NREM sigma power
(associated with sleep spindles) and altered PV+ interneuron density in the TRN of Fmr1-
¥ mice suggest that coordination of these thalamocortical oscillations might be disrupted
by loss of FMRP. Because synchronization of brain activity during sleep spindles is
thought to be essential for brain development and cognitive function 67.71.75.81.84-88 " \ye
tested whether NREM spindle density or coordination of spindles between brain regions
could be altered by administration of ML297. In baseline recordings of V1 EEG activity,
we again observed that spindle density was reduced in Fmr1¥ mice compared to WT
littermates, but spindle density in PFC recordings did not differ significantly between the
groups (Figure 4.4A-B). Vehicle administration did not affect the reduced spindle density
seen in V1 of Fmr1-/ mice, but ML297 eliminated the differences in V1 spindles between
Fmr1/% mice and WT littermates. Because these changes were brain region-specific
(similar to other changes in NREM oscillations in Fmr1- mice), we compared NREM
spindle densities recorded in V1 vs. PFC for individual mice. This comparison revealed
that at baseline, spindle densities in the two regions were consistently correlated in WT
littermates, but not in Fmr1- mice (Figure 4.4C-D). When mice were treated with either

vehicle or ML297, WT littermates continued to show a consistent positive relationship
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between V1 and PFC spindle densities. Fmr1- mice showed no change in response to
vehicle treatment (i.e., V1 and PFC spindle densities were not correlated). However, after
ML297 treatment, spindle densities became significantly correlated between the V1 and
PFC EEG sites of individual mice, suggesting better coordination of these oscillations
during NREM sleep. These findings are consistent with our finding of structural alterations
to the TRN in Fmr1-¥ mice, which may lead to desynchrony of spindle oscillations 7, and
prior reports that GIRK1/2 channels are well expressed in (and modulate the physiology
of) GABAergic TRN neurons 89,

To further quantify state-specific EEG oscillatory synchrony, we compared light-
phase V1-PFC spectral coherence for Fmr1y mice and WT littermates across all four
days of recording (Figure 4.5). For WT mice, V1-PFC coherence in NREM was similarly
affected by vehicle and ML297, leading to decreases in the gamma band and increases
in the sigma band (Figure 4.5A). Coherence between the brain structures during REM
was also similarly affected by vehicle and ML297, leading to decreases in both the theta
and gamma bands. Wake gamma-band coherence was increased by both vehicle and
ML297 treatment in WT littermates, while wake delta and sigma activity were differentially
affected by the two treatments (with ML297 increasing both). Fmr1-/ mice displayed
baseline patterns of V1-PFC coherence that were distinct from wild-type littermates, with
lower NREM and wake coherence in the delta and sigma bands, lower REM coherence
in the theta band, and distinct patterns of gamma coherence across all three states
(Figure 4.5B). ML297, but not vehicle, significantly increased NREM sigma, REM theta,
and wake gamma coherence (Figure 4.5B). Increases in NREM sigma and REM theta

coherence persisted into the dark phase in Fmr1% mice administered ML297
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(Supplemental Figure 4.10B). These data suggest that NREM sigma and REM theta
coherence, which are generally reduced in Fmr1” mice, are partially rescued by

administration of ML297.
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Figure 4.3: ML297 renormalizes NREM V1 spectral power in Fmr1” mice, but minimally affects PFC
spectral power

(A) Post-vehicle comparisons of NREM V1 EEG power spectra across ZT0-12 (left) and ZT13-24 (right) for WT
and Fmr17 mice. Two-way RM ANOVA for ZT0-12: p(frequency) < 0.0001, p(genotype) = 0.0068, p(frequency x
genotype interaction) < 0.0001. For ZT13-24: p(frequency) < 0.0001, p(genotype) = 0.83, p(frequency x genotype
interaction) < 0.0001.

(B) Post-ML297 comparisons of NREM V1 EEG power spectra across ZT0-12 (left) and ZT13-24 (right) for WT
and Fmr17% mice. Two-way RM ANOVA for ZT0-12: p(frequency) < 0.0001, p(genotype) = 0.42, p(frequency x
genotype interaction) < 0.0001. For ZT13-24: p(frequency) < 0.0001, p(genotype) = 0.36, p(frequency x genotype
interaction) < 0.0001.

(C) Total V1 EEG spectral power in the delta (0.5-4 Hz; left), sigma for spindles (7-15 Hz; middle), and gamma
(31-100 Hz; right) bands are shown for vehicle-treated WT and Fmr1* mice. Similar to untreated mice (Figure
1), total delta and gamma power were increased, and sigma power was decreased, in V1 of Fmr17 mice treated
with vehicle.

(D) In ML297-treated Fmr1-¥ mice, V1 EEG power in all three bands was normalized relative to WT littermates.

(E) Post-vehicle comparisons of NREM PFC EEG power spectra across ZT0-12 (left) and ZT13-24 (right) for WT
and Fmr17 mice. Two-way RM ANOVA for ZT0-12: p(frequency) < 0.0001, p(genotype) = 0.037, p(frequency x
genotype interaction) = 0.042. For ZT13-24: p(frequency) < 0.0001, p(genotype) = 0.064, p(frequency x genotype
interaction) = 0.0002.

(F) Post-ML297 comparisons of NREM PFC EEG power spectra across ZT0-12 (left) and ZT13-24 (right) for WT
and Fmr17 mice. Two-way RM ANOVA for ZT0-12: p(frequency) < 0.0001, p(genotype) = 0.429, p(frequency x
genotype interaction) < 0.0001. For ZT13-24: p(frequency) < 0.0001, p(genotype) = 0.0033, p(frequency x
genotype interaction) < 0.0001.

(G) Total V1 EEG spectral power in the delta (0.5-4 Hz; left), sigma (7-15 Hz; middle), and gamma (31-100 Hz;
right) bands are shown for vehicle-treated WT and Fmr1* mice. While total delta and sigma power remained
unaffected in PFC of Fmr1- mice treated with vehicle, gamma power was significantly increased, similar to V1.

(H) In ML297-treated Fmr1¥ mice, PFC EEG power in the delta band was reduced compared to WT littermates,
while sigma power was unaffected and gamma power remained significantly elevated.

n =5 mice/genotype. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, Sidak’s post hoc test. Data points
and error bars indicate mean + SEM.
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Figure 4.4: Fmr17Y mice show discrepant NREM spindle densities between V1 and PFC due to reduced V1
spindling that is rescued by ML297 administration

(A) V1 NREM sleep spindle density (in Hz) across 4 days of continuous EEG/EMG recording for WT and Fmr1
mice. Two way RM ANOVA for Baseline A: p(time of day) = 0.018, p(genotype) = 0.056, p(time x genotype
interaction) = 0.28. For Vehicle: p(time of day) = 0.22, p(genotype) = 0.013, p(time x genotype interaction) = 0.68.
For Baseline B: p(time of day) = 0.43, p(genotype) = 0.11, p(time x genotype interaction) = 0.019. For ML297:
p(time of day) = 0.10, p(genotype) = 0.17, p(time x genotype interaction) = 0.38.

(B) PFC NREM sleep spindle density (in Hz) for WT and Fmr1-¥ mice. Two way RM ANOVA for Baseline A: p(time
of day) = 0.0076, p(genotype) = 0.33, p(time x genotype interaction) = 0.48. For Vehicle: p(time of day) = 0.37,
p(genotype) = 0.15, p(time x genotype interaction) = 0.28. For Baseline B: p(time of day) = 0.018, p(genotype) =
0.66, p(time x genotype interaction) = 0.012. For ML297: p(time of day) = 0.24, p(genotype) = 0.44, p(time x
genotype interaction) = 0.35. n = 5 mice/genotype. * and ** indicate p < 0.05 and p < 0.01, Sidak’s post hoc test.
Data points and error bars indicate mean + SEM.

(C) In WT mice, V1 and PFC spindle densities were positively correlated across the 4 days of EEG recording.

(D) In Fmr1% mice, V1 and PFC spindle densities were not correlated across the first 3 days of EEG recording
(Baseline A, Vehicle, and Baseline B), but became correlated after administration of ML297.

n = 5 mice/genotype. Data points in (C) and (D) represent NREM spindle density across either the light or dark
phase (ZT0-12 or ZT12-24) for each mouse. R and p values for Pearson correlation of each data set.
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Figure 4.5: V1-PFC EEG coherence during sleep is reduced in Fmr1*¥ mice, and partially rescued by ML297
administration

(A) State-associated V1-PFC spectral coherence for WT mice, measured during the light phase (ZT0-12). Two-
way RM ANOVA for NREM, REM, and wake: p(frequency) > 0.99, p(recording day) < 0.0001, p(frequency x day
interaction) > 0.99.

