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Abstract

Sleep is an essential process for physical and cognitive health, and plays an important
role in cognitive processes such as learning and memory. Impairments to the sleep-
wake cycle, including reductions in rapid eye movement (REM) sleep occur alongside
cognitive deficits in many neurodegenerative diseases, such as Alzheimer’s Disease
(AD). However, many aspects of sleep regulation, particularly for REM sleep remain
to be fully characterised. Across the sleep-wake cycle, astrocytic intracellular Ca?*
levels fluctuate, with distinct changes occurring across different brain regions.
Conflicting results have been reported regarding astrocytes in the pons, a region which
is known to be involved in regulating REM sleep, with both reduced and relatively high
Ca?* signals upon REM sleep induction being reported. Thus, how pontine astrocytes
contribute to REM sleep regulation remains unclear. Bridging the gap in this
knowledge would benefit our understanding of REM sleep regulation, and provide
valuable insight for disorders in which REM sleep is altered.

In this project, we hypothesised that manipulating pontine astrocyte activity would
modulate REM sleep regulation. To test this, we virally induced hM3Dq receptor
expression in pontine astrocytes, under the control of a gfaABC+D promotor, and
monitored electroencephalography (EEG) and electromyography (EMG) activity to
classify sleep states. We found that activating pontine astrocytes causes a significant
reduction in the total percent of REM sleep and the number of REM sleep episodes
across six hours in a dose-dependent manner (1, 5, and 10 mg/kg clozapine-N-oxide
(CNO)) compared to controls. We also show that rebound REM sleep in the hours

following this effect did not occur.

We next hypothesised that the reductions in REM sleep caused by chemogenetic
manipulations of astrocytes would have a detrimental effect on spatial memory. We
found a trend for reduced spatial memory, but not object recognition memory, in
chemogenetically modified mice.

Finally, we conducted a pilot study to determine if astrocytic Ca?* levels were increased

following CNO administration. We observed some state-dependent changes in



exemplar data but were not able to confirm this trend across animals due to technical

limitations.

Overall, our study shows that REM sleep is reduced following chemogenetic activation
of pontine astrocytes. We included appropriate negative controls to validate our
findings. For the first time, we show that this effect is dose dependent, does not induce
rebound REM sleep, and has a tendency to impair spatial memory. Thus, in summary,
our results suggest a causal role of pontine astrocytes in REM sleep induction, which
is an important finding for our understanding of REM sleep regulation.
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1. Introduction

1.1. Overview

In this chapter, | will introduce existing literature surrounding the key themes in this
project, most importantly, the involvement of astrocytes in rapid eye movement (REM)
sleep (section 1.3.4.3). Bettering our understanding of how astrocytes contribute to
REM sleep regulation is important for sleep research, and may lead to advancements
in treating disorders in which REM sleep is impaired, including neurodegenerative
disorders, such as Alzheimer’s disease (AD). To introduce the background for this
study, initially, | will discuss the importance of sleep, and introduce each sleep state,
describe the regulatory circuits and oscillatory components involved in sleep state,
and the key functions of sleep (section 1.2). | will also discuss the role of the pons
during sleep (1.2.2.5.1), specifically for induction and maintenance of rapid eye
movement (REM) sleep, with a focus on the sublateral dorsal (SLD) nucleus, which is
an important REM sleep-regulatory brain region. In the following section | will discuss
the importance of sleep for various cognitive functions, with a focus on how REM sleep
contributes to learning and memory, and how this can be altered in neurodegenerative
disorders (section 1.2.3.3). Subsections describing sleep regulatory circuits are based
on studies in rodents, unless stated otherwise. | will then discuss the structure and
function of astrocytes in the brain (section 1.3) and outline important data implicating
a role of astrocytes in the sleep-wake cycle, which this project aims to investigate
further. Briefly, | will also talk about what tools are available for studying astrocytes,
and the challenges these methods face, with a focus of the advantages and
disadvantages of the methodology used in this project. Finally, | will outline the

hypothesis and aims for this project (section 1.4).

1.2. Sleep
1.2.1. The importance of sleep

Sleep involves a shift in consciousness, changes in brain and bodily states and
activities, and is universally important amongst higher vertebrate species, and quite
possibly amongst all living animals (Anafi et al., 2019; Bear et al., 2020; Leung et al.,

2019). Sleep can generally be defined as “a readily reversible state of reduced



responsiveness to, and interaction with, the environment”, and is essential for both
physical and mental health. As humans, we spent around a third of our lives asleep,
and just one night of sleep deprivation can alter brain activity and have detrimental

effects on mood, memory, and attention (Venkatraman et al., 2007; Krause et al., 2017,

Lewis, 2021). During sleep deprivation, sleep pressure increases accordingly,

dissipating only with rebound sleep. This process is regulated by sleep homeostasis,
and is influenced by several factors including genetics, cerebrospinal fluid (CSF) flow,
and glial cells (Tobler and Borbely, 1986; Mander et al., 2010; Tononi and Cirelli, 2003;
Tononi and Cirelli, 2014; Vyazovskiy et al., 2009; Huber et al., 2004; Dopp et al., 2024).

The existence of sleep homeostasis regulation further emphasises how critical sleep

is for our health. While we know that sleep is important, many aspects of sleep,
including the complex mechanisms of regulation, remain incompletely understood.
Developing this understanding will be important to improving general public health,
cognitive performance, and potentially alleviate disorders in which sleep is affected.

1.2.2. The sleep-wake cycle
The sleep-wake cycle involves two distinct sleep states: non-rapid eye movement
(NREM) sleep, and REM sleep. In mammals, birds, and reptiles, sleep states can be
defined using electrophysiological changes in the frequency and amplitude of brain
activity, which can be detected by electroencephalography (EEG), or local field

potential (LFP) recordings (Grandner and Fernandez, 2021; Shein-ldelson et al.,

2016). Such sleep-related brain oscillations occur as a result of synchronised activity
from large neural ensembles (Caton, 1875; Adamantidis et al., 2019; Gent et al.,

2018). The oscillatory amplitude reflects the level of synchronisation of neural activity,
and is heavily influenced by intrinsic cellular properties, feedback loops, synaptic
inputs and interactions, as well as spontaneous activity such as background neural

activity (Buzsaki et al., 2012). In sleep research, changes in EEG or LFP are typically

measured simultaneously to electromyography (EMG) which detects changes in
muscle tone by measuring the electrical activity of musculature. Together, EEG/LFP
and EMG are the “gold standard” method used to differentiate between the various

sleep states across species.



In humans, NREM sleep can be further separated into several subcategories
according to changes in oscillatory activity, representative of the depth of sleep
(Eranks and Wisden, 2021; Karna and Gupta, 2022; Girardeau and Lopes-Dos-
Santos, 2021; Adamantidis et al., 2019). Originally, NREM sleep was classified into 4
substages, according to the Rechtschaffen and Kales sleep scoring system
(Rechtschaffen and Kales, 1968; Adamantidis et al., 2019; Walker and Stickgold,
2004), but has since been updated in 2007 by the American Academy of Sleep

Medicine guidelines, which combines stages 3-4 together to form NREMS3, also known
as slow-wave sleep (SWS) (Fig. 1.1, red circled) (lber et al., 2007b; Adamantidis et
al., 2019; Karna and Gupta, 2022; Blume et al., 2015; Dutt et al., 2023). Distinct brain
oscillations can clearly classify the 3 NREM sleep substages, where NREM1 relates

to the lightest form of sleep, occurring immediately following the transition from
wakefulness to sleep, while NREM3, is the deepest stage of sleep (Fig. 1.2) (Franks
and Wisden, 2021; Karna and Gupta, 2022; Girardeau and Lopes-Dos-Santos, 2021).
Conversely, in rodents NREM is considered as a homogeneous state (Fig. 1.3b)
(Mitler et al., 1977; Le Bon et al., 2007; Simasko and Mukherjee, 2009; Girardeau and
Lopes-Dos-Santos, 2021).

During sleep, humans typically transition through the NREM-REM sleep cycle every
90 minutes (Fig 1.1) (Stickgold et al., 2001; Walker and Stickgold, 2004), averaging
1-8 monophasic cycles per night (Le Bon, 2020). Throughout the night, proportions of

the sleep states in humans can vary, with NREM3 predominating the initial period of
sleep, and NREM2 and REM the latter sleep phases (Fig. 1.1) (Rasch and Born, 2013;
Walker _and Stickgold, 2004; Blume et al., 2015; Karna _and Gupta, 2022). In
comparison, rodents transition through sleep in a polyphasic manner, with around 25%

of NREM sleep periods transitioning into REM sleep (Luo et al., 2013; Fritz et al., 2021,
Rayan et al., 2024).
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Figure 1.1. An example hypnogram of a healthy human sleep cycle over an 8-hour period of
nocturnal sleep. During sleep, humans typically transition through the NREM-REM cycle every 90
minutes. Throughout sleep, the ratio of sleep stages changes. During the first half of sleep, NREM
3 predominates, while during the second half NREM2 and and REM sleep are more abundant.

Image from Rasch and Born 2013

1.2.2.1. NREM sleep
In mammals, NREM sleep is characterised by reduced muscular tone, decreased
body temperature, and lowered response to sensory stimuli and the external
environment (Adamantidis ef al., 2019). As previously described, NREM sleep in

humans can be divided into 3 substages, NREM1-3, which can be distinguished based
on differences in oscillations. Neural activity during NREM sleep typically consists of
slow oscillations, delta waves, sleep spindles, K-complexes, and sharp-wave ripples
(Figs. 1.2-1.3). Typically, the initial period of transitioning from wakefulness into
NREM sleep can be characterised by reduced cortical alpha waves (8-11 Hz), followed
by theta waves (4-7.5 Hz) during the later stages of transition into NREM1. In NREM2
intermittent sleep spindles (11-14 Hz), K-complexes, and sharp-wave ripples (SWRs)
(150-200 Hz) are detected. In the deepest substage of NREM sleep, NREM3, also
known as slow-wave sleep, delta waves (1-4 Hz) and large-amplitude slow-wave
oscillations (<1 Hz) occur (Fig. 1.2) (Iber et al., 2007a; Tarun et al., 2021; Adamantidis
et al., 2019). These oscillations will be described in more detail in following
subsections (sections 1.2.2.3.1-1.2.2.3.5).

In rodents, in which only one stage of NREM sleep is described, the onset of NREM
sleep is characterised by slow-wave oscillations (0.5-4.5 Hz) and sporadic sleep
spindles and K-complexes, comparable to substages 2-3 of NREM sleep in humans.



Despite extensive agreement that NREM sleep is a homogenous state in rodents, it
has been suggested that classifying NREM sleep into 3 substages is also possible in
mice. For such classifications in mice, like humans, the depth of sleep and slow-wave

brain oscillatory activity increases concurrent to substage (Lacroix et al., 2018)

(available in pre-print form only).
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Figure 1.2. Representative images of brain waves during wakefulness, stages 1-3 NREM,
and REM in humans captured by electroencephalogram (EEG). Beta waves (15-30 Hz) and
alpha waves (8-11 HZ) are typical of wakefulness (alpha relating to quiet wakefulness/relaxed
state), stage 1 NREM typically consists of theta waves (4-7 Hz), which coinsides with intermittent
sleep spindles (11-15 Hz) and K-complexes in stage 2 NREM. Stage 3 NREM, the deepest form of
NREM sleep, also known as slow-wave sleep, consists of delta waves (1-4.5 Hz) and slow-wave
oscillations (0.5-2 Hz). REM consists of wake-like desynchronised activity and theta waves.