(B) V1-PFC spectral coherence for Fmr17 mice during the light phase (ZT0-12). Two-way RM ANOVA for NREM,
REM, and wake: p(frequency) > 0.99, p(recording day) < 0.0001, p(frequency x day interaction) > 0.99. n = 5
mice/genotype.

n =5 mice/genotype. *, **, ***, and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, Tukey’s post hoc
test for Baseline A vs. Vehicle. #, ##, ###, and #### indicate p < 0.05, p < 0.01, p <0.01, and p < 0.0001, Tukey’s
post hoc test for Baseline B vs. ML297. Different frequency bands are denoted with their symbol and divided by
dashed lines: 6 = 0.5-4 Hz, 8 = 4-12 Hz, 6 = 7-15 Hz, y = 31-100 Hz.
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4.4.4 : Post-learning ML297 administration rescues deficits in sleep-dependent memory

consolidation in Fmr17Y mice

In mice, consolidation of hippocampally-mediated contextual fear memory (CFM)
and object location memory (OLM), are disrupted by brief sleep deprivation (SD) in the
hours immediately following training 2123.25.44.5290-92  Fmr1-y mice have known deficits in
CFM 11:9394 and OLM 9, but it is unclear whether the sleep deficiencies we observe in
Fmr1/% mice are related to these deficits. We tested whether promoting sleep using
ML297 could rescue sleep-dependent memory consolidation in Fmr1% mice. We first
carried out single-trial conditioning (CFC) in Fmr1#% mice and WT littermates. While the
two groups showed a similar very low level of freezing prior to receiving an aversive foot
shock during CFC, Fmr1-¥ mice showed reduced freezing during CFM recall in the shock
context 24 h later (Figure 4.6A-B). To test whether hypnotic administration could improve
CFM consolidation in Fmr1-% mice, mutant and WT mice were administered either vehicle
or ML297 immediately following CFC (Figure 4.6C). Mice were allowed ad lib sleep, but
were visually monitored for sleep behavior for 6 h post-CFC. These observations showed
Fmr1-¥ mice given vehicle had significantly reduced total sleep time after CFC compared
to those given ML297, and to WT littermates with either treatment (Supplemental Figure
4.11A). Fmr17y mice administered vehicle showed significantly reduced freezing during
CFM testing compared with those receiving ML297, and with WT littermates in either
condition. Freezing in Fmr17¥ mice treated with ML297 was similar to that of WT mice,
indicating functional rescue of CFM consolidation (Figure 4.6C-E).

We had previously observed that post-CFC ML297 administration improves CFM

consolidation in C57BL/6J mice, and that this effect is sleep-dependent 4. We next tested
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whether ML297-mediated improvements in CFM consolidation were also sleep-
dependent in Fmr1¥ mice. An additional cohort of Fmr1% mice and WT littermates
underwent single-trail CFC followed immediately by ML297 administration, after which
they underwent 6 h of SD via gentle handling in their home cage (Figure 4.6F). Consistent
with the fact that Fmr1 mice have reduced overall sleep, the number of physical
interventions required to prevent sleep during the 6-h SD period was significantly lower
in Fmr1 mice compared to WT littermates, regardless of treatment (Supplemental
Figure 4.11B). Fmr17¥ mice and WT littermates administered ML297 in the context of
post-CFC SD showed disruption of CFM, consistent with previous reports 44909 (Figure
4.6F-H). This suggests that rescue of CFM consolidation in Fmr1/ mice is sleep-
dependent. In a separate cohort of vehicle-treated, SD Fmr1% or WT mice, we found
again that the two SD groups have a similar degree of disruption of CFM consolidation,
to one another, and to freely-sleeping Fmr1% mice (Supplemental Figure 4.11C-E).
Together, our findings show that rescue of sleep in Fmr1-¥ mice by ML297 is associated
with improved CFM consolidation, and suggest that the loss of sleep in FXS could be a
contributing factor to cognitive impairments.

We next tested whether other hippocampus-mediated, sleep-dependent forms of
memory consolidation could be rescued in Fmr1-¥ mice by administering ML297 post-
learning. We chose to test OLM (a form of spatial memory known to be disrupted in Fmr1-
¥ mice %°). Our OLM paradigm consisted of a 5 min period of habituation to the OLM arena
on day 1, which also served as an open field (OF) test to measure locomotive ability. Mice
were trained for 10 min at ZTO of day 2, during which they explored two identical objects

placed inside the arena. 24 h later, on day 3, mice were returned to the arena where one
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object had been moved (displaced) and one object kept in the same location (familiar)
(Figure 4.7A). During the OF test (habituation period), Fmr1# mice and WT littermates
showed similar locomotion (total travel distance) and relative time spent in outer and inner
zones of the arena (Figure 4.7B). A discrimination index, used to measure differences in
interaction between the displaced object and familiar object, was significantly lower for
OLM tests in Fmr1-¥ mice compared to WT mice (Figure 4.7C). To test whether ML297
can rescue OLM consolidation in Fmr1/ mice, a second cohort of mutant mice and
littermates were administered vehicle of ML297 immediately after OLM training (Figure
4.7D). While locomotion and thigmotaxis were again comparable during habituation
between genotypes (Figure 4.7E), performance during OLM testing varied by both
genotype and treatment. Fmri1Y mice treated with ML297 after training showed a
significant improvement in discrimination between displaced and familiar object locations
compared to Fmr17¥ mice treated with vehicle, suggesting at least a partial rescue of OLM
consolidation. However, WT mice treated with ML297 showed no improvement in OLM
consolidation, and in fact performed worse than vehicle-treated counterparts (Figure
4.7F). Nonetheless, our data suggest that both CFM and OLM consolidation, which are

normally disrupted in Fmr1-% mice, can be rescued with ML297 administration.
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Figure 4.6: Contextual fear memory (CFM) consolidation is rescued in a sleep-dependent manner by post-
CFC ML297 administration in Fmr1* mice

(A) WT and Fmr1- mice underwent single-trial CFC at ZT0, and CFM testing 24 h later.

(B) Pre-shock freezing behavior during CFC (left) was similar between WT and Fmr1#% mice. CFM (measured as
increased freezing from pre-shock baseline during testing; right) was reduced Fmr1* mice. ** indicates p < 0.01,
two-tailed, unpaired t-test. n = 8 mice/genotype.

(C) WT and Fmr1” mice underwent single-trial CFC at ZTO, followed immediately by vehicle or ML297
administration, and CFM testing 24 h later (left). Representative heat maps (right) showing total time-in-location
for mice in the conditioning chamber during CFC (pre-shock) and CFM testing.

(D) Pre-shock freezing behavior during CFC (left) was similar across treatments, and between WT and Fmr1
mice. Two-way ANOVA, p(treatment) = 0.96, p(genotype) = 0.60, p(treatment x genotype interaction) = 0.64. Post-
CFC ML297 administration rescued CFM (right) in Fmr1” mice. Two-way ANOVA, p(treatment) < 0.0001,
p(genotype) = 0.017, p(treatment x genotype interaction) = 0.007. n = 6 (WT + vehicle), =7 (WT + ML297), =7
(Fmr17 + vehicle), = 9 (Fmr1% + ML297). *, **, and **** indicate p < 0.05, p < 0.01, and p < 0.0001, Tukey's post
hoc test.

(E) Proportion of time spent in freezing (in 1-min bins) across the 5-min CFM testing period for the four treatment
groups. Two-way ANOVA, p(time) < 0.0001, p(group) < 0.0001, p(time x group interaction) = 0.04. *, ***, and ****
indicate p < 0.05, p <0.001, and p < 0.0001, Fmr1# + vehicle vs. Fmr1V + ML297; ## indicates p < 0.01, Fmr1%
+ vehicle vs. WT + vehicle, Tukey’s post hoc test.

(F) WT and Fmr1* mice underwent single-trial CFC at ZTO, followed immediately by ML297 administration and
either ad lib sleep or 6-hour sleep deprivation (SD), and CFM testing 24 h later (left). Representative heat maps
(right) showing total time-in-location for mice in the conditioning chamber during CFC (pre-shock) and CFM
testing.

(G) Pre-shock freezing behavior during CFC (left) was similar between WT and Fmr1# mice. Two-way ANOVA,
p(sleep condition) = 0.004, p(genotype) = 0.88, p(sleep condition x genotype interaction) = 0.74. Post-CFC SD
prevented enhancements in CFM consolidation due to ML297 administration (right) in all mice. Two-way ANOVA,
p(sleep condition) < 0.0001, p(genotype) = 0.64, p(sleep condition x genotype interaction) = 0.47. n=7 (WT +
sleep), = 5 (WT + SD), = 9 (Fmr1” + sleep), = 8 (Fmr1”+ SD). ** and **** indicate p < 0.01 and p < 0.0001,
Tukey’s post hoc test.

(H) Proportion of time spent in freezing (in 1-min bins) across the 5-min CFM testing period for the four treatment
groups. Two-way ANOVA, p(time) < 0.0001, p(sleep condition) < 0.0001, p(time x sleep condition interaction) =
0.93. ** and *** indicate p < 0.01 and p < 0.001, Fmr1”¥ + sleep vs. Fmr1* + SD; # and ## indicate p < 0.05 and p
<0.01, WT + sleep vs. WT + SD, Tukey’s post hoc test.
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Figure 4.7: Sleep-dependent consolidation of object location memory (OLM) is partially rescued by ML297
administration in Fmr1 mice

(A) WT and Fmr1- mice (n = 8/genotype) underwent habituation to the OLM arena (combined with open field [OF]
behavioral measurement) at ZTO0. 24 h later, mice underwent OLM training with two identical objects in the arena.
After an additional 24 h, mice were tested for OLM in the same arena with one object moved to a new location.

(B) Proportion of time spent in inner and outer zones of the arena (left) was similar between WT and Fmr1- mice
during habituation. Two-way ANOVA, p(zone) < 0.0001, p(genotype) = 0.94, p(sleep condition x genotype
interaction) = 0.11. Total distance traveled during habituation (right) was also similar between genotypes. Two-
tailed, unpaired t-test.

(C) Fmr17% mice failed to discriminate between displaced and non-displaced objects during OLM testing. ***
indicates p < 0.001, two-tailed, unpaired t-test.

(D) WT and Fmr1- mice underwent habituation to the OLM arena and OLM training as described above, followed
immediately by ML297 or vehicle administration. After an additional 24 h, mice were tested for OLM in the same
arena with one object moved to a new location.

(E) Open field activity (left) was similar between WT and Fmr1 mice during habituation. Two-way ANOVA,
p(zone) < 0.0001, p(genotype) = 0.43, p(zone x genotype interaction) = 0.013. Total distance traveled (right) was
also similar between genotypes. Two-tailed, unpaired t-test.

(F) Vehicle-treated Fmr1- mice showed impairments in OLM, which were ameliorated by administration of ML297.
n = 8 mice/experimental condition. Two-way ANOVA, p(treatment) = 0.31, p(genotype) < 0.0001, p(treatment x
genotype interaction) < 0.0001. *, **, ***, and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, Tukey's
post hoc test.
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4.4.5: CFM consolidation improvements with ML297 treatment in Fmr1-/y mice are

associated with normalization of dentate gyrus (DG) activation patterns during recall

During both learning and subsequent memory retrieval, neuronal immediate early
gene (IEG) expression among hippocampal DG granule cells and granule cell “engram
neuron” re-activation plays a causal role in memory recall ®. We tested whether changes
in DG activity during CFM recall accompanied ML297-mediated improvements in CFM
consolidation. Fmr1 mice and WT littermates underwent CFC followed by ML297 or
vehicle administration. After CFM recall 24 h later, mice were returned to their home
cages and perfused 90 min later to quantify cFos+ neuron density across dorsal
hippocampus (Figure 4.8A). Across the entire DG region, Fmr1-¥ mice given vehicle had
significantly greater cFos+ neuron density after recall compared to WT-vehicle
counterparts. In contrast, Fmr1 mice given ML297 showed significant reduction of
cFos+ neuron density compared to Fmr1 vehicle counterparts, with density being
normalized to levels observed in WT-vehicle mice. In contrast, WT mice given ML297
showed significant increase in DG cFos+ neuron density compared to WT-vehicle mice
(Figure 4.8B). These same trends in cFos+ neuron density between WT and Fmr1- mice
were also found separately when quantifying the granule cell layers of the superior and
inferior blades of the DG, as well as the hilus (Figure 4.8B). Overall density of cFos+
neurons in DG predicted successful CFM, although the direction of this relationship
differed between Fmr17y mice and WT littermates. In WT mice, higher density of cFos+
neurons corresponded to increased freezing behavior. In contrast, Fmr17¥ mice showed
the opposite relationship, where lower density of cFos+ neurons corresponded to

increased freezing behavior (Figure 4.8C). Our data suggests that overactivation of the
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DG network in Fmr1¥ mice during CFM recall could be normalized to WT levels by ML297
administration during the consolidation phase.

To understand the impact of ML297 treatment on recall-associated neuronal
activation across the rest of the dorsal hippocampus-amygdala circuit, we measured cFos
expression within the pyramidal layers of CA1 and CA3, and in lateral and basolateral
amygdala, after recall. Within CA1, ML297-treated mice of both genotypes showed
significantly increased cFos+ neuron density compared to WT mice with vehicle
treatment. However, the density of cFos+ neurons was correlated with successful CFM
recall only in WT mice (Figure 4.8D-E). Density of cFos+ neurons in CA3 was comparable
between genotypes regardless of treatment. Similar to CA1, cFos+ neuron density was
predictive of successful CFM recall only in WT mice, not Fmr1- counterparts (Figure
4.8F-G). cFos+ neuron density within the amygdala (Supplemental Figure 4.12) also
differed in vehicle treatment conditions between WT and Fmr1/ mice — with higher
density in lateral and reduced density in basolateral amygdala in Fmr1-¥ mice after recall.
But these differences were relatively unaffected as a function of ML297 administration
(Supplemental Figure 4.12B-D). Overall, these findings suggest that post-CFC
administration of ML297 alters network activity with the hippocampus (primarily within the
DG) in Fmr1-/ mice, renormalizing activity levels in subsequent recall, and that this is
linked to improvement of CFM consolidation. Imbalanced excitation vs. inhibition in brain
circuits is a hallmark of FXS 21598101 oyr data suggest that reducing neuronal excitability
via sleep, and sleep-associated GIRK channel activity, could be a mechanism to help with
memory consolidation disruption in FXS. While the amygdala is also a major part of the

fear recall circuit, the lack of effects of ML297 on this structure suggest that improvements
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in CFM stem from the hippocampus. Lastly, it suggests that freezing behavior seen in
Fmr1y mice with ML297 is tied to learning and memory circuits rather than ones related

to aspects which could affect CFM, such as anxiety.
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Figure 4.8: Fmr1% mice show increased DG network activity during memory recall, which is normalized by
ML297 administration during consolidation

(A) Vehicle- and ML297-treated WT and Fmr17 mice were perfused 90 min following CFM recall to assess
hippocampal cFos expression (left). Representative recall-associated cFos expression in DG for the four treatment
groups (right). Scale bar = 100 pm.

(B) Quantification of DG cFos+ neuron density. Two-way ANOVA, for entire DG (left): p(treatment) = 0.99,
p(genotype) = 0.26, p(treatment x genotype interaction) < 0.0001. For superior granule cell blade: p(treatment) =
0.28, p(genotype) = 0.11, p(treatment x genotype interaction) < 0.0001. For inferior granule cell blade: p(treatment)
= 0.03, p(genotype) = 0.28, p(treatment x genotype interaction) < 0.0001. For hilus (right): p(treatment) = 0.078,
p(genotype) = 0.011, p(treatment x genotype interaction) = 0.016.

(C) Pearson correlation for relationship between DG cFos+ neuron density and freezing during CFM recall.

(D) Representative recall-associated cFos expression in CA1 for the four treatment groups. Scale bar = 200 ym.

(E) Quantification of CA1 cFos+ neuron density (left). Two-way ANOVA, p(treatment) = 0.0009, p(genotype) =
0.17, p(treatment x genotype interaction) = 0.054. Pearson correlation for relationship between CA1 cFos+ neuron
density and freezing during CFM recall (right).

(F) Representative recall-associated cFos expression in CA3 for the four treatment groups. Scale bar = 100 pm.
(G) Quantification of CA3 cFos+ neuron density (left). Two-way ANOVA, p(treatment) = 0.064, p(genotype) =
0.077, p(treatment x genotype interaction) = 0.64. Pearson correlation for relationship between CA3 cFos+ neuron

density and freezing during CFM recall (right).

n =6 (WT + vehicle), 7 (WT + ML297), 7 (Fmr17 + vehicle), and 9 (Fmr1 + ML297). *, **, and *** indicate p <
0.05, p < 0.01 and p < 0.001, Tukey’s post hoc test.
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4.5 : Discussion

To examine the relationship between sleep and cognition in the context of FXS,
we first fully characterized sleep parameters in the Fmr1 (FXS) mouse model. While
other studies have suggested that Fmr1- mice could have similar sleep loss phenotypes
comparable to FXS individuals 617192 our study is one of the first to examine sleep
architecture across multiple contiguous 24 h periods in Fmr1- mice using EEG recording
techniques. We demonstrate that Fmr1-% mice have deficits in NREM sleep architecture
and spectral power primarily during the light phase of the day. The deficits in NREM sleep
are analogous to findings seen in polysomnography recordings of FXS patients such as
reduced NREM sleep and frequent nighttime awakenings (sleep fragmentation) 2. In
contrast, we did not find reduced REM sleep time in Fmr1- mice, although EEG power
spectral density — particularly in the theta band — is altered during REM. The findings not
only validate the Fmr1-¥ mouse model for studying sleep phenotypes related to FXS, but
also reinforce the idea that Fmr1 expression could also play a role in sleep regulation.