Image from Dutt et al. 2023.
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Figure 1.3. Specific sleep-state dependent oscillations and regulatory networks, and a
representative hypnogram of a freely moving mouse sleep-wake cycle and state-associated
oscillations. a) Summary of the main oscillatory patterns detected by EEG, muscle tone detected
by EMG, brain regions, and neuromodulators involved in wakefulness, NREM, and REM sleep
states. Black arrows indicate sleep state transitions, the grey arrow represents transition between
wakefulness and REM sleep which is rare but can occur in some species. b) Representative
hypnogram of mouse sleep-wake cycle and associated oscillations with each state.

Brain region abbreviations; LC - locus coeruleus, TMN - tuberomammilary nucleus, VLPO -
ventrolateral preoptic area, PFZ - parafacial zone. LH - lateral hypothalamus, LDT - laterodorsal
tegmentum, PPT - pedunculopontine tegmentum , SLD - sublaterodorsal nucleus.

Neurotransmitter abreviations; NA noradrenaline, 5-HT 5-hydroxytryptamine (serotonin), ACh
acetylecholine, GABA y-aminobutyric acid, A2A, adenosine A2A receptor, MCH melanin-
concentration hormone.

Image from Adamantidis et al., 2019



Several conceptual theories have been proposed surrounding what brings about the
transition from wakefulness into NREM sleep, including the “flip-flop” theory which
proposes wake-promoting and sleep-promoting neurons inhibit each other to produce

stable wake or sleep states (Saper ef al., 2001), and the “two-process” model, which

proposes sleep is brought about by the interaction between two distinct processes,
the circadian rhythm (Process C) and sleep homeostasis (Process S) (Borbely, 1982;
Daan et al., 1984; Borbely and Achermann, 1999; Borbely and Achermann, 1992).

Process C is an internally generated 24-hour cycle which synchronises with time cues

(zeitgebers) and external stimuli, and results in fluctuations in body temperature and
levels of melatonin. The central drivers for Process C are circadian pacemaker
neurons of the suprachiasmatic nucleus (SCN) (Borbely et al., 2016; Sulaman et al.,

2023; Dopp et al., 2024). Process S describes a sleep debt, or pressure, which

increases with periods of wakefulness, and only decreases with sleep. Across
species, prolonged periods of wake typically results in "rebound sleep”, which
characteristically has increased duration and intensity of sleep periods, and decreased

latency to sleep (Borbely, 1982), a phenomena particularly obvious in sleep

deprivation studies (Chowdhury et al., 2023; Dispersyn et al., 2017; Dijk and von

Schantz, 2005; Krause et al., 2017). While the circuitry drivers for Process S are

poorly understood, several substances seem to accumulate with sleep pressure and
are thought to induce sleep, such as adenosine and several cytokines and
prostaglandins (first proposed by Legendre and Pieron in the early 1900s) (Mathis

1995; Sulaman et al., 2023). While these remain popular theories of sleep induction,

they underestimate the complexity of sleep regulation and overlook several key

components (Borbely et al., 2016; Xu et al., 2024), such as the role of glial cells, which

seem to be involved in many different sleep components, including Process S and
Process C (Dopp et al., 2024). Sleep regulatory circuits and the involvement of glial

cells will be expanded in following subsections.

1.2.2.2. NREM sleep regulatory circuits
Many oscillations that occur during NREM sleep arise from feedback loops in the
thalamocortical network. A region of sleep-promoting neurons in the ventrolateral
preoptic nucleus (VLPO) of the anterior hypothalamus was first identified in the 1990’s
(Sherin et al., 1996). Since then, the preoptic area (POA) is still considered to play a




central role in NREM sleep regulation, however, with new focus on the importance of
sleep and advances in technology, NREM sleep regulatory circuits are now recognised
to have brain-wide connections (Fig. 1.4) (Sulaman ef al., 2023).

1.2.2.2.1. The hypothalamus
Regarding the hypothalamus, lesion, immunohistochemistry, and electrophysiology
studies initially implicated the POA as a central sleep-promoting area (Lu et al., 2000;

Sherin et al., 1996; Alam et al., 2014), which has been supported in recent studies

using optogenetics and chemogenetics. Optogenetic activation and inhibition of a
subpopulation of tuberomammillary nucleus (TMN)-projecting y-aminobutric acid
(GABA)ergic neurons in the POA promoted or suppressed NREM sleep, respectively
(Fig. 1.4) (Chung et al., 2017). NREM sleep-promoting GABAergic neurons in the
medial POA, VLPO, and dorsal lateral POA also present increased activity in response

to sleep deprivation, which continues to increase during initial periods of rebound

sleep, before recovering to baseline during latter stages of rebound sleep (Alam ef al.
2014). Sleep-promoting neurons in the POA are linked to several populations of wake-
promoting neurons. Wake-promoting GABAergic and noradrenergic neurons in the
lateral hypothalamus (LH) directly inhibit sleep-promoting galaninergic neurons in the

VLPO (Venner et al., 2019; Liang et al., 2021). A bidirectional sleep-promoting

pathway has been implicated here, however has not been investigated. In addition,
the POA also receives projections from NREM sleep-promoting dorsomedial
hypothalamic (DMH) GABAergic neurons, and glutamatergic neurons in the
ventrolateral periaqueductal grey (VIPAG), of which the latter also send NREM sleep-
promoting projections to the medulla (Fig. 1.4) (Chen et al., 2018; Zhang et al., 2019).

A GABAergic subpopulation of neurons in the zona incerta (ZI), which express LIM
homeodomain factor 6 (Lhx6), have increased activity when sleep pressure increases,
and receive inputs from multiple sleep-wake regulating regions such as the vIPAG, LH,
ventral tegmental area (VTA), and central nucleus of the amygdala (CeA) (Fig.1.4)
(Liu et al., 2017). Chemogenetic activation and inhibition of these neurons promotes

and suppresses both NREM and REM sleep, respectively, demonstrating a role of
these neurons in sleep regulation (Liu ef al., 2017).




Cortex

Figure 1.4. NREM sleep regulatory circuits. Neurons in the POA have a central role in NREM
regulation. NREM-promoting regions have also been identified in the medulla, midbrain, ZI,
amygdala, striatum and cortex. Blue, NREM-promoting neurons. Gray, wake-promoting regions
which are inhibited by NREM-promoting neurons. Solid lines represent pathways which have been
experimentally tested. Dashed lines represent pathways that have not been fully proven in the
context of sleep—wake regulation. CeA, central nucleus of the amygdala; D2, dopamine type-D2
receptor; DMH, dorsomedial hypothalamus; DR, dorsal raphe; DS, dorsal striatum; eGP, external
globus pallidus; LH, lateral hypothalamus; NAc, nucleus accumbens; OT, olfactory tubercle; PBN,
parabrachial nucleus; plll, perioculomotor midbrain; PH, posterior hypothalamus; POA, preoptic
area; PZ, parafacial zone; RMTg, rostromedial tegmental nucleus; SNr, substantia nigra pars
reticulata; TMN, tuberomammillaty nucleus; VvIPAG, ventrolateral periaqueductal grey; vmM,
ventromedial medulla; VTA, ventral tegmental area; VP, ventral pallidum; ZI, zona incerta.

Image from Sulamen et al., 2023.

1.2.2.2.2. The thalamus
GABAergic neurons in the thalamic reticular nucleus (TRN) receive GABAergic input
from the LH (Herrera et al., 2016). Optogenetic activation of this circuit induces

arousal during NREM sleep, but not REM sleep, while optogenetic inhibition increased

NREM sleep duration and amplitude of delta waves (Herrera et al., 2016). This
suggests GABAergic TRN neurons are involved in NREM sleep regulation and
intensity. In agreement, optogenetically stimulating cholinergic projections to the TRN
promoted NREM sleep, a finding which was reproduced by directly stimulating
GABAergic TRN neurons, suggesting these neurons can be driven by cholinergic input
to promote NREM sleep (Ni et al., 2016). Optogenetic manipulation of glutamatergic

neurotensin-expressing neurons in the posterior thalamus demonstrated that these
neurons are also sleep-promoting, and project to sleep-promoting neurotensin-
expressing GABAergic neurons in the central amygdala (Ma et al., 2019), implicating

this thalamo-amygdala pathway in promoting NREM sleep.



1.2.2.2.3. The cortex and hippocampus
The neocortex along with thalamocortical and hippocampal pathways are essential
structures for generating and driving oscillatory components of NREM sleep
(Sanchez-Vives and McCormick, 2000; Beltramo et al., 2013; Krone et al., 2021).

Intracellular chloride influences inhibitory synaptic transmission via GABA type A

receptors. In cortical pyramidal cells, this process reportedly contributes to sleep
pressure (Alfonsa et al., 2023). Chemogenetic activation of cortical somatostatin-

positive and parvalbumin-positive interneurons increases NREM sleep duration (Funk

et al., 2017), suggesting inhibitory interneurons are also involved in NREM sleep

regulation. Somatostatin-positive neurons in the pre-frontal cortex project to areas of
the hypothalamus, with this pathway demonstrating enhanced activity during sleep
and sleep-preparatory behaviour, such as nesting, elevated body temperature, and
increased theta power (Tossell et al., 2023). Cortical neurons which are

immunoreactive for neuronal nitric oxide synthase and the neurokinin-1 receptor have
also been found to be directly related to NREM sleep time, bout duration, and delta
power (Morairty et al., 2013). Together, these data implicate the cortex in NREM sleep

initiation.

Evidence of hippocampal involvement for NREM sleep regulation is largely due to the
generation of transient high frequency SWR oscillations (Buzsaki, 2015; Levenstein et

al., 2019). Hippocampal SWRs regulate synaptic depression and long-term
potentiation (LTP), and silencing these events impairs learning of new memories
(Norimoto et al., 2018; Rasch and Born, 2013; Sadowski et al., 2016). Cortico-
hippocampal interplay is thought to drive memory consolidation during NREM sleep

as a result of synchronised activity (Siapas and Wilson, 1998; Sirota ef al., 2003;
Isomura et al., 2006; Peyrache et al., 2009; Girardeau et al., 2009).

1.2.2.2.4. Basal ganglia
Several basal ganglia nuclei have recently been implicated in NREM sleep regulation.
In the nucleus accumbens (NAc), neurons expressing excitatory adenosine Aoa
receptors, which have inhibitory projections to the ventral pallidum (VP) have been
implicated in NREM sleep regulation (Fig. 1.4) (OQishi et al., 2017). Optogenetic and
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chemogenetic activation of these cells induces sleep, increases total NREM sleep
duration, and NREM sleep bout duration, while chemogenetic inhibition prevented
sleep (Oishi et al., 2017). Similarly, chemogenetic activation of adenosine Aca-

expressing D2 dopaminergic neurons in the rostral and central striatum promoted

NREM sleep, while chemogenetic inhibition reduced NREM sleep (Yuan et al., 2017).