In addition to NREM sleep architectural deficits, we also found altered spectral
power across NREM sleep, including increased delta and gamma power and reduced
sleep spindle density and power. While increased gamma power in Fmr1-% mice during
brief intervals of wake has been previously reported 879, we show these increases in
gamma power also occur during NREM. Many of the changes in EEG spectra recapitulate
phenotypes observed in patients with ASD. Here we report increased NREM delta power
and decreased spindle density and power during NREM in Fmr1-¥ mice, which until now
was only reported in patients with ASD and/or FXS 30:72.75,103-106 69.75 Notably these EEG

alterations during NREM (together with reduced theta power in REM) only occur in the
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posterior V1 region, not the PFC — where spectral power and spindle density were
generally comparable to WT littermates. EEG recordings of ASD children and adults
showed similar spatial (i.e., anteroposterior) differences®®7583, We find that this results in
widespread changes in spectral coherence between anterior and posterior recording sites
in Fmr17y mice, together with dissimilarities in inter-regional spindle density between
these sites during NREM sleep

It is well-established that loss of Fmr1 leads to reduced excitatory drive onto PV+
interneurons and other GABAergic interneuron subtypes, together with and
morphological changes such as increased density of immature dendritic spines in
neocortical and hippocampal pyramidal neurons 0.13.15,98,101,107-110 Thege alterations are
thought to lead to aberrant network excitability, which could underline some of the EEG
changes we observe in Fmr17¥ mice during sleep. Our data suggest that the TRN, which
is essential for generation of NREM spindles 6781111 and which is populated by PV+
interneurons, is likely affected by the general disruption of PV+ interneuron function in
FXS, leading to spindle alterations. We found a significant reduction of PV interneurons
in the TRN of Fmr1-¥ mice. Further investigation is needed to understand the contribution
of specific microcircuit-level alterations in Fmr1- mice to changes in spectral power and
coherence during NREM sleep. Given their role in altering neuronal excitability in FXS
and contributing to spindle dysfunction in rodent models of schizophrenia 12, further
characterization of the TRN and PV projections to other circuits in the sleep/wake system
are needed. Moreover, the specific pharmacological actions of ML297 on GIRK1/2
channels (leading to membrane hyperpolarization) may play a role in the restoration of

normal EEG activity after ML297 is administered.
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GIRK1/2 function is thought to be selectively disrupted in the absence of FMRP
4546 ML297, which activates GIRK1/2 current, has been found to promote NREM sleep
without adverse effects to cognition seen in other hypotonic treatments 443, We found
that acute administration of ML297 to Fmr1-¥ mice was enough to renormalize NREM
sleep architecture and spectral power (in V1) to parameters observed in WT littermates.
In addition, we found that spindle density correlations between V1 and PFC regions were
improved. The region-selectivity of these effects further reinforces the region-specificity
of EEG differences in Fmr1-¥ mice. In addition, the fact that oscillatory coherence between
structures was only partially rescued by ML297 also emphasizes that future therapeutic
studies targeting sleep phenotypes such as epilepsy in Fmr1#% mice, and FXS patients,
should take into account that some brain regions are differentially affected by loss of
FMRP, and may be differentially altered by treatment.

Sleep has been shown to be critical for numerous functions, including cognition
and memory 13114 Given the relationship between sleep deficits and cognitive
impairment in not only FXS, but other neurodevelopmental disorders, we tested whether
restoration of WT sleep phenotypes could improve memory consolidation deficits in Fmr1-
¥ mice. We found ML297-mediated improvements in consolidation of both CFM and OLM
— two dorsal hippocampus-dependent, sleep-dependent forms of memory — which are
normally disrupted in Fmr17¥ mice. We found that this rescue was associated with ML297-
mediated reversal of changes to DG cFos+ neuron density at the time of recall in Fmr1-¥
mice, but was not predicted by changes in neuron activation in other brain structures,

such as CA1, CA3, and amygdala.
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Our findings suggest that direct GIRK1/2 channel activation via ML297 in Fmr1-
mice could be beneficial for cognition via sleep-promoting effects and highly reinforce the
notion of sleep as potential therapeutic target for not only FXS, but other NDD and
psychiatric disorders as well. However, any positive effects on cognition may be limited
to emotionally valanced memories as spatial memory was negatively affected. Further
studies into the role of GIRK channel signaling in sleep-dependent hippocampal memory
function would be needed, particularly how different subunit combinations are expressed
within regions of spatial and fear memory circuits. Taken together, this suggests that
ML297 following learning leads to either immediate changes in the activation level of the
DG “engram neurons” — perhaps suppressing noisy activity that would lead to aberrant
plasticity — or long-lasting changes that prevent noisy activation 24 h later, during recall.
While our present data do not discriminate between these two possibilities, it is worth
noting that changes in total sleep amounts following CFC are linked to the subsequent
activation of the DG during CFM recall 8. Because most (but not all) of the EEG and
sleep architecture changes caused by ML297 administration are present only in the first
12 h, it is plausible that many of the longer-term outcomes we observe (i.e., during CFM
and OLM recall) reflect plastic changes occurring during the first few hours of post-
learning sleep 80:81.115-118 Because these first few hours correspond to a sensitive window
for disruption of long-term memory 2123254452,90-92117 = this seems like a plausible
mechanism by which ML297 is impacting hippocampal plasticity and subsequently,
memory recall.

There are a few limitations to our present studies. Previous work has shown that

the neocortex and hippocampus can exhibit different sleep states simultaneously '*°, so
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additional studies using hippocampal LFP or single neuron recording in Fmr1-¥ mice could
clarify how the EEG changes measured here relate to state-dependent network activity
in the hippocampus?®2648_|n addition, our findings do not discriminate between changes
in the hippocampal network due to sleep architecture changes (or oscillatory changes)
and those due to other pharmacological effects of ML297 on hippocampal neurons
themselves. Future studies using additional hypnotic agents with different mechanisms
of action may be needed to disentangle these effects with regard to phenotypic rescue in
Fmr1/ mice. Lastly, based on the age of the mice used in this study, our data may be
more relevant to treatment of FXS individuals of a slightly older age (i.e., non-pediatric
patients). Given the role of sleep has in the shaping of synaptic circuits early in life
24,34,120.121 it warrants further examination whether treating sleep phenotypes in Fmr1
mice, with ML297 or other hypnotics, earlier in development is beneficial for cognition. On
the other hand, young adults with autism are often overlooked in clinical studies and could
possibly benefit from therapeutic intervention to restore sleep. Overall, our findings
establish NREM sleep phenotypes in Fmr17¥ mice and provide proof-of-concept for

targeting these phenotypes in the context of treating other aspects of FXS.
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Supplemental Figure 4.1: Fmr1* mice spindle duration and waking spectral power during the light phase

(A) Comparison of NREM spindle duration during the light phase between WT and Fmr1# mice. Two-tailed,
unpaired t-test.

(B) Left, EEG power spectrum during waking, & = 0.5-4 Hz. Two-way RM ANOVA, p(Frequency x Genotype) <
0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.0010. Right, average beta power (13-30 Hz) during waking. Two-
tailed, unpaired t-test. Asterisks over data points were obtained via two-tailed, unpaired t-test. **p < 0.01. Data
shown as mean + SEM (except EEG spectrum in panel B, data shown as mean). Sample size: n = 8 mice/genotype.

(Related to Fig. 1)
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Supplemental Figure 4.2: Parvalbumin (PV+) interneuron expression in the thalamic reticular nucleus
(TRN) is reduced in Fmr17 mice

(A) Representative images of PV+ expressing interneurons in the TRN outlined by dashed lines in WT and Fmr1-
% mice. Scale bar = 250 um.

(B) PV+ interneuron density of the TRN (left) and area of TRN measured (right). Two-tailed, unpaired t-tests. **p
< 0.01. Data shown as mean + SEM. Sample size: n = 4/genotype.

(Related to Fig. 1 and Fig. 4)
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Supplemental Figure 4.3: Baseline recordings show deficits in NREM sleep architecture in Fmr1¥ mice

(A) Left, percent recording time spent in NREM sleep during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.61, p(Time of Day) = 0.0002, p(Genotype) = 0.0044. Middle, percent recording time in REM sleep
during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.85, p(Time of Day) = 0.0003,
p(Genotype) = 0.26. Right, percent recording time in waking during baseline A. Two-way RM ANOVA, p(Time of
Day x Genotype) = 0.61, p(Time of Day) < 0.0001, p(Genotype) = 0.0003.

(B) Left, percent recording time spent in NREM sleep during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.37, p(Time of Day) = 0.0009, p(Genotype) = 0.011. Middle, percent recording time in REM sleep
during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.65, p(Time of Day) = 0.0028,
p(Genotype) = 0.86. Right, percent recording time in waking during baseline B. Two-way RM ANOVA, p(Time of
Day x Genotype) = 0.22, p(Time of Day) = 0.0007, p(Genotype) = 0.056.