The same study identified inhibitory projections from adenosine Axa-expressing
neurons in the striatum to the external globus pallidus (GPe) parvalbumin-positive
neurons to be the source of NREM sleep regulation (Fig. 1.4) (Yuan et al., 2017).

Likewise, adenosine Axa-expressing neurons in the olfactory tubercle (OT) promotes
and suppresses NREM sleep under chemogenetic activation and inhibition,
respectively (Li et al., 2020a). These neurons have inhibitory projections to the VP
and LH (Li et al., 2020a), which may be involved in OT-dependent regulation of NREM

sleep.

A subpopulation of somatostatin-positive GABAergic neurons in the basal forebrain
(BF) also promotes NREM sleep, as optogenetic activation of these neurons promotes
NREM sleep probability (Xu et al., 2015). These neurons provide potent GABAx-

mediated inhibition to other populations of wake-promoting neurons in the BF (Xu ef
al., 2015). In the medial substantia nigra pars reticulata (SNr), optogenetic activation
and inhibition of glutamic acid decarboxylase 2 (GADZ2)-expressing GABAergic
neurons enhance and suppresses NREM sleep initiation, respectively (Liu et al.

2020). As the basal ganglia is known to be essential for motor control and has
numerous connections with wake-promoting and sleep-promoting regions (Fig. 1.4),

its involvement in NREM sleep regulation seems essential.

1.2.2.2.5. The brainstem
Areas of the brainstem, such as the vIPAG, the pons, and the medulla are also involved
in NREM sleep regulatory circuits. This was first reported by transection and lesion
studies in the brainstem causing sleep disruption and/or prolonged states of insomnia
(Batini et al., 1958; Siegel et al., 1984; Shouse and Sieqgel, 1992; Petitiean et al., 1975;
Lai ef al., 1999; Siegel, 2009; Takata et al., 2018), suggesting the essential role of the

brainstem in sleep. In the vIPAG, NREM-on glutamatergic neurotensin-expressing

neurons promote NREM sleep when activated using optogenetics or chemogenetics,
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while wake is promoted when these neurons are inhibited (Zhong et al., 2019;

Kashiwagqi et al., 2020). This effect seems to be in part due to excitatory projections

to GABAergic neurons in the caudal ventromedial medulla, which induces NREM
sleep by inhibiting many monoaminergic wake-promoting circuits (Fig. 1.4) (Zhong et
al., 2019). GABAergic neurons located in the VIPAG, as well as the dorsal part of the

deep mesencephalic reticular nuclei are also involved in suppressing REM sleep and
promoting NREM sleep, which is facilitated by the projections to the dorsolateral pons

(Weber et al., 2018; Li et al., 2018). Chemogenetically activating neurotensin-

expressing neurons in an area of the pons called the SLD increases total NREM sleep
time (Kashiwaqi et al., 2020). This population of neurons in the SLD projects to other

neurotensin-expressing neurons in the dorsal deep mesencephalic nucleus, the
medial vestibular nucleus, and the previously mentioned VvIPAG, which all
demonstrated NREM sleep-promoting activity using chemogenetic activation
(Kashiwagqi et al., 2020). The parafacial zone (PZ) of the medulla contains a

population of GABAergic neurons which initiates NREM sleep and slow-wave activity,

demonstrated by chemogenetic activation studies (Anaclet ef al., 2012; Anaclet et al.,

2014; Alam et al., 2018; Li et al., 2018). Optogenetic downstream circuitry mapping

then found that these neurons sent inhibitory projections to parabrachial neurons (Fig.
1.4), which projected and released glutamate at magnocellular basal forebrain

neurons, which innervated cortical neurons (Anaclet ef al., 2014), thus, identifying

another NREM sleep-promoting circuit.

To summarise, numerous brain regions seem to contribute to the regulation of NREM
sleep. In the following subsections, | will discuss how some of these circuits are
involved in generating each type of oscillatory activity present in NREM sleep.

1.2.2.3. NREM sleep oscillations
1.2.2.3.1. Slow waves
Slow waves (<1 Hz) and delta waves (1-4.5 Hz) are two oscillatory components
observed during deep substages of NREM sleep in humans, and in some forms of
anaesthesia (Fellin et al., 2009). Slow waves, which occur in the neocortex during

NREM sleep, reflect synchronised activity and changes in the resting membrane
potentials of neurons in the thalamocortical circuit, which alternate between UP states,
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also known as active, where cells are depolarised causing intense burst firing of action
potentials, and DOWN states, also known as inactive, in which the cells are
hyperpolarised causing neural spiking quiescence (Steriade et al., 1993b; Steriade ef
al., 1993c; Steriade et al., 1993d; Steriade and Timofeev, 2003; Bazhenov et al., 2002;
Gent et al., 2018; Adamantidis et al., 2019). UP state depolarisation is initiated in layer

5 pyramidal neurons in the neocortex, driven by input from various cortical and
thalamic regions, and propagates to more superficial layers of the neocortex
(Sheroziya and Timofeev, 2014; Sanchez-Vives and McCormick, 2000; Lorincz et al.,
2015; Sakata and Harris, 2009; Gent et al., 2018), while astrocytes and cortical
interneurons are involved in inhibiting UP states (Fellin ef al., 2009; Zucca et al., 2017).

Thus, this fluctuation between UP and DOWN states, with every state lasting tens to
hundreds of milliseconds (Funk et al., 2017), and can be observed in rodents
(Vyazovskiy et al., 2009; David et al., 2013; Funk et al., 2017; Honjoh et al., 2018),

cats (Contreras and Steriade, 1995; Lemieux et al., 2014), non-human primates (Xu

et al., 2019), and humans (Csercsa et al., 2010), is what generates slow waves (<1

Hz) that are detectable by EEG or LFP at thalamocortical structures.

Delta waves (1-4.5 Hz) are proposed to originate in thalamic and/or cortical layer 5
neurons. In the thalamus, hyperpolarisation, following a burst of action potentials or
inhibitory input, causes activation of hyperpolarisation-activated currents (Lambert ef
al., 2013), which are slowly activating currents which lead to a gradual depolarisation.

This depolarisation causes neural firing, and induces activation of low-threshold
calcium channels, which in turn leads to activation of a low-threshold calcium spikes,

and a burst of action potentials (Brown et al., 2012; Adamantidis et al., 2019). Network

synchronisation is thought to be subsequently generated by rhythmic excitation and
hyperpolarisation in thalamocortical and corticothalamic neurons (Steriade et al.,

1991; Brown et al., 2012). Delta oscillations observed in cortical layer 5 neurons are

also dependent on stimulation by acetylcholine-sensitive potassium conductance
(Steriade et al., 1993b; Lorincz et al., 2015; Adamantidis et al., 2019).

1.2.2.3.2. K-complexes
K-complexes can occur spontaneously during NREM2 in humans or as a response to
sensory stimuli during NREM sleep in humans, rodents, and cats. However, not every
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internal or external stimulus will cause a K-complex and the frequency of K-complexes
decreases as the depth of sleep increases, and cannot be elicited during REM sleep
(De Gennaro et al., 2017; Halasz, 2005; Adamantidis et al., 2019). K-complexes (<1

Hz) have the highest amplitude of brain oscillations during normal, healthy sleep, and

are characterised by a transient surface-positive peak followed by a larger, slower,
surface-negative peak, and a final surface-positive peak which together generally lasts
~1 s (Fig. 1.2) (Contreras and Steriade, 1995; De Gennaro et al., 2017). Spontaneous

and evoked K-complexes can be detected across the cortex, proposed to be
generated by outwardly flowing dendritic currents in middle and upper layers of the
cortex (Cash et al., 2009; De Gennaro et al., 2017). It has also been proposed that K-

complexes manifest from cortically-generated slow oscillations (Amzica and Steriade,

1997), however the exact mechanisms of how and why K-complex are initiated during
NREM sleep are not fully understood.

1.2.2.3.3. Sleep spindles
Sleep spindles are transient oscillations (sigma band frequency 9-16 Hz) of varying
amplitudes (peak ~100 pV) and durations (~500-2000 ms), which last ~6-15 cycles
(Fig. 1.2) (Morison and Bassett, 1945). Sleep spindles, which often occur immediately

following K-complexes, have been observed during NREM sleep in humans, sheep,
cats, and rodents (Steriade ef al., 1993b; Steriade et al., 1993a; Contreras et al., 1997;
Bandarabadi et al., 2020). Increased rates of sleep spindles occur prior to the onset

of REM sleep, but not wakefulness, while optogenetic stimulation of sleep spindles
increases NREM to REM sleep transitions, suggesting that sleep spindles are involved
in the onset of REM sleep (Bandarabadi et al., 2020).

In humans, sleep spindles can be categorised into fast spindles (~14 Hz), which can
be detected in centro-parietal neocortical areas, and slow (~12 Hz) spindles which are
detected in frontal neocortical areas (Fernandez and Luthi, 2020; Contreras et al.,
1997; Bandarabadi et al., 2020; Warby et al., 2014). Sleep spindles are generated
from the thalamic reticular nucleus from transient bursts of action potential firing of

thalamic reticular neurons and thalamocortical relay cells (Steriade ef al., 1985;
Steriade et al., 1987; Contreras et al., 1997; Bandarabadi et al., 2020). Volleys of

synaptic inhibitory input, in the frequency range of spindles, from the thalamic reticular
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neurons to thalamocortical relay neurons causes a large hyperpolarisation.
Subsequently, this hyperpolarisation activates the depolarising |» current, which is
closely followed by activation of an I+ current, a T-type calcium current, which causes
rebound burst firing of thalamocortical neurons upon termination of inhibitory
postsynaptic potential (Bartho ef al., 2014; Halassa et al., 2011). This burst activity,

and input from sensory thalamocortical cells, directly excites neurons in layer 4 of the
neocortex, resulting in excitatory postsynaptic potentials and the characteristic spindle
oscillations (Bonjean et al., 2012; Bandarabadi et al., 2020; Adamantidis et al., 2019).

Simultaneous bipolar stereoencephalography recordings of the thalamus and cortex

have previously suggested that cortical DOWN states lead to thalamic DOWN states
and hyperpolarisation of thalamic neurons, generating spindles which propagate back

across the cortex during DOWN-to-UP state transitions, which is also thought to be an

important process in memory replay and consolidation (Mak-McCully et al., 2017).
Therefore, interactions between the thalamus and the cortex are thought to influence
the amplitude and duration of spindles, while spindle termination is thought to result

from corticothalamic feedback and upregulation of |, channels (Bonjean ef al., 2011).

1.2.2.3.4. Sharp wave-ripples
SWRs are composed of large-amplitude sharp waves which arise from excitatory
activity in the hippocampal CA3 and brings about transient oscillatory ripples (140-200
Hz in rodents, 80-140 Hz in humans and non-human primates), occurring in the CA1
stratum radiatum layer (Buzsaki et al., 1983; Buzsaki, 1986; Csicsvari et al., 2000;

Buzsaki, 2015; Norman et al., 2019). SWR complexes are brief (<150 ms) and are

predominantly detected in CA1 pyramidal layer but have been observed throughout
hippocampal structures including CA1, CA2, CA3, subiculum, presubiculum,
parasubiculum, and entorhinal cortex (Buzsaki, 2015; Oliva et al., 2020; Norman et
al., 2019; Csicsvari et al., 2000; Fernandez-Ruiz et al., 2019). In reptiles, SWRs have

been recorded in the dorsal ventricular ridge, where they have propagated to from the

claustrum (Norimoto et al., 2020; Shein-ldelson et al., 2016). Sharp waves are thought

to be generated by burst firing of CA3 neurons which depolarise CA1 neurons,
whereas ripple generation is proposed to be caused by excitatory and inhibitory
circuitry input between CA1 and CA3. Although the exact mechanisms driving ripple
initiation are not fully understood, this is thought to involve preliminary pyramidal cell
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firing, which drives tonic activity of parvalbumin-positive (PV+) interneurons,
subsequently leading to simultaneous GABAAa receptor-mediated inhibition and CA1-
CA3 pyramidal cell firing, giving rise to fast ripple oscillations (140-200 Hz) (Csicsvari
et al., 2000; Stark et al., 2014; Adamantidis et al., 2019). During episodes of SWRs

in the hippocampus, the cortex is selectively activated, with SWRs often following

spindles or DOWN-to-UP transitions, whereas diencephalic, midbrain, and brainstem
regions are strongly inhibited (Logothetis et al., 2012).

As previously mentioned, hippocampal SWRs are known to be an integral component
of memory. A two-stage model was proposed to underlie such hippocampal-memory
formation (Buzsaki, 1989). This model proposes that hippocampal theta activity during

waking exploratory behaviour leads to the formation of cell assemblies encoding the
new information. Subsequently, during SWR events during NREM sleep, the cell
assemblies are reactivated, and synaptic connections are strengthened, thus the
memory is consolidated (Buzsaki, 1989; Girardeau and Lopes-Dos-Santos, 2021). In

agreement, studies have since found through various methods the importance of
SWRs and the hippocampus for spatial memory consolidation, with the replay of
hippocampal place cell activity co-occurring with SWRs (O'Keefe and Dostrovsky,
1971; O'Keefe, 1976; Morris et al., 1982; Girardeau et al., 2009; Ego-Stengel and
Wilson, 2010; van de Ven et al., 2016; Wilson and McNaughton, 1994; Ormond and
O'Keefe, 2022). Phase coupling between hippocampal SWRs, thalamo-cortical

spindles, and cortical slow wave oscillations, and communication between the areas
involved in these oscillations is also thought to promote and enhance such memory
consolidation (Geva-Sagiv et al., 2023; Maingret et al., 2016; Latchoumane et al.,
2017; Binder et al., 2019; Siapas and Wilson, 1998).

1.2.2.3.5. Infra-slow oscillations
Infra-slow oscillations (<0.1 Hz) have been recorded in human and animal brains
during NREM sleep across various regions including visual and auditory cortices,
hippocampus, basal ganglia, locus coeruleus (LC), dorsal raphe, and olivary pretectal
nucleus, however, is most commonly documented in the thalamus (Lecci et al., 2017,
Osorio-Forero et al., 2021; Hughes et al., 2011; Blasiak et al., 2013; Adamantidis et

al., 2019). Infra-slow oscillations have previously been used to define the resting state
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in the human brain during functional magnetic resonance imaging, blood-oxygen-
level-dependent (fMRI BOLD) signal studies, however, the importance, and

maintenance of these specific brain oscillations remains unclear (Hughes et al., 2011;

Blasiak et al., 2013). Astrocytes are thought to be involved in the generation of infra-

slow oscillations due to the proposed role of adenosine A1 receptors, and positively
coupled G-protein-coupled inwardly rectifying K* channels, causing characteristic
prolonged periods of hyperpolarisation of thalamocortical neurons (Blasiak et al.,
2013).

1.2.24. REM sleep
Initially, REM sleep was considered as an intermittent behavioural state between sleep
and wake, however, is now recognised as a complex and fundamental sleep state

(Sulaman et al., 2023). REM sleep is characterised by several biological features,

including tonic features such as pupil constriction, fast low-amplitude theta oscillations,
muscle atonia, and increased brain temperature, and phasic features, which include
rapid eye movements and muscle twitches, irregular respiration and heart rate, and
oscillatory activity called pontine-geniculo-occipital (PGO) waves in humans and cats,
P-waves in rodents (Fig. 1.2-1.3) (Aserinsky and Kleitman, 1953; Henley and
Morrison, 1974; Herice et al., 2019; Kragel et al., 2020; Jego et al., 2013; Saper et al.,
2010).

REM sleep was described firstly in human infants, and then several years later in
human adults, where rapid-eye activity during sleep was linked with vivid dreaming
(Aserinsky and Kleitman, 1953; Dement and Kleitman, 1957). Subsequently, REM
sleep, which was often referred to as paradoxical sleep, due to the ‘active-like’ fast

oscillations, was identified in cats (Dement, 1958). This led to further research of REM

sleep which highlighted the pons and other areas of the brainstem as central structures
responsible for REM sleep onset and maintenance (Jouvet and Michel, 1959; Jouvet,

1962; Hobson et al., 1975; McCarley and Hobson, 1971). Since then, many regions

in the brainstem have been proposed to be important in the generation and control of
REM sleep (Boissard et al., 2002; Krenzer et al., 2011; Lu et al., 2006b; Luppi et al.,
2013; Weber et al., 2018; Scammell et al., 2017).
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While the circuitry governing NREM sleep, as well as the functions of NREM sleep,
are relatively well characterised, much less is known about REM sleep. Given the
implicated importance of REM sleep in higher executive functions such as learning
and memory, and as such the deficit in learning and memory following REM sleep
deprivation (Sagales and Domino, 1973; Leconte et al., 1973; Hennevin and Leconte,
1977; Shiromani et al., 1979; Smith et al., 1980; Hars and Hennevin, 1983; Beaulieu
and Godbout, 2000; Rasch and Born, 2013), it is important we study and fully

understand REM sleep circuitry and oscillatory activity to appreciate the importance of

REM sleep in health and its possible implications in disease. In the following
subsections, | will discuss our current understanding of these topics, and some recent

advances in these areas.

1.2.2.5. REM sleep regulatory circuits
In comparison to NREM sleep, the regulatory circuity governing REM sleep is less
extensively studied. In REM sleep, the brainstem has long been implicated as a critical
region for initiating and maintaining REM sleep, first identified by Jouvet and
colleagues (Jouvet and Michel, 1959; Jouvet, 1962). However, REM sleep is more

recently emerging as a brain-wide activity (Fig. 1.5) (Hong et al., 2023; Fraigne et al.,

2023; Sulaman et al., 2023). REM sleep circuitry involves circuits which initiate and

maintain REM sleep features, as well as those which suppress wake- and/or NREM
sleep-promoting areas, and those that inhibit ‘gatekeepers’, where gatekeepers are
regions that prevent REM sleep from occurring during wake or NREM sleep. In the
following subsections, | will first discuss the role of the brainstem in REM sleep, which
is of particular importance for this project, followed by other brain regions implicated
in REM sleep circuitry.
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Figure 1.5. REM sleep regulatory circuits. The brainstem and hypothalamus contain key
stuctures for regulating REM sleep. The SLD lies central to these pathways. The SLD generates
muscle atonia during REM sleep by sending glutamatergic inputs to the vM, which in turn send
inhibitory input to spinal motor neurons generating muscle atonia. The SLD recieves excitatory
choinergic input from the hypothalamus, PPT and LDT, while cholinergic-producing neurons of the
LC and serotonergic-producing neurons of the DRN promote arousal by inhibitory output to the
SLD, PPT, and LDT. GABAergic input to these areas is thought to be important in promoting REM
sleep. Hypothalamtic areas vIPAG and DpMe are thought to contain both REM-off and REM-on
type neurons recieving both excitatory and inhibitory inputs from various brain structures such as
the mPFC, vM, PPT, LDT, SLD, eVLPO, and OH.

BLA - basolateral amygdalar nucleus, DMH - dorsomedial hypothalamus, dmM - dorsal medial
medulla, DpMe - dorsal part of the deep mesencephalic reticular nuclei, DRN - dorsal raphe
nucleus, eVLPO - extended area of the ventrolateral preoptic area, GiA - alpha gigantocellular
nucleus, GiV - ventral gigantocellular nucleus, LC - locus coeruleus, LDT - laterodorsal tegmental
nucleus, LHA - lateral hypothalamus, LPGi - lateral paragigantocellular nucleus, MCH - melanin
concentrating hormone neurons, mPFC - medial prefrontal cortex, OH - orexin/hypocretin neurons,
PPT - pedunculopontine tegmental nucleus, RMg - raphe magnus, RPA - nucleus raphe pallidus,
SLD - sublaterodorsal nucleus, VIPAG - ventrolateral periaqueductal grey, VTA - ventral tegmental
area, ZI - zona incerta.

Glu - glutamate, ACh - acetylcholine, GABA - y-aminobutyric acid, Gly - glycine
Modified from Héricé et al., 2019

1.2.2.5.1. The brainstem
Since transectional studies in cats by Jouvet, the pons has been known to be a key
structure for REM sleep (Jouvet, 1965; Vanni-Mercier et al., 1991). He identified an

area of the dorsal pons, named the peri-locus coeruleus alpha (periLCa), as being
critical in generating muscle atonia characteristic of REM sleep, as lesions to this area
resulted in cats “acting out their dreams” during REM sleep, reflecting REM sleep
behaviour disorder. It has since been reported in rodents that muscle atonia is
controlled by glutamatergic inputs from the SLD, the equivalent of the cat periLCa,
which project to GABAergic and glycinergic neurons of the ventromedial medulla
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(Swanson, 1998: Luppi et al., 2006; Luppi et al., 2012; Scammell et al., 2017; Luppi et
al.,, 2017). The ventromedial medulla is located in the ventrocaudal area of the

brainstem, and collectively refers to areas such as the raphe magnus (RMg), lateral
paragigantocellular nucleus (LPGi), and the ventral and alpha gigantocellular nuclei
(GiV and GiA). Upon receiving glutamatergic input from the SLD, the ventromedial
medulla then sends inhibitory signals to motor spinal neurons, resulting in muscle

atonia (Fig 1.5) (Lu et al., 2006b; Herice et al., 2019). Silencing neurons in this

pathway results in the generation of REM sleep-like states without atonia, closely
mimicking symptoms of REM sleep behaviour disorder, and reduces total REM sleep
time (Uchida et al., 2021; Valencia Garcia et al., 2018; Krenzer et al., 2011).

Retrograde tracing experiments also suggest that glutamatergic SLD neurons send

direct input to interneurons located in the ventral horn of the spinal cord (Lu et al.,

2006b; Krenzer et al., 2011), contributing to the generation of muscle atonia during
REM sleep. Inhibitory projections from the LPGi to cardiac vagal neurons have also
been implicated in reduced parasympathetic cardiac activity and elevated heart rate

characteristic of REM sleep (Dergacheva et al., 2010).