(C) Left, mean NREM bout duration during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.44,
p(Time of Day) = 0.34, p(Genotype) = 0.02. Middle, mean REM bout duration during baseline A. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.24, p(Time of Day) = 0.84, p(Genotype) = 0.74. Right, mean waking bout
duration during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.87, p(Time of Day) = 0.0012,
p(Genotype) = 0.43.

(D) Left, mean NREM bout duration during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.23,
p(Time of Day) = 0.89, p(Genotype) = 0.0045. Middle, mean REM bout duration during baseline B. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.21, p(Time of Day) = 0.62, p(Genotype) = 0.076. Right, mean waking bout
duration during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.53, p(Time of Day) < 0.0001,
p(Genotype) = 0.52.

(E) Left, number of NREM bouts during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.35,
p(Time of Day) = 0.81, p(Genotype) = 0.031. Middle, number of REM bouts during baseline A. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.47, p(Time of Day) = 0.0031, p(Genotype) = 0.41. Right, number of waking
bouts during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.30, p(Time of Day) = 0.89,
p(Genotype) = 0.023.

(F) Left, number of NREM bouts during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.64,
p(Time of Day) = 0.0001, p(Genotype) = 0.0014. Middle, number of REM bouts during baseline B. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.86, p(Time of Day) = 0.0062, p(Genotype) = 0.14. Right, number of waking
bouts during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.63, p(Time of Day) = 0.0002,
p(Genotype) = 0.0011. (Asterisks over data points were obtained via Sidak’s post hoc test. *p < 0.05, **p < 0.01.
Data shown as mean + SEM. Sample size: n = 5 mice/genotype.

(Related to Fig. 2)
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Supplemental Figure 4.4: GIRK channel activation via ML297 normalizes waking architectural differences
in Fmr1/ mice

(A\) Left, percent recording time spent in waking post-vehicle injection between WT and Fmr1#% mice. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.95, p(Time of Day) = 0.0002, p(Genotype) = 0.0005. Middle, mean waking
bout duration. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.12, p(Time of Day) = 0.017, p(Genotype) =
0.035. Right, total waking bouts. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.20, p(Time of Day) = 0.51,
p(Genotype) = 0.0036.

(B) Left, percent recording time spent in waking post-ML297 injection between WT and Fmr1- mice. Two-way RM
ANOVA, p(Time of Day x Genotype) = 0.26, p(Time of Day) = 0.0062, p(Genotype) = 0.12. Middle, mean waking
bout duration. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.28, p(Time of Day) = 0.0075, p(Genotype) =
0.31. Right, total waking bouts. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.89, p(Time of Day) = 0.24,
p(Genotype) = 0.64.

(C) Vehicle and ML297 changes in waking percent recording time during the light (ZT0-12, left) and dark (ZT13-
24, right) phases from time-matched baseline values (baseline A-vehicle and baseline B-ML297). ZT0-12: two-
way RM ANOVA, p(Treatment x Genotype) = 0.12, p(Treatment) = 0.071, p(Genotype) = 0.18. ZT13-24: two-way
RM ANOVA, p(Treatment x Genotype) = 0.58, p(Treatment) = 0.061, p(Genotype) = 0.27.

(D) Vehicle and ML297 changes in mean waking bout duration during the light (ZT0-12, left) and dark (ZT13-24,
right) phases from time-matched baseline values (baseline A-vehicle and baseline B-ML297). ZT0-12: two-way
RM ANOVA, p(Treatment x Genotype) = 0.37, p(Treatment) = 0.57, p(Genotype) = 0.71. ZT13-24: two-way RM
ANOVA, p(Treatment x Genotype) = 0.13, p(Treatment) = 0.45, p(Genotype) = 0.86.

(E) Vehicle and ML297 changes in number of waking bouts during the light (ZT0-12, left) and dark (ZT13-24, right)
phases from time-matched baseline values (baseline A-vehicle and baseline B-ML297). ZT0-12: two-way RM
ANOVA, p(Treatment x Genotype) = 0.37, p(Treatment) = 0.010, p(Genotype) = 0.069. ZT13-24: two-way RM
ANOVA, p(Treatment x Genotype) = 0.17, p(Treatment) = 0.99, p(Genotype) = 0.79.

(F) Latency to NREM sleep after vehicle or ML297 treatment in wild-type (WT) and Fmr1% mice. Two-way RM
ANOVA, p(Treatment x Genotype) = 0.23, p(Treatment) = 0.15, p(Genotype) = 0.13.

(G) Latency to REM sleep after vehicle or ML297 treatment. Two-way RM ANOVA, p(Treatment x Genotype) =
0.09, p(Treatment) = 0.11, p(Genotype) = 0.54. Asterisks over data points were obtained via Sidak’s post hoc test.
*p < 0.05, **p < 0.01. Data shown as mean + SEM. Sample size: n = 5 mice/genotype.

(Related to Fig 2)
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Supplemental Figure 4.5: Baseline NREM spectral power in V1 and PFC in WT and Fmr1Y mice

(A) NREM EEG power spectrum in V1 for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.015. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.81.

(B) NREM EEG power spectrum in V1 for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.33. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.35.

(C) Left, average NREM delta (0.5-4 Hz) power in V1 during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.23, p(Time of Day) = 0.90, p(Genotype) = 0.008. Middle, average NREM sigma for spindle (7-15
Hz) power. Two-way RM ANOVA, p(Time of Day x Genotype) = 0.84, p(Time of Day) = 0.68, p(Genotype) = 0.015.
Right, average NREM gamma power. Two-way RM ANOVA, p(Time of Day X Genotype) = 0.24, p(Time of Day)
= 0.033, p(Genotype) = 0.0027.

(D) Left, average NREM delta (0.5-4 Hz) power in V1 during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.16, p(Time of Day) = 0.10, p(Genotype) = 0.025. Middle, average NREM sigma (7-15 Hz) power.
Two-way RM ANOVA, p(Time of Day x Genotype) = 0.88, p(Time of Day) = 0.012, p(Genotype) = 0.218. Right,
average NREM gamma power. Two-way RM ANOVA, p(Time of Day X Genotype) = 0.26, p(Time of Day) = 0.46,
p(Genotype) = 0.0052.

(E) NREM EEG power spectrum in PFC for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) = 0.042, p(Frequency) < 0.0001, p(Genotype) = 0.0207. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) = 0.0002, p(Frequency) < 0.0001, p(Genotype) = 0.0279.

(F) NREM EEG power spectrum in PFC for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) = 0.0073, p(Frequency) < 0.0001, p(Genotype) = 0.025. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) = 0.0003, p(Frequency) < 0.0001, p(Genotype) = 0.081.

(G) Left, average NREM delta (0.5-4 Hz) power in PFC during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.95, p(Time of Day) = 0.18, p(Genotype) = 0.88. Middle, average NREM sigma (7-15 Hz) power.
Two-way RM ANOVA, p(Time of Day x Genotype) = 0.80, p(Time of Day) = 0.91, p(Genotype) = 0.054. Right,
average NREM gamma power. Two-way RM ANOVA, p(Time of Day X Genotype) = 0.24, p(Time of Day) = 0.068,
p(Genotype) = 0.018.

(H) Left, average NREM delta (0.5-4 Hz) power in PFC during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.92, p(Time of Day) = 0.28, p(Genotype) = 0.75. Middle, average NREM sigma (7-15 Hz) power.
Two-way RM ANOVA, p(Time of Day x Genotype) = 0.38, p(Time of Day) = 0.043, p(Genotype) = 0.42. Right,
average NREM gamma power. Two-way RM ANOVA, p(Time of Day X Genotype) = 0.19, p(Time of Day) = 0.27,
p(Genotype) = 0.035.

Asterisks over data points were obtained via Sidak’s post hoc test. *p < 0.05, **p < 0.01. Data shown as mean +
SEM (except EEG spectrum in panels A-B and E-F, data shown as mean). Panels A-B and E-F show frequency
bands denoted by their symbol and divided by dashed lines: 6 = 0.5-4 Hz; ¢ = 7-15 Hz. Sample size: n = 5
mice/genotype.

(Related to Fig. 3)
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Supplemental Figure 4.6: Baseline REM spectral power in V1 and PFC in WT and Fmr1/ mice

(A) REM EEG power spectrum in V1 for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.11. ZT13-24: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.072.

(B) REM EEG power spectrum in V1 for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.089. ZT13-24: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.23.

(C) Average theta (4-12 Hz) power in V1 during baseline A. Two-way RM ANOVA, p(Time of Day x Genotype) =
0.49, p(Time of Day) = 0.067, p(Genotype) = 0.0073.

(D) Average REM theta (4-12 Hz) power in V1 during baseline B. Two-way RM ANOVA, p(Time of Day x Genotype)
= 0.50, p(Time of Day) = 0.034, p(Genotype) = 0.0033.

(E) REM EEG power spectrum in PFC for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.051. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.048.

(F) REM EEG power spectrum in PFC for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.21. ZT13-24: two-way RM
ANOVA, p(Frequency x Genotype) = 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.41.

(G) Average REM theta (4-12 Hz) power in PFC during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.68, p(Time of Day) = 0.19, p(Genotype) = 0.34.