The medulla contains neurons which increase activity during REM sleep, and
optogenetically stimulating GABAergic neurons in the ventral or dorsomedial medulla
(dmM) induces and increases REM sleep, which is thought to be mediated by
projections to the dorsal raphe nucleus (DRN) (Weber et al., 2015; Stucynski et al.,

2022). Corticotropin-releasing hormone (CRH)-expressing excitatory neurons in the
dmM are also active during REM sleep, with chemogenetic and optogenetic activation
and inhibition of these neurons promoting and suppressing REM sleep, respectively
(Schott et al., 2023). In the medulla, certain structures have also been heavily

implicated in controlling rapid eye movements during REM sleep. The dorsal medulla
nucleus papilio (NP) contain a cluster of calbindin-D28K-expressing glutamatergic
neurons which are highly active during REM sleep, and project to the contralateral
nuclei of external eye muscles, including the oculomotor, trochlearis, and the

abducens (Gutierrez Herrera et al., 2019). Optogenetic activation of these neurons

led to triggered eye movement during REM sleep while optogenetic inhibition
suppressed eye movements without affecting REM sleep bout duration (Gutierrez
Herrera et al., 2019). These data suggest the medulla is involved in REM sleep

induction as well as controlling eye movement during REM sleep.
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The SLD lies ventral to the periaqueductal grey (PAG) and caudal laterodorsal
tegmental nucleus (LDT)/pedunculopontine tegmentum (PPT), and anterior to the LC,
and is made up of glutamatergic, cholinergic, and GABAergic neurons (Scammell et
al., 2017; Herice et al., 2019). Glutamatergic neurons in the dorsal pons, likely to be

the SLD, display highest activity during REM sleep and increase activity prior to REM
sleep transitions (Cox et al., 2016). Damage to the SLD or connections to or from the
SLD results in REM sleep-like states without atonia (Lu_ef al., 2006b), while
pharmacological activation, or disinhibition, of the SLD increases REM sleep duration,

and pharmacological inhibition of the SLD promotes wakefulness (Boissard et al.,

2002). This suggests that the SLD has a key role in generating and maintaining REM
sleep, which is further implied by the numerous projections and innervations with
REM-on and REM-off structures.

The SLD receives inhibitory projections from the vIPAG, a connection which is
essential for REM sleep control (Fig. 1.5) (Krenzer et al., 2011; Feng et al., 2020).

The VvIPAG, as well as the deep dorsal mesencephalic nucleus (DpMe), act as
gatekeepers of REM sleep, are maximally active during wake, and mostly inactive
during REM sleep, with a subpopulation showing high activity during REM sleep (Lu
et al., 2006b; Weber et al., 2018). These structures send GABAergic projections to
many REM-on structures such as the SLD, LDT/PPT, LC, and DRN, and in turn receive
various input from the SLD, LDT/PPT, LH, ZI, CeA, NAc, the median preoptic nucleus
(MnPO), the extended part of the ventrolateral preoptic nucleus (eVLPO),and medulla
(Fig. 1.5) (Lu et al., 2006b; Clement et al., 2012; Weber et al., 2018; Herice et al.,
2019). Optogenetic and chemogenetic activation of the vIPAG/DpMe suppresses

REM sleep, and reducing inhibitory input from melanin-concentrating hormone (MCH)-
expressing LH neurons in the vVIPAG using optogenetics reduces total REM sleep and
number of REM sleep episodes (Hayashi et al., 2015; Kroeger et al., 2019).

Inactivating the VvIPAG/DpMe using chemogenetics, lesions, or pharmacology
increases REM sleep (Hayashi et al., 2015; Sapin et al., 2009; Lu et al., 2006b).
Similarly, optogenetically activating GABAergic input from the ventral medulla in the

VIPAG also promotes REM sleep (Weber et al., 2015), implicating these structures as

important REM-off areas. Dopaminergic wake-promoting neurons of the vIPAG project

to the midline and intralaminar thalamus, and cholinergic basal forebrain neurons, and
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have bidirectional connections with many sleep-wake regulatory structures such as
LH orexin/hypocretin (OH) neurons, the VLPO, medial prefrontal cortex, cholinergic

LDT/PPT neurons and noradrenergic LC neurons (Lu et al., 2006a). However, despite

clear REM sleep suppressing activity, it has been suggested that the vVIPAG and DpMe
exert both REM-on and REM-off activity, reflecting the complex nature of excitatory

and inhibitory pathways involving these areas.

The SLD also receives cholinergic input from the LDT and PPT, which is thought to
influence the promotion of transitions into REM sleep, as activity of these neurons is
at its highest during and immediately before this state, and optogenetic activation of
cholinergic neurons in the PPT and LDT increases REM sleep initiations (Scammell
et al., 2017; Van Dort et al., 2015). The PPT/LDT receive inputs from many areas of

the brain such as the cortex, thalamus, pons, basal ganglia, hypothalamus, and other
areas of the brainstem such as the DRN and LC (Fig 1.5) (Semba and Fibiger, 1992;
Martinez-Gonzalez et al., 2011; Jones and Yang, 1985; Vertes, 1991). However, the

exact role of the PPT and LDT on initiating and maintaining REM sleep is unknown,
as studies have found various contradictory results. On the one hand, application of
cholinergic agonists into the PPT/LDT, electrical, and optogenetic stimulation of the
PPT/LDT has shown increased REM sleep onset and/or duration (Huitron-Resendiz
et al., 2005; George et al., 1964; Thakkar et al., 1996; Van Dort et al., 2015). On the

other hand, chemogenetic activation of cholinergic PPT/LDT neurons has shown

increased light NREM sleep and no alteration of REM sleep (Kroeger et al., 2017).

Noradrenergic neurons of the LC, and serotonergic neurons of the DRN are REM
sleep suppressing areas of the brainstem which also receive inputs and project to
many areas of the brain including the medulla, SLD and PPT/LDT (Fig. 1.5) (Ennis
and Aston-Jones, 1989; Sirieix et al., 2012; Luppi et al., 1995; Weber et al., 2018;

Jones and Yang, 1985; Schwarz ef al., 2015). These neurons are most active during

wakefulness, and least active during REM sleep (Gervasoni et al., 2000). Inhibitory

inputs to the DRN are thought to be important in the generation of REM sleep
(Gervasoni et al., 2000).
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1.2.2.5.2. The hypothalamus
Areas in the hypothalamus heavily influence activity of both REM-on and REM-off
neurons within the brainstem and other areas (Fig 1.5). GABAergic neurons in the
LH and ZI increase firing activity immediately prior to REM sleep initiation, while
suppression of the LH completely inhibits REM sleep (Blanco-Centurion et al., 2021;

Hassani et al., 2010; Clement et al., 2012), suggesting the hypothalamus plays an

important role in REM sleep regulation. However, different populations of neurons in
these areas seem to exert distinct REM-on and REM-off activities. Hypothalamic OH
neurons are generally REM-off and are most active during active wakefulness and
quiet during sleep (Lee et al., 2005; Mileykovskiy et al., 2005; Hassani et al., 2009).

They innervate and receive input from regions of the brainstem which promote
wakefulness such as LC, DRN, and vIPAG (Peyron et al., 1998; Yoshida et al., 2006;
Sakurai et al., 2005). Surprisingly, a population of hypothalamic OH neurons innervate

and excite the SLD and exhibit synchronised firing activity (Fig. 1.5). Optogenetic
activation of this connection increases REM sleep bout duration and theta activity,
while optogenetic and chemogenetic inhibition achieve opposite effects (Feng et al.,
2020). While OH neurons in the hypothalamus are generally known to be REM-off,
MCH neurons are REM-on and are most active during REM sleep (Verret et al., 2003;

Hassani et al., 2009; Herice et al., 2019). MCH neurons are primarily located in the

LH and ZI, and innervate and inhibit wake-promoting areas such as the LH, TMN, LC,
and DRN. Optogenetic and chemogenetic activation of these neurons promotes
transitions into REM sleep and bout duration (Verret et al., 2003; Kroeger et al., 2019;
Jego et al., 2013; Tsunematsu et al., 2014; Varin et al., 2018; Vetrivelan et al., 2016).
Hypothalamic MCH neurons send inhibitory projections to the vIPAG and LC, with

optogenetic inhibition of MCH terminals in these regions causing reduced transitions
into REM sleep (Kroeger ef al., 2019). Galanin-expressing GABAergic neurons in the

DMH can be separated into two distinct subpopulations, which promote or inhibit REM

sleep by projecting to the raphe pallidus (RPA), or POA, respectively (Chen et al.

2018). Galanin-expressing neurons in the eVLPO have also been implicated in REM
sleep regulation (Lu ef al., 2000; Lu et al., 2002). Interestingly, these areas in the

hypothalamus are involved in thermoregulation, with studies suggesting these circuits
may be involved in the elevated brain temperature associated with REM sleep
(Kawamura and Sawyer, 1965; Chen et al., 2018).
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1.2.2.5.3. The cortex and hippocampus
Traditionally, it was thought that the brainstem and hypothalamus were the two primary
structures responsible for REM sleep generation, with these structures activating
areas of the forebrain and cortex and resulting in characteristic “wake-like” EEG during
REM sleep (Nofzinger et al., 1997; Renouard et al., 2015; Peever and Fuller, 2017).

More recently, research has implied a direct role for the cortex in REM sleep

generation and maintenance. Pyramidal cells in the medial prefrontal cortex (mPFC)
display high activity during REM sleep compared to wake and NREM sleep, with
gradual increases occurring prior to transitioning into REM sleep, and high activity
persisting throughout REM sleep bouts (Hong et al., 2023). Optogenetic activation of

mPFC pyramidal cells increases total REM sleep, and probability of REM sleep
transitions, while optogenetically activating GABAergic neurons in the same area
reduces REM sleep episode duration and frequency, and maintains NREM sleep
(Hong et al., 2023). Similarly, chemogenetically and optogenetically stimulating

somatostatin-expressing GABAergic neurons in the PFC induced sleep nesting
behaviour and sleep (Tossell et al., 2023). These effects were thought to be mediated
by projections from the mPFC to the LH (Fig. 1.5) (Hong et al., 2023; Tossell et al.,
2023). During REM sleep, the occipital cortex also displays high activity while low

activity occurs in the somatic sensorimotor cortex, a pattern which begins to gradually
appear during NREM to REM sleep transitions (Wang et al., 2022). Optogenetically

exciting GABAergic neurons in the occipital cortex, to suppress activity, reduces the
probability of REM sleep and increases NREM sleep, while exciting all neurons in a
small area of the occipital cortex, the retrosplenial cortex (RSC), increases REM sleep
and reduces NREM sleep (Wang et al., 2022). In agreement, two-photon imaging

shows pyramidal cells in layer 2/3 of the RSC are activated during REM sleep, and
optogenetic inhibition of such neurons reduced REM sleep (Dong et al., 2022). The

RSC also displays enhanced spiking activity which is synchronised with hippocampal
theta during REM sleep (Koike et al., 2017), which may contribute to REM sleep-

dependent memory consolidation. Activity in the RSC precedes activity in other areas
of the cortex during REM sleep and initiates cortical Ca?* waves in the primary visual
cortex, and anterior cingulate cortex (Dong ef al, 2022). Such changes in

excitatory/inhibitory balance within microcircuits of the PFC occurs specifically during
REM sleep and is thought to cause a somatodendritic decoupling to pyramidal

24



neurons. This decoupling leads to increased excitability of pyramidal cells, which is
thought to be involved in fear-motivated memory consolidation (Aime et al., 2022).

The hippocampus is responsible for theta generation, the primary oscillatory
component of REM sleep. Hippocampal generation of theta oscillations will be
discussed in further detail in the following section. However, in addition, the
hippocampus has been implicated in REM sleep-dependent memory formation.
Disrupting GABAergic signalling in the medial septum during REM sleep impairs
spatial and fear-conditioned contextual memory (Boyce et al., 2016), supporting this

theory. Within the limbic system and adjacent to the hippocampus, in the basolateral
amygdala an increase in dopamine occurs in NREM sleep prior to transitions into REM

sleep (Hasegawa et al., 2022). Dopaminergic neurons in the VTA send projections to

dopaminergic neurons in the amygdala, and also demonstrate increased activity
during REM sleep (Dahan et al., 2007), suggesting a role for these connections in

REM sleep generation.

1.2.2.6. REM sleep oscillations
1.2.2.6.1. Theta oscillations
Theta oscillations (~7 Hz) are a principle component of REM sleep, but also occur
during locomotor activity and other wakefulness-related states in humans and other

mammals, including rabbits, cats, monkeys, bats, and rodents (Colgin, 2016; Cantero

et al., 2003). They can be measured throughout hippocampal structures as well as
the subicular complex, entorhinal cortex, perirhinal cortex, cingulate cortex, and
amygdala (Mitchell and Ranck, 1980; Alonso and Garcia-Austt, 1987; Leung and

Borst, 1987; Buzsaki, 2002), but occur most frequently and at the highest amplitude
in the hippocampal CA1 and CAS3 (Bullock et al., 1990; Buzsaki, 2002; Montgomery et

al., 2008). Theta activity occurs in a phasic nature during REM sleep in humans and

monkeys, while is observed in a tonic manner in rodents, suggesting there may be
differences in the neuronal circuitry involved in the generation of theta oscillations

between species (Cantero et al., 2003).

Theta oscillations are generated by GABAergic projections from PV+ neurons from
the medial septum-diagonal band of Broca (MS-DBB), which target the dentate gyrus,
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CA1 and CA3 (Winson, 1978; Petersen and Buzsaki, 2020; Roland et al., 2014). As
such, optogenetically silencing MS GABAergic neurons, which innervate the

hippocampus, reduces theta power (Boyce ef al., 2016). GABAergic MS neurons

rhythmically fire phase-locked to hippocampal theta, and post-synaptically inhibit
hippocampal interneurons, ultimately causing a rhythmic disinhibition of hippocampal
pyramidal cells. MS interneurons express hyperpolarisation-activated cyclic
nucleotide-gated non-selective cation channels, which promotes such rhythmic
intrinsic properties (Petersen and Buzsaki, 2020; Huh et al., 2010; Buzsaki, 2002;

Colain, 2016).

Cholinergic and glutamatergic neurons of the MS are also thought to be involved in
promoting hippocampal theta rhythms, as chemogenetically activating glutamatergic
and cholinergic neurons in the BF increases theta power (Anaclet et al., 2015).

Cholinergic MS neurons may influence theta activity by providing excitatory input to
the hippocampus, and by suppressing other oscillatory patterns, such as SWRs
(Montgomery et al., 2008; Vandecasteele et al., 2014; Colgin, 2016; Zhang et al.,
2021b). Administering acetylcholine antagonists disrupts theta rhythm generation,

and interestingly, perturbs memory, while agonists induce theta oscillations
(Gedankien et al., 2023; Teitelbaum et al., 1975; Huerta and Lisman, 1993; Konopacki

et al., 1987; Asaka et al., 2000), implicating cholinergic neurons in theta oscillation

generation, and theta-dependent memory formation. MS-DBB glutamatergic neurons,
which primarily project locally to GABAergic and cholinergic neurons in septal regions,
as well as distally to interneurons and pyramidal cells in the hippocampus, fire at theta
rhythms seemingly spontaneously, and influence the firing theta power and rhythmicity
of hippocampal neurons (Huh ef al., 2010; Robinson et al., 2016). Further input from

the brainstem, entorhinal cortex, and hypothalamus may also influence theta
oscillations during REM sleep (Zutshi et al., 2022; Buzsaki, 2002; Adamantidis et al.,
2019). In particular, in the brainstem, lesions to the precoeruleus area (PC) have been
reported to abolish theta rhythms during REM sleep (Lu et al., 2006Db).

1.2.2.6.2. P-waves
Pontine waves (P-waves), also known as PGO waves, are large amplitude (>300 uV),

phasic oscillations which occur for ~100 ms, and are observed in humans, non-human
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primates, cats, and rodents (Aserinsky and Kleitman, 1953; Callaway et al., 1987;
Jouvet and Michel, 1959; Jouvet, 1962; Brooks and Bizzi, 1963; Datta, 1997; Datta,

2000; Karashima et al., 2002; Tsunematsu et al., 2020; Fernandez-Mendoza et al.,

2009). P-waves were initially recorded in the pons, lateral geniculate nucleus (LGN)
of the thalamus, and occipital cortex, as well as the visual and sensorimotor systems
of the forebrain, and can be divided into single, or cluster events (two or more
successfully generated single P-waves within a burst), with the latter occurring most

frequently during REM sleep (Callaway et al., 1987; Datta, 1997; Karashima et al.,

2002; Hobson, 2009). Itis worth noting that while P-waves primarily occur during REM

sleep, they can also be observed during NREM sleep, generally in a phase-locked
manner with certain cortical oscillations, particularly hippocampal SWRs, implying a

role in memory replay and consolidation (Tsunematsu ef al., 2020; Ramirez-Villegas

et al., 2021; Tsunematsu et al., 2023). During REM sleep, P-waves precede CA1
neuron firing and are generally phase-locked with theta oscillations in the
hippocampus and neocortex, in which acceleration of theta wave activity correlates

with P-wave activity, suggesting common activatory systems (Karashima et al., 2002;

Tsunematsu et al., 2020). P-waves are thought to originate by synchronous firing in

the pontine reticulum, activating cholinergic neurons of the PPT/LDT of the

mesopontine tegmentum (Fernandez-Mendoza et al., 2009; Adamantidis et al., 2019;

Patel ef al., 2020; Tsunematsu et al., 2023). Optogenetic stimulation of dmM neurons

expressing CRH can elicit P-waves, with high levels of activity of such neurons and P-
waves naturally co-occurring during REM sleep, suggesting a role of these dmM
neurons in the initiation of P-waves (Schott ef al., 2023).

1.2.2.6.3. Gamma Oscillations
Gamma oscillations can be observed in wakefulness and both sleep states, however
during REM sleep, gamma oscillations can be recorded in multiple brain regions
including the neocortex, entorhinal cortex, amygdala, hippocampus, striatum, olfactory
bulb, and thalamus (Buzsaki and Wang, 2012). Gamma oscillations are generally

reported in the frequency band 30-100 Hz, and can be categorised into low gamma or
high gamma, however ranges of gamma frequency bands vary between study,
species, and brain region (Scheffzuk ef al., 2011; Buzsaki and Wang, 2012; Tiesinga

and Sejnowski, 2009). Gamma oscillations, particularly fast gamma, is coupled with
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theta oscillations in neocortex of mice, and this theta-high gamma coupling is strongly
enhanced during REM sleep (Scheffzuk et al., 2011). Theta-gamma coupling in the

dentate gyrus and CA3 is also highly increased in REM sleep, in which theta-gamma
synchrony was increased during phasic REM sleep periods, in comparison to tonic
REM sleep, in the dentate gyrus, CA1 and CA3, suggesting a role of the hippocampus
in contributing to gamma oscillations during REM sleep (Montgomery ef al., 2008).

Overall, while more research has been done in recent years, our understanding of
REM sleep regulatory circuits, and the circuits with govern REM sleep specific
oscillations is still lacking in comparison to NREM. It is important we continue to learn
more about how these regions communicate with each other during both sleep states,
due to critical nature of sleep. In the following section, | will justify how important the
continuation of sleep research is, by outlining some key functions sleep exerts on our
cognitive health.

1.2.3.  Functions of sleep
Sleep is essential for both physical and mental wellbeing, and is known to be important
for cardiovascular health, metabolic functioning including roles in insulin and glucose
homeostasis, and immunological health, where sleep deprivation results in
proinflammatory states and increased risk of infection and illness (Grandner and

Fernandez, 2021). While sleep is known to be important for the entire body, in the

following sections | will focus on the role of sleep on several cognitive functions,

specifically highlighting evidence for REM sleep in each subsection.

1.2.3.1. Development
Across species such as humans, rats, cats, and invertebrate, the amount of sleep
required changes throughout the lifespan. Generally, total sleep requirement in
mammals is highest during early postnatal life, which is particularly evident for REM
sleep in mammals and birds (Roffwarg et al., 1966; Jouvet-Mounier et al., 1970;
McGinty et al., 1977; Shaw et al., 2000; Szymczak, 1987; Kirov and Moyanova, 2002).

This is also reflected in developmental sleep changes in the number of sleep bouts

required, where younger infants and children typically nap during the day, which can

exert cognitive benefits (Kurdziel et al., 2013; Friedrich et al., 2015; Seehagen et al.,
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2015; Friedrich et al., 2020). In humans, REM sleep is even more prevalent during
prenatal stages (Knoop et al., 2021). Together, this led to scientific investigation into

the importance of REM sleep during development. Studies later found a direct link of
REM sleep and the reorganisation of the brain, including plasticity, synaptogenesis,
myelination, and energy consumption between the ages of 2 and 3 (Cao ef al., 2020).

During REM sleep, selective pruning of newly-formed post-synaptic dendritic spines
of layer 5 pyramidal neurons occurs in the motor cortex during development in mice.
This facilitates new spine formation, which can also be strengthened during REM sleep
(Lietal., 2017). Similarly, ocular dominance plasticity, which is induced by monocular

deprivation during critical development periods, is enhanced in cats after sleep, with
opposite effects observed following sleep deprivation (Frank et al., 2001). This effect

during sleep appears to be mediated by protein synthesis and glutamate N-methyl D-
aspartate (NMDA)-type receptor- and/or protein kinase A (PKA)-mediated synaptic
strengthening in the cortex (Aton et al., 2009; Seibt et al., 2012). Specifically, this
sleep-dependent enhancement of ocular dominance plasticity is lost when cats are

selectively deprived of REM sleep (Dumoulin Bridi ef al., 2015). Together, these data

implicate a role of sleep, and specifically REM sleep, in brain plasticity and early brain
development.

1.2.3.2. Waste clearance
Sleep is also essential for the clearance of wasteful metabolites, proteins, and
oxidative stress which accumulate during wakefulness, via the glymphatic system,
which is most active during sleep (Xie et al., 2013; Nedergaard and Goldman, 2020).

During sleep in humans and rodents, CSF from the subarachnoid space is exchanged
with interstitial fluid (ISF), facilitated by water channel aquaporin-4 (AQP4) located on
astrocytic endfeet (lliff et al., 2013; lliff et al., 2012). The glymphatic process results

in clearance of waste proteins such as amyloid beta (A), a protein in which abnormal
accumulation is implicated in the pathology of AD (Jack et al., 2018). Studies

mimicking sleep fragmentation in AD models, as well as studies with AQP4 knock-out

mice models, show reduced performance in memory tests (Vasciaveo et al., 2023;

Skucas et al., 2011). Thus, stimulating the glymphatic system has become an

interesting potential therapeutic strategy for AD research (Murdock et al., 2024).