(H) Average REM theta (4-12 Hz) power in PFC during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.69, p(Time of Day) = 0.059, p(Genotype) = 0.67. Asterisks over data points were obtained via
Sidak’s post hoc test. **p < 0.01.

Data shown as mean + SEM (except EEG spectrum in panels A-B and E-F, data shown as mean). Panels A-B

and E-F show frequency bands denoted by their symbol and divided by dashed lines: 6 = 4-12 Hz. Sample size: n
= 5 mice/genotype.

(Related to Fig. 3)
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Supplemental Figure 4.7: REM spectral power in V1 and PFC unaffected by GIRK channel activation in WT
and Fmr1% mice

(A) REM EEG power spectrum in V1 for vehicle-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.064. ZT13-
24: two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.15.

(B) REM EEG power spectrum in V1 for ML297-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.024. ZT13-
24: two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.031.

(C) Average theta (4-12 Hz) power in V1 for vehicle-treated mice. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.83, p(Time of Day) = 0.28, p(Genotype) = 0.0093.

(D) Average REM theta (4-12 Hz) power in V1 for ML297-treated mice. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.45, p(Time of Day) = 0.50, p(Genotype) = 0.012.

(E) REM EEG power spectrum in PFC for vehicle-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.18. ZT13-24:
two-way RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.36.

(F) REM EEG power spectrum in PFC for ML297-treated during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-
way RM ANOVA, p(Frequency x Genotype) > 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.15. ZT13-24: two-
way RM ANOVA, p(Frequency x Genotype) = 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.27.

(G) Average REM theta (4-12 Hz) power in PFC for vehicle-treated mice. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.62, p(Time of Day) = 0.21, p(Genotype) = 0.77.

(H) Average REM theta (4-12 Hz) power in PFC for ML297-treated mice. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.30, p(Time of Day) = 0.42, p(Genotype) = 0.70.

Asterisks over data points were obtained via Sidak’s post hoc test. *p < 0.05, **p < 0.01. Data shown as mean %
SEM (except EEG spectrum in panels A-B and E-F, data shown as mean). Panels A-B and E-F show frequency
bands denoted by their symbol and divided by dashed lines: 8 = 4-12 Hz. Sample size: n = 5 mice/genotype.

(Related to Fig. 3)
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Supplemental Figure 4.8: Baseline waking spectral power in V1 and PFC in WT and Fmr1/ mice

(A) Wake EEG power spectrum in V1 for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way RM
ANOVA, p(Frequency x Genotype) = 0.99, p(Frequency) < 0.0001, p(Genotype) = 0.15. ZT13-24: two-way RM
ANOVA, p(Frequency x Genotype) = 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.24.

(B) Wake EEG power spectrum in V1 for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.41. ZT13-24: two-way RM
ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.50.

(C) Left, average wake delta (0.5-4 Hz) power in V1 during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.26, p(Time of Day) = 0.50, p(Genotype) = 0.90. Right, average wake gamma power. Two-way RM
ANOVA, p(Time of Day X Genotype) = 0.13, p(Time of Day) = 0.79, p(Genotype) = 0.0024.

(D) Left, average wake delta (0.5-4 Hz) power in V1 during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.23, p(Time of Day) = 0.75, p(Genotype) = 0.68. Right, average wake gamma power. Two-way RM
ANOVA, p(Time of Day X Genotype) = 0.88, p(Time of Day) = 0.49, p(Genotype) = 0.013.

(E) Wake EEG power spectrum in PFC for baseline A during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.0072. ZT13-24: two-
way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.0095.

(F) Wake EEG power spectrum in PFC for baseline B during ZT0-12 (left) and ZT13-24 (right). ZT0-12: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.016. ZT13-24: two-way
RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.051.

(G) Left, average wake delta (0.5-4 Hz) power in PFC during baseline A. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.13, p(Time of Day) = 0.20, p(Genotype) = 0.31. Right, average wake gamma power. Two-way RM
ANOVA, p(Time of Day X Genotype) = 0.35, p(Time of Day) = 0.53, p(Genotype) = 0.0032.

(H) Left, average wake delta (0.5-4 Hz) power in PFC during baseline B. Two-way RM ANOVA, p(Time of Day x
Genotype) = 0.035, p(Time of Day) = 0.44, p(Genotype) = 0.64. Right, average wake gamma power. Two-way RM
ANOVA, p(Time of Day X Genotype) = 0.42, p(Time of Day) = 0.32, p(Genotype) = 0.011.

Asterisks over data points were obtained via Sidak’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Data shown
as mean + SEM (except EEG spectrum in panels A-B and E-F, data shown as mean). Panels A-B and E-F show

frequency bands denoted by their symbol and divided by dashed lines: & = 0.5-4 Hz. Sample size: n = 5
mice/genotype.

(Related to Fig. 3)
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Supplemental Figure 4.9: Gamma power in V1, but not PFC during wakefulness is reduced with GIRK
channel activation in WT and Fmr1-¥ mice

(A) Wake EEG power spectrum in V1 for vehicle-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.14. ZT13-24:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.31.

(B) Wake EEG power spectrum in V1 for ML297-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.83. ZT13-24:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.44.

(C) Left, average wake delta (0.5-4 Hz) power in V1 for vehicle-treated mice. Two-way RM ANOVA, p(Time of Day
x Genotype) = 0.68, p(Time of Day) = 0.11, p(Genotype) = 0.85. Right, average wake gamma power. Two-way
RM ANOVA, p(Time of Day X Genotype) = 0.90, p(Time of Day) = 0.55, p(Genotype) = 0.0054.

(D) Left, average wake delta (0.5-4 Hz) power in V1 for ML297-treated mice. Two-way RM ANOVA, p(Time of Day
x Genotype) = 0.68, p(Time of Day) = 0.92, p(Genotype) = 0.21. Right, average wake gamma power. Two-way
RM ANOVA, p(Time of Day X Genotype) = 0.36, p(Time of Day) = 0.66, p(Genotype) = 0.64.

(E) Wake EEG power spectrum in PFC for vehicle-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.0034. ZT13-
24: two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.011.

(F) Wake EEG power spectrum in PFC for ML297-treated mice during ZT0-12 (left) and ZT13-24 (right). ZT0-12:
two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.031. ZT13-
24: two-way RM ANOVA, p(Frequency x Genotype) < 0.0001, p(Frequency) < 0.0001, p(Genotype) = 0.010.

(G) Left, average wake delta (0.5-4 Hz) power in PFC for vehicle-treated mice. Two-way RM ANOVA, p(Time of
Day x Genotype) = 0.46, p(Time of Day) = 0.071, p(Genotype) = 0.48. Right, average wake gamma power. Two-
way RM ANOVA, p(Time of Day X Genotype) = 0.76, p(Time of Day) = 0.41, p(Genotype) = 0.0013.

(H) Left, average wake delta (0.5-4 Hz) power in PFC for ML297-treated mice. Two-way RM ANOVA, p(Time of
Day x Genotype) = 0.86, p(Time of Day) = 0.91, p(Genotype) = 0.89. Right, average wake gamma power. Two-
way RM ANOVA, p(Time of Day X Genotype) = 0.44, p(Time of Day) = 0.70, p(Genotype) = 0.012. Asterisks over
data points were obtained via Sidak’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Data shown as mean *
SEM (except EEG spectrum in panels A-B and E-F, data shown as mean). Panels A-B and E-F show frequency
bands denoted by their symbol and divided by dashed lines: & = 0.5-4 Hz. Sample size: n = 5 mice/genotype.

(Related to Fig. 3)
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Supplemental Figure 4.10: Interregional field coherence between WT and Fmr1*¥ mice during sleep and
wakefulness differs in various frequency bands across the dark phase

(A) Primary visual cortex (V1)-prefrontal cortex (PFC) spectral coherence during the dark phase (ZT13-24) for
wild-type mice across continuous recording days for NREM sleep, REM sleep, and waking. NREM sleep, two-way
RM ANOVA, p(Frequency x Recording Day) > 0.99, p(Frequency) > 0.99, p(Recording Day) < 0.0001. REM sleep,
two-way RM ANOVA, p(Frequency x Recording Day) > 0.99, p(Frequency) > 0.99, p(Recording Day) < 0.0001.
Waking, two-way RM ANOVA, p(Frequency x Recording Day) > 0.99, p(Frequency) > 0.99, p(Recording Day) <
0.0001.

(B) V1-PFC spectral coherence for Fmr1¥ mice during the dark phase (ZT0-12). NREM sleep, two-way RM
ANOVA, p(Frequency x Recording Day) = 0.0064, p(Frequency) > 0.99, p(Recording Day) < 0.0001. REM sleep,
two-way RM ANOVA, p(Frequency x Recording Day) = 0.86, p(Frequency) > 0.99, p(Recording Day) < 0.0001.
Waking, two-way RM ANOVA, p(Frequency x Recording Day) > 0.99, p(Frequency) > 0.99, p(Recording Day) <
0.0001.