However, a recent study which used the diffusion coefficient of fluorescent dyes to
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examine waste clearance found that clearance was reduced during sleep and

anaesthesia in mice, the opposite of previously described opinions (Miao et al., 2024).

While this is an interesting finding in this field, some technical constraints have been
highlighted. This study injects tracer dyes directly into the brain, where previous
studies have primarily injected markers into the CSF, which can damage the brain
tissue and increase intracranial pressure. Similarly, the projection of dyes from
injection site to cortex is less descriptive of hypothesised glymphatic pathways in
comparison to studies injecting into the CSF. The reported sleep condition group also
involved animals in recovery sleep following 5 hours of sleep deprivation, and not
natural sleep. More control groups, and refined methodology, are needed to
strengthen this opposing argument.

1.2.3.3. Learning and memory
For over a century, sleep has been implicated in memory formation and consolidation
(Heine, 1914; Rasch and Born, 2013; Klinzing et al., 2019; Girardeau and Lopes-Dos-
Santos, 2021). Briefly, memory formation can be described as encoding information

from a new experience by a brain-wide network of neurons and glial cells to regulate

future behaviour to related contexts (Brodt et al., 2023). Memory consolidation can

then be explained as the strengthening of synaptic connections between neurons
encoding a memory (Muller and Pilzecker, 1900; Brodt et al., 2023). The reactivation

of engram sub-ensembles, thus the strengthening of acquired memories, has been
detected during sleep (Ghandour et al., 2019). NREM sleep specific oscillations such

as sharp-wave ripples, sleep spindles, and slow wave activity, as well as the coupling
between these oscillations, have been particularly associated with memory
performance (Schabus et al., 2004; Girardeau et al., 2009; Ego-Stengel and Wilson,
2010; Girardeau and Lopes-Dos-Santos, 2021; Peyrache and Seibt, 2020). As such,

reduced sleep and slow wave activity result in lower memory scores and increased

brain atrophy, and sleep disturbances are a prominent characteristic of memory
disorders, such as dementia (Sabia et al., 2021; Lewis, 2021; Girardeau and Lopes-
Dos-Santos, 2021).

During REM sleep, theta activity is involved in place cell strengthening after encoding
during prior wakefulness, and is thus thought to contribute towards spatial memory
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consolidation (Poe et al., 2000; Louie and Wilson, 2001; Drieu et al., 2018). In
agreement, attenuating theta activity during REM sleep impairs spatial and emotional

learning (Boyce et al., 2016). Theta coherence between the hippocampus, the

amygdala, and prefrontal cortex is enhanced after fear-conditioned memory tasks, in
which such theta coordination correlates with task performance (Popa et al., 2010),

suggesting interactions of these regions during REM sleep are involved in aversive
learning and memory consolidation. Optogenetically silencing adult-born neurons in
the dentate gyrus during REM sleep impairs memory consolidation, thought to be
mediated by impaired synaptic plasticity (Kumar ef al., 2020). Similarly, REM sleep

plays an important role in pruning and strengthening postsynaptic dendritic spines of
layer 5 pyramidal neurons in the mouse motor cortex following motor learning tasks,

a process which involves NMDA receptor-dependent dendritic Ca?* spikes during REM

sleep (Li et al., 2017). In addition, cortical activity during REM sleep, specifically
somatodendritic decoupling in pyramidal neurons in the prefrontal cortex, has been
implicated in memory consolidation in response to biological stressors (Aime et al.
2022).

Brain activity which suggests that memory reactivation occurs during REM sleep has
also been observed in humans (Abdellahi et al., 2023). Furthermore, REM sleep

behaviour disorder, characterised by a loss of muscle atonia during REM sleep, is an
early clinical marker of neurodegenerative disorders in which memory is impaired,
such as Parkinson’s disease, AD, and dementias (Postuma et al., 2009; Dauvilliers et
al., 2018; Postuma et al., 2019; Krohn et al., 2022). Specifically, in patients with AD,

spectral changes in EEG and increased power of slower frequency oscillations

(delta/theta) over faster frequency (alpha/gamma) occurs during REM sleep, which is
absent in healthy controls. Such changes in EEG during REM sleep are indicative of
AD status (Prinz et al., 1992; Petit et al., 1992; Hassainia et al., 1997). In addition,

meta-analysis has demonstrated that changes in the sleep-wake cycle occur in AD,

which includes reduced total sleep time, increased awakenings and sleep
fragmentations, and reduced SWS, and REM sleep. Importantly, the reductions in
SWS and REM sleep both appear to correlate with disease progression in AD(Zhang
et al., 2022b). Most significantly for our project, a recent study linked both lower REM

sleep percentage and increased latency to REM sleep with predictive risk of incidence
dementia, while changes in NREM sleep were not associated predictive risk.
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Specifically, each percentage of reduction in REM sleep was associated with an
approximate 9% increase in predictive risk of dementia (Pase et al., 2017). Itis thought

that a loss of cholinergic activity, which is typical of AD, may drive such a reduction in
REM sleep, as cholinergic activity is relatively high during REM sleep in comparison
to NREM sleep in healthy individuals (Andre et al., 2023).

The outlined data demonstrates the importance REM sleep plays in memory
consolidation, and the implications of reduced REM sleep in neurodegenerative
disorders such as AD. However, more research needs to be done to fully understand
REM sleep regulation, and how REM sleep exerts such an effect on memory. Current
evidence is largely correlative, with studies showing causal evidence beginning to
emerge over the last few years. This is a difficult task for REM sleep due to several
methodology constraints. Firstly, attempts for selective REM sleep deprivation
typically inadvertently affect NREM sleep and wake states, thus making it hard to
relate changes in memory with REM sleep alone. Secondly, in vivo tests for spatial
memory, which is of particular interest given the strong role of hippocampal theta
during REM sleep, can often induce stress and anxiety (Harrison et al., 2009), while

sensitivity and variation can vary between different memory tasks, and involves

numerous contributing parameters in test environments and data analysis.

1.2.3.3.1. Spatial memory tests in vivo
Common tests for spatial memory include the novel object location test (NOLT), Morris
water maze, maze tests, and fear conditioned place avoidance. NOLT is a modified
version of the novel object recognition test (NORT). NORT tests object recognition
memory, and was previously assumed to be hippocampus-independent, but is now
considered to be modulated by hippocampal activity (Sawangjit ef al., 2018). On the

other hand, NOLT is hippocampal-dependent and assesses spatial memory and
consists of monitoring behaviour in three separate sessions; habituation, encoding
and retention (Ennaceur and Delacour, 1988; Vogel-Ciernia and Wood, 2014). After

being habituated to test environment, during encoding mice explore two identical
objects. In the retention session, one of these objects is moved to a novel location
(Fig. 1.6A). If spatial memory consolidation occurred between these sessions,

animals should explore the object in novel location more during retention, thus
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demonstrating a higher discrimination for this object (Fig. 1.6A). If memory
consolidation is perturbed between encoding and retention sessions, this
discrimination preference will not occur, and animals will explore objects in familiar
and novel locations equally (Fig. 1.6A). While this is a common approach for

investigating spatial memory, it relies on innate exploratory behaviour.

Alternatively, the Morris water maze utilises a pool filled with water, made opaque with
dyes, paints, or milk, where animals learn to locate an elevated platform to escape
swimming (Morris, 1981; Morris, 1984). Over a number of trials, animals should learn

where the platform is located using spatial cues, and spatial memory can be tested by
determining differences in the latency or distance used to find platform (Fig. 1.6B).
However, due to the nature of this test, excessive stress can affect results (Othman et
al., 2022). The Morris water maze was originally designed as an alternative to the

radial arm maze (Morris, 1981). The radial arm maze, as well as other mazes such

as the Y maze, consist of a central chamber, and multiple arms extending from the

central chamber (Olton and Samuelson, 1976). At the end of one arm, or in radial arm

maze in each arm, a food reward is placed. After several trials, the time taken to
retrieve rewards, or number of re-entries into arms where reward have already been
collected, can be measured to assess learning and memory of reward locations (Fig.
1.6C). Some limitations of these tests include that strategy is often used in radial arm
maze tests, collecting rewards from each arm sequentially, rather than using spatial
cues, while Y mazes have less arms and are therefore less complex, leading to a

higher probability of chance success (Sharma et al., 2010; Othman ef al., 2022).

The Barnes maze test was subsequently designed as a dry-based alternative to the
Morris water maze (Barnes, 1979), and has a similar concept to other maze-based

tests. In the test platform, multiple holes are spaced around the edge, with one hole
leading to an escape tunnel. After a period of learning, animals should use spatial
cues to locate the correct escape location, thus latency and trajectory can be used to
assess spatial learning (Fig. 1.6C). Alternatively, fear conditioned spatial leaning
consists of using aversive stimuli, such as foot shocking, in a particular location within

test environment to assess place avoidance behaviour (Fig. 1.6D) (Cimadevilla ef al.,

2000), however, this arguably tests contextual and emotional learning and memory,
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instead of specifically spatial, and may be affected by the stress this causes for the

animals.

Overall, of these commonly used spatial memory tests, no “gold-standard” approach
has been identified, with each of these commonly used tests offering different sets of
advantages and disadvantages. Thus, when looking at the relationship between sleep
and spatial memory, it is important to choose the most appropriate test for specific

experimental designs.
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Figure 1.6. Schematics of techniques for testing spatial memory. A. Novel object location test,
after exploring two objects during encoding one object is moved to a novel location. Animals
should remember encoding and explore the object at novel object more thus increasing
discrimination index, unless memory was impaired during experimental paradigm. B. Morris water
maze, after being placed in water, mice learn where an elevated platform is located, thus taking
less time to reach this location over time. C. Reward-motivated mazes can be used to determine
how long if takes to find reward after a period of learning. D. Fear-conditioned place avoidance, an
area of testing box has adverse stimuli such as foot shock, mouse learns to avoid this area.

Image created using BioRender.com
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1.2.4.  Interim summary
So far in this chapter we discussed in depth the regulatory circuits and oscillations
involved in both NREM and REM sleep. We also discussed sleep functions, in
particular, the role for sleep in memory. A major caveat for the data described in these
sections is that it solely reports on neural circuitry. As well as neurons, the mammalian
brain is made up of glial cells including astrocytes, microglia, oligodendrocytes, and
oligodendrocyte precursor cells (OPCs) (Fig. 1.7). In particular, astrocytes envelop
synapses, and are involved in influencing synaptic transmissions between neurons,
thus regulate neuronal activity (Fig. 1.7) (Parpura and Verkhratsky, 2012a; Corkrum
et al., 2020; Lezmy et al., 2021; Liu et al., 2023). In addition, they are known to exert
roles in various sleep functions, such as waste clearance. This puts astrocytes in a

prime position to exert effects on neuronal communication during sleep. As such, in
the following sections, | will describe the structure, functions, and activity of astrocytes
before linking these topics and discussing existing evidence for a role of astrocyte
activity in sleep regulation, and thus provide the context and motivation for this project.
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Figure 1.7. Interaction of neurons and glia cells in the brain. The brain is made up of
neurons and glial cells. Glial cells include astrocytes, microglia, oligodendrocytes, and
oligodenrocyte precursor cells (OPC) also known as neurons-glial antigen 2 (NG2). The main
functions of glial cells are listed.