Each panel shows coherence values for 0.5-15 and 31-100 Hz. Different frequency bands are denoted with their
symbol and divided by dashed lines: 6 = 0.5-4 Hz, 8 = 4-12 Hz, 0 = 7-15 Hz, y = 31-100 Hz. Symbols (*baseline A
vs. vehicle; *baseline B vs. ML297) over data points were obtained via Tukey's post hoc test. **p < 0.01, ***p <
0.001, ***p < 0.0001. #p < 0.01, ##p < 0.001, ###p < 0.0001. Data shown as mean. Sample size: n = 5
mice/genotype.

(Related to Fig. 5)

222



A

% Observed Sleep

100

2]
(=]

[=:]
[=]

'
(=]

%)
[=]

FEE

- oWT

wn Fmrt

% Observed Sleep

Sleep

SD

- WT+Vehicle -® Fmr1¥+Vehicle B - WT+Vehicle - Fmr1”Y+Vehicle
o WT+ML297 = Fmrf¥=ML297 o WT+ML297 = Fmr{*¥+ML297
b 25
g g
= =
8 £ 15
5 [a]
2 3w
-
o é 5
3 5
T T T T T T E = p
1 2 3 4 5 6 2
Hour Interval Vehicle ML2%7 Hour Interval
CFM WT Fmri* Min
Test I
=
- Q@ @O
5
[ ]
Test
ZTO0 5
3
Sleep SD Sleep SD IMax
E o WT+Sleep = Fmri*+Sleep
Hokok - WT+SD -=- Fmri?¥+8D
100 " "
#4484 ##
o 100+ 804
N gpd 2
9 N 60
L=
[ | L
c 60 L 40
=
(=)
S 40 204
§ 20 0
- T T T T T
= 1 2 3 4 5

Sleep SD

223

Minute Interval



Supplemental Figure 4.11: Sleep behavior and sleep-dependent contextual fear memory vehicle controls
in WT and Fmr1// mice

(A) Left, total amounts of visually observed sleep during the first 6 hours following contextual fear conditioning
(CFC). Two-way ANOVA, p(Treatment x Genotype) = 0.0028, p(Treatment) = 0.21, p(Genotype) = 0.0019. Right,
visually observed sleep behavior in 1 hour intervals across the first 6 hours post-CFC. Two-way RM ANOVA,
p(Hour x Genotype + Treatment) = 0.0092, p(Hour) <0.0001, p(Genotype + Treatment) = 0.0008.

(B) Left, total number of sleep disturbances via gentle handling during the 6-hour sleep deprivation (SD) period.
Two-way ANOVA, p(Treatment x Genotype) = 0.48, p(Treatment) = 0.098, p(Genotype) < 0.0001. Right, number
of sleep disturbances in 1-hour intervals across the 6-hour SD period. Two-way RM ANOVA, p(Hour x Genotype
+ Treatment) <0.0001, p(Hour) <0.0001, p(Genotype + Treatment) = 0.0006.

(C) Left, schematic of CFC paradigm with 24-hour contextual fear memory (CFM) recall testing with vehicle
administration with either ad lib sleep or 6-hour SD. Right, representative heat maps of time-in-location for mice
during CFC training and CFM testing.

(D) Left, freezing behavior between WT and Fmr1- mice during CFC training. Two-way ANOVA, p(Genotype x
Treatment) = 0.71, p(Treatment) = 0.12, p(Genotype) = 0.60. Right, change in freezing behavior during CFM
testing. Two-way ANOVA, p(Genotype x Treatment) = 0.061, p(Treatment) = 0.0002, p(Genotype) = 0.023. (E)
Freezing behavior in 1-minute intervals across the 5-minute CFM testing period between WT and Fmr1% mice
after vehicle treatment with either sleep or SD. Two-way RM ANOVA, p(Minute x Genotype + Sleep Condition) =
0.044, p(Minute) < 0.0001, p(Genotype + Sleep Condition) = 0.0001.

Data shown as mean + SEM. *Asterisks over data points in panels A(left), B(left) D, G were obtained via Tukey’s
post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes (panel A): n =6 (WT + vehicle), =7 (WT + ML297),
=7 (Fmr1”7 + vehicle), = 9 (Fmr1% + ML297). Sample sizes (panel B): n =5 (WT + vehicle), = 5 (WT + ML297), =
6 (Fmr17 + vehicle), = 8 (Fmr1”Y + ML297). Sample sizes (panel D-E): n =6 (WT + sleep), =5 (WT + SD), =7
(Fmr1% + sleep), = 6 (Fmr1* + SD). Symbols over data points (*Fmr17 + vehicle vs. Fmr17 + ML297; *Fmr17 +
vehicle vs. WT + vehicle (panels A-B) and *WT + sleep + sleep vs. Fmr1* + sleep; *WT + sleep vs. WT + SD
(panel E)) were obtained via Tukey’s post hoc test. *p < 0.05, **p < 0.01. #p < 0.05, #p < 0.01, ##p <0.001, ###p
< 0.0001.

(Related to Fig 6)
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Supplemental Figure 4.12: cFos expression after fear memory recall is relatively unaffected in the
amygdala of both WT and Fmr1-¥ mice

(A) Schematic of experimental paradigm. Brains were perfused 90 minutes following contextual fear memory
(CFM) recall and cFos expression was measured in the amygdala using immunohistochemistry.

(B) Representative images of cFos+ neurons in the amygdala following CFM recall in both WT and Fmr1#% mice
with vehicle or ML297 treatment. Dashed outlines define the lateral amygdala (LA) and basolateral amygdala
subregions. Scale bar = 200 ym.

(C) Left, cFos+ neuron density in the total amygdala region. Two-way ANOVA, p(Genotype x Treatment) = 0.06,
p(Treatment) = 0.10, p(Genotype) = 0.032. Middle, cFos+ neurons in the LA subregion. Two-way ANOVA,
p(Genotype x Treatment) = 0.41, p(Treatment) = 0.037, p(Genotype) = 0.0033. Right, cFos+ neurons in the BLA
subregion. Two-way ANOVA, p(Genotype x Treatment) = 0.013, p(Treatment) = 0.27, p(Genotype) = 0.0011.

(D) Pearson correlations of change in freezing behavior during CFM recall vs. associated number of cFos+ neurons
in the total amygdala (left), LA (middle), and BLA (right) subregions. *Asterisks over data points were obtained via
Tukey’s post hoc test. *p < 0.05, **p < 0.01. Data shown as mean + SEM. Sample sizes: n =6 (WT + vehicle), =7
(WT + ML297), =7 (Fmr17 + vehicle), = 9 (Fmr1% + ML297).

(Related to Fig. 8)
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Chapter 5 : Discussion

5.1 : Conclusions and Future Directions

Across an average lifetime, a person spends about 25 years of that time sleeping.
That is roughly 9,125 days or 219,000 hours spent in what is described as a natural and
reversible state that is defined by a decreased responsiveness to the environment,
relative inactivity, and loss of consciousness 3. The time invested in this one, dynamic
behavior suggests that sleep is critical for an orchestra of functions. Studies across
decades have demonstrated that sleep is necessary for numerous functions, including -
but not limited to - energy conservation, restoration of cellular components (i.e.,
macromolecules), waste clearance of metabolic products, innate and adaptive immunity
(i.e. regulation of inflammatory processes) and lastly, neural plasticity during early
neurodevelopment 45. Sleep’s role in neurodevelopment is unsurprising, as human
infants can spend up to 16-17 hours asleep per day, which decreases gradually as the
brain slowly matures into adulthood ©’. During this time, sleep has been shown to be
essential in the shaping of a diverse number of neural circuits for proper behavioral
function, especially those linked to cortical plasticity and memory consolidation, 8.
However, one question remains is how atypical neurodevelopment is affected by sleep or
lack thereof. This dissertation aims to elucidate on that question by examining the role of

sleep as important therapeutic target for recovery of visual plasticity during critical period
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development and improvement of cognitive function in Fragile X syndrome, a prevalent
neurodevelopment disorder (NDD).

The shaping of neural circuits involved in sensory processing takes place during a
biologically determined stage of development known as the critical period %'°. A prime
example of this phenomenon is ocular dominance plasticity (ODP). Here, loss of binocular
visual input leads to depression of synaptic responses in the primary visual cortex (V1)
and results in loss of binocular vision, a condition known as amblyopia in humans %1114,
While it is known that sleep regulates many of the network and molecular mechanisms
that facilitate this plasticity and subsequent amblyopia 518, less is known about sleep
function in recovery from amblyopia. In Chapter 2, we provided one of the first side-by-
side comparisons of how binocular vs. monocular visual experience and subsequent
sleep affect recovery of deprived eye (DE) responses to restore binocularity in the visual
cortex. We found that binocular recovery experience (opening of both eyes) facilitates
faster recovery of DE responses than monocular experience (opening of DE only and
closing of spared eye). We showed that at both the physiological level with single-unit
recordings of firing rates (Figure 2.1, Figure 2.2) and molecular level with activity-
dependent cFos staining (Figure 2.3). We also demonstrated that recovery of DE
responses via binocular experience was dependent on subsequent sleep (Figure 2.4,
Figure 2.5, and Figure 2.6). These findings imply that sleep not only has roles in the
typical developmental plasticity, but also plays vital roles in normalizing circuits when
altered by outside experience. Furthermore, as amblyopia is a common form of vision
loss in children that has mixed recovery results from clinical intervention %23, our results

suggest that the relative timing of sleep following treatment could be an important factor
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in promoting full recovery. Nevertheless, further insight into neurobiological mechanisms
on how sleep impacts recovery of visual responses in amblyopia remains to be studied.
There are many directions one could take in interpreting these findings for follow-
up work, with one focusing on the function of sleep in recovery in adult amblyopia patients.
Given that treatments during early childhood are mixed, many individuals are affected
with amblyopia well into adulthood '°. This has prompted numerous studies focused on
the re-opening of the critical period and associated plasticity mechanisms in adult mice
to help promote recovery visual responses made during ODP. However, the long-lasting
effects of this recovery are mixed in rodent models 2426, Given that we know sleep is
needed for these recovery changes in early development, studies can focus on how
timing of sleep is needed for recovery of visual, cellular responses in the adult cortex
using electrophysiology techniques. One direction that extends into both juvenile and
adult recovery, is a further examination of the molecular mechanisms that underlie
binocular experience and sleep-mediated recovery of visual responses. Our findings
showed cFos activation patterns after binocular recovery experience to be comparable to
normally-reared mice. One could extend these findings at a greater resolution by studying
the biosynthetic changes in cell types within the binocular visual cortex using a
combination of genetic tools such as single-cell RNA sequencing and bioinformatics.
Lastly, other biological components such as perineuronal nets (PNN), which are
extracellular matrix structures that surrounding parvalbumin (PV) interneurons, regulate
the closure of the critical period 2. While their role in mediating changes in ODP are well-
studied, little is known about how they can be measured and used to alter critical period

plasticity and promote recovery 28. They are also known to change composition in a
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circadian manner that is influenced by sleep loss 2%, so their possible role in facilitating
recovery relative to sleep timing during binocular recovery is also of relevant interest.
Sleep loss and cognitive deficits are common phenotypes seen in a variety of
NDDs including Fragile X syndrome (FXS) 30-32, A wealth of literature exists showing the
need for sleep for cognitive processes such as memory consolidation 83334 yet little is
known about how these phenomena are affected in the context FXS, or any other NDD.
In Chapter 3 and 4, we set out to understand if restoring sleep via a novel hypnotic
treatment could have any benefits in rescuing sleep-dependent hippocampal memory
function in a mouse model for FXS (Fmr1-¥ mice). Chapter 3 served as a control study
examining the effects of our proposed hypnotic treatment, ML297, which acts via G-
protein-coupled inward rectifying potassium (GIRK) channels. While a past study
demonstrated its effectiveness in promoting non-rapid eye movement (NREM) sleep
without disrupting recall of hippocampal-dependent memory 3%, its effects on sleep during
memory consolidation were unknown. We measured how administration of ML297
affected sleep-dependent contextual fear memory (CFM). We found that GIRK1/2
channel activation via ML297 improved CFM recall through a reorganization and
promotion of REM sleep immediately following the hours of contextual fear conditioning
(CFC) training (Figure 3.1, Figure 3.2). Furthermore, spectral power in various frequency
bands were normalized to baseline sleep conditions (Figure 3.3, Figure 3.4). Lastly, the
improvements in CFM recall were found to be sleep-dependent and driven by changes in
hippocampal activity (Figure 3.5, Figure 3.6). Our findings show that ML297 (GIRK1/2
activation) has promise as a potential hypnotic, but further studies are needed to fully

understand the implications of GIRK channel signaling in sleep and memory function.
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ML297 targets the GIRK1 subunit directly to reduce neuronal excitability, but GIRK1
primarily exists as heteromer with other GIRK subunits (GIRK2-4) 36:37, Future studies
understanding if a specific combination of GIRK1 heteromers (i.e. GIRK1/2 vs GIRK1/4)
induce the sleep promoting effects will allow for better specificity of the drug and brain
regional targets. Since ML297 does not yield any specific preference for GIRK1/2 or
GIRK1/4, small molecules such as GAT1508 have been recently developed to target
GIRK1/2 specifically 8. One can perform similar studies using EEG/EMG recordings and
behavioral learning assays to compare if these sleep-dependent learning improvements
area based specifically on actions via GIRK1/2 signaling.

After establishing ML297 as a promising hypnotic in Chapter 3, we set out to
measure if improving sleep deficits in Fmr1-¥ mice could also help improve cognition in
Chapter 4. We first characterized the sleep/wake cycle of Fmr1#% mice, which has not
been done before at the resolution of measuring both architecture and oscillatory activity
using EEG/EMG measurements. We found that Fmri1-¥ mice exhibited NREM sleep
architectural and spectral power deficits (Figure 4.1, Figure 4.2, Figure 4.3) analogous
to human polysomnography studies in children with FXS and autism spectrum disorder
(ASD) 303944 This not only validated the Fmr1¥ mouse model for our studies and
implicated that the loss of Fmr1 expression alters sleep behavior, but also for future
studies in sleep and the pathophysiology of FXS. The baseline studies also showed that
Fmr17y mice have dissimilarities in spectral power between anterior and posterior cortical
regions (Figure 4.4, Figure 4.5), mirroring reports of polysomnography recordings of
children with ASD suggesting that Fmr1-¥ mouse model can also be used to study the

neurobiological mechanisms underlying asynchronous oscillation patterns. Our
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assessment of ML297 showed that we can not only rescue NREM sleep deficits (Figure
4.2, Figure 4.3), but also rescue CFM recall in a sleep-dependent manner as well that is
associated with alteration of hippocampal activation patterns during CFM recall (Figure
4.6, Figure 4.8). Our findings not only showcase the use of sleep as a therapeutic target
for promoting cognition in FXS, but also implicate that GIRK1/2 channel signaling may
also be affected in FXS as well. Many directions could be taken to fully investigate the
neural circuitry underlying the deficits in NREM sleep in FXS at both the basic and
translational levels. From a basic science perspective, studies could use other
approaches such optogenetics to induce NREM oscillations patterns in Fmr1-¥ mice and
see if NREM sleep is truly sufficient to promote cognitive learning. One of our findings
was that sleep spindle density and power was reduced in Fmr1-¥ mice (Figure 4.4). Sleep
spindle activity is generated within the thalamic reticular nucleus (TRN), driven by
activation of GABAergic interneuron activity such as PV activity 4548, One could use opto-
or chemo-genetic approaches to activate PV interneurons and measure if sleep spindles
are generated to promote NREM sleep and REM sleep transitions which in turn help
promote memory consolidation and other beneficial impacts.

On the behavioral side, we found improvement in CFM recall, but is unknown how
hippocampal firing dynamics are affected in Fmr1- mice in relation to sleep and memory.
One could combine single-unit recordings and ML297 administration to measure neuronal
firing activity related to CFC learning at baseline and after GIRK channel activation. One
can also take it a step further and use optogenetics to stimulate critical hippocampal
oscillation rhythms found during CFM consolidation 4°-%' and assess if those are sufficient

to promote learning in Fmr1-¥ mice. Furthermore, we only tested hippocampal-dependent
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learning in our assays, but other behaviors related to anxiety, hyperactivity, and social
learning could also be impacted by sleep loss phenotypes in FXS 31525 The use of
ML297 to test if promotion of sleep could improve these and other behavioral domains
can also be assessed. In addition, a look into GIRK channel dysfunction can be further
assessed by using in situ hybridization to obtain a clear characterization of GIRK
expression throughout several brain regions, followed by in vitro recordings on possible
channel dysfunction dynamics. Lastly, from a biomedical and translational science level,
given that ML297 as a hypnotic still requires much characterization, other hypnotics
currently exist for sleep-related disorders such as insomnia 5°6°. One can test how these
treatments promote sleep and subsequent improvement in cognition for current
individuals with FXS and other related disorders.

In sum, as the function of sleep continues to be assessed in all aspects of science,
its role as a potential therapeutic target for treating neurological dysfunction should be
emphasized. Given that sleep is a universal behavior in humans, its effects on facilitating
recovery in domains such as synaptic plasticity and cognition could have an extensive
impact on treatment for many clinical populations. Lastly, sleep is a critical behavior that
we need to do daily from the moment we are born, long into adulthood for proper neural
function. From helping us learn to see and speak our first words as infants to remembering
that funny line from a Bob’s Burger episode (S4, E14, 14:07), sleep will have a role
facilitating these processes to come to fruition. | know this was a long dissertation, so if
you want to remember a few things from what you may have learned, go get some rest

and enjoy some sleep. Sleep will only help you in the short and long run.
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