Image from Liu et al. 2023.
https://creativecommons.org/licenses/by-nc/4.0/
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1.3. Astrocytes
1.3.1.  Discovery and history

Astrocytes are the most abundant type of glial cell in the mammalian brain. The
existence of neuroglia was first described by Rudolf Virchow in 1856, who considered
these cells as connective substances in the central nervous system (CNS), in which
nervous system elements were embedded (Virchow, 1856; Parpura and Verkhratsky,

2012b). Later in the 19" century, Camillo Golgi discovered glia-vascular contacts, now
known as ‘endfeet’, and proposed that certain glial cells have functions in metabolic
support and substance exchange (Golgi, 1873; Golgi, 1903). Such cells were later

named astrocytes (von Lenhossék, 1891) and categorised into two morphologically

distinct groups; protoplasmic and fibrous astrocytes (Andriezen, 1893; y Cajal, 1913).

The characterisation of astrocytes was furthered by Ramon y Cajal, who developed
staining techniques for the study of astrocytes, such as the gold chloride-sublimate
staining method which allowed for the visualisation of the nucleus and other
intracellular structures and found close proximity of astrocytes to neurons. He
proposed this was due to astrocytic involvement in the flow of information between
neurons, in which he suggested astrocytes act as insulators (y Cajal, 1913; Somjen,

1988; Garcia-Marin et al., 2007). Ramon y Cajal was the first to hypothesise the

involvement of astrocytes in more complex interactions with neurons, other glia, and
blood vessels. He proposed that astrocytes could be involved in executive functions
such as attention via movements of their endfeet structures to induce vasodilation or
vasoconstriction in arterioles which supplied nutrients to specific regions of the brain
(Garcia-Marin et al., 2007). He also proposed, in a theoretical article, an involvement

of astrocytes in the sleep-wake-cycle, suggesting that during sleep astrocytes extend
their processes to prevent neural contact and stop nervous current, to act as a ‘circuit

breaker’ (y Cajal, 1895; Garcia-Marin et al., 2007), a theory which will be expanded

on in later sections. In agreement with Ramon y Cajal’'s concepts of astrocytic
interactions, electron microscopy techniques later developed identified contact
between protoplasmic astrocyte processes and neural synapses, and fibrous
astrocyte processes and the nodes of Ranvier (Sofroniew and Vinters, 2010). By mid-

20™ century, several distinct morphologies, and various functions, of astrocytes had
been identified (Somjen, 1988; Zeisel et al., 2018).
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1.3.2.  Astrocyte structure
The morphological and physiological diversity of astrocytes which was identified over
a century ago remains fundamentally similar, albeit less complex, to our current
understanding. The major categories of astrocytes include the widely distributed
protoplasmic and fibrous astrocytes, typical of grey and white matter respectively, as
well as various types of specialised astroglia such as retinal Muller cells and cerebellar
Bergmann glia (Fig. 1.8) (Rakic, 2003; Ben Haim and Rowitch, 2017). Protoplasmic

astrocytes have ‘bushy’ star-shaped structures with fine perisynaptic processes
emerging from secondary and tertiary branches. These delicate processes ensheath
neuronal synapses, in which some branches feature specialised and polarised distal
compartments called ‘end-feet’, which directly contact blood vessels (Fig. 1.8) (Allen

and Eroglu, 2017; Khakh and Sofroniew, 2015). Fibrous astrocytes have a more

elongated structure and are in close proximity to myelinated axonal tracts and
oligodendrocytes, and contact the nodes of Ranvier (Fig. 1.8) (Allen and Eroglu, 2017;

Ben Haim and Rowitch, 2017). Bergmann glia and velate astrocytes are two subtypes

of astrocytes found in the cerebellum, which have distinct positioning, molecular
profiles, and morphological features (Farmer et al., 2016). Primates, including

humans, also exhibit several morphologically distinct types of cortical astrocytes, while
adult rodent brains display several astrocyte-like neural stem cells in the
subventricular zone (Fig. 1.8) (Merkle et al., 2014; Oberheim et al., 2009; Merkle et
al., 2007).
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Figure 1.8. Morphological and molecular diversity of astrocytes in various brain regions.
Schematics illustrating the mophology and characteristics of astrocytes in different brain regions.
Protoplasmic astrocytes, located in grey matter, contact neurons and blood vessels, have a more
radial morphology, and express markers glutamate transporter 1 (GLT1) and inward rectifying
potassium channel (Kir4.1) while having low glial fibrillary acidic protein (GFAP) expression (top
left panel). In the cerebellum, velate astrocytes are found in the molecular layer and closely
relate to protoplasmic astrocytes. Bergmann glia in the cerebellum have long processes, which
extend to the molecular layer, and express Ca?*-permeable AMPA receptors on these processes
which enwrap Purkinje cell dendrites. Bergmann glia also express glutamate aspartate
transporter (GLAST) and Kir4.1 (top right panel). Fibrous astrocytes, found in white matter,
closely contactoligodendrocytes and myelinated axon tracts. They have a more enlongated
morphology and highly express GFAP while having low Kir4.1 expression (bottom left panel).
Stem cells with astocyte-like features are also found in the rodent subventricular zone, in which
astrocyte-like type B cells line the lateral ventricles (LV). These cells differentially express
markers such as GFAP and vimentin (bottom right panel)

Image from Ben Haim and Rowitch, 2017.

More recently, improved techniques to study astrocytes across several species has
led to the understanding that astrocytes have complex morphological and molecular
profiles, which depend on specific CNS area, circuit, and/or disease incidence (Huang
et al., 2020; John Lin et al., 2017; Batiuk et al., 2020; Ben Haim and Rowitch, 2017;
Nagai et al., 2021). For example, in the mouse cortex, single-cell ribonucleic acid
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(RNA) sequencing and spatial reconstruction studies show that like neurons,
astrocytes display layer specific gene expression patterns, which also differed
depending on cortical region (Bayraktar et al., 2020). Similarly, multi-technique studies

show distinct differences in morphology, Ca?* signalling, proximity to astrocytes,
electrophysiological properties, and RNA and proteomic expression between striatal
and hippocampal astrocytes (Chai et al., 2017). Less than a decade ago, 7 types of

distinct molecular expression profiles amongst astrocytes were identified, in which

Aqp4 was universally expressed (Zeisel et al., 2018). More recently, a highly impactful

study on this topic looked at 13 distinct regions in the adult mouse brain, and found a
range of region-specific differences (Endo et al., 2022). Firstly, they found neuron-to-

astrocyte ratios were varied depending on brain region, this was largely driven by

differences in neuron density, however, may suggest differences in neuron-astrocyte

communications between regions (Endo ef al., 2022). Next, using astrocyte-specific
RNA sequencing from the 13 regions they identified over 4,000 astrocyte-enriched
genes, of which ~20% were expressed across all regions, ~22% were uniquely
expressed, and the remaining were shared across 2-12 regions which generally
followed an expression pattern to three broader regions; the cerebrum, the brainstem
and spinal cord, and the cerebellum. In addition, using confocal imaging, several
morphological differences were found between the 13 regions, including territory size,

shape, and complexity (Endo et al., 2022). Similarly to RNA sequencing data,

similarities were found between closely related-regions. By identifying different
genetic profiles and morphology, this study suggests region-specific functions, and
emphasises the complexity of astrocytes.

1.3.3.  Functions of astrocytes
Consistent with the diverse profile of astrocyte morphology and molecular expression
profiles, astrocytes have a wide variety of functions in the CNS. Astrocytes are derived
from progenitor cells in the subventricular zone, or from radial glia in the ventricular

zone, and migrate to the CNS along radial glia processes (Ge et al., 2012; Lee et al.,

2022). A single astrocyte typically contacts several thousand neuronal synapses
through astrocytic processes, with studies recording as many as 140,000 synapses
contacted by single hippocampal astrocytes in adult rats (Bushong et al., 2002; Allen,

2014), placing them in a central location for communicating information between
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neurons. In addition to dense contact with neurons, astrocytes make contact with
blood vessels via endfeet, by which they regulate cerebral blood flow, provide blood
vessels with nutrition, and help maintain the blood-brain barrier (BBB) (Foo et al.,

2011; Allen, 2014). Astrocytes are essential in the formation of neuronal development,

particularly in synaptic formation and plasticity, neurotransmitter and ion uptake,
balance, and recycling, phagocytosis, and importantly, synaptic transmission
regulation (Ullian et al., 2001; Perez-Alvarez et al., 2014; Allen and Eroglu, 2017;
Abbott et al., 2006; Oliveira and Araque, 2022). The essentiality of astrocytes to

neuronal survival is obvious by ablating astrocytes in in vivo research, which leads to
an imbalance of neurotransmitters and eventual excitotoxicity and death of neurons
(Cui et al., 2001; Wagner et al., 2006).

Unlike neurons, astrocytes do not fire action potentials along their processes. Instead,
increased intracellular calcium concentrations can represent astrocytic excitability
(Charles et al., 1991; Volterra and Meldolesi, 2005; Oliveira and Araque, 2022). Such

activity can be spontaneous or evoked by neurotransmitters such as glutamate,

noradrenaline, GABA, dopamine, acetylcholine, histamine, adenosine triphosphate
(ATP), and endocannabinoids (Pasti ef al., 1997; Porter and McCarthy, 1995b; Porter
and McCarthy, 1996; Kang et al., 1998; Duffy and MacVicar, 1995; Shelton and
McCarthy, 2000; Porter and McCarthy, 1995a; Bowser and Khakh, 2004; Araque et
al., 2014; Haydon and Carmignoto, 2006). Astrocytes express a wide range of

ionotropic, transporters, and metabotropic receptors (Fig. 1.9), which, upon
stimulation, leads to inositol-1,4,5-trisphosphate (IP3) production, Ca?* release from

the endoplasmic reticulum (ER), and multiple Ca?* oscillatory events (Volterra et al.,

2014; Kofuji and Araque, 2021; Liu et al., 2023). Astrocytic calcium activity was initially

described in the cell soma, with astrocytes displaying large, slow, global Ca?* events
(seconds to minutes) following G-protein coupled receptor (GPCR) stimulation (Hirase
et al., 2004; Di Castro et al., 2011; Araque et al., 2014). However, improved imaging

techniques led to the discovery that small, fast, and localised Ca?* events occur in
astrocyte processes, more frequently than those involving the cell soma (Di Castro et
al., 2011; Panatier et al., 2011). Once activated, astrocytes release gliotransmitters

such as ATP, glutamate, GABA, and p-serine, which bind to neuronal receptors and
influence synaptic transmission and neuronal excitability (Fig. 1.9) (Volterra and
Meldolesi, 2005; Savtchouk and Volterra, 2018).
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Following activation of astrocytes, astrocytic release of ATP, which is extracellularly
converted to adenosine, binds to presynaptic adenosine A1 receptors, purinergic P2Y
or P2X receptors, and/or postsynaptic purinergic P2X receptors (Fig. 1.9) (Chen et al.
2013a; Cho et al., 2022; Li et al., 2020b; Liu et al., 2023). Astrocyte-derived adenosine

modulates synaptic transmission and has been implicated in various behaviours such

as anxiety and fear-induced memory (Cho et al., 2022; Li et al., 2020b). Astrocyte

glutamate promotes excitatory synaptic transmission and synaptic plasticity, and is
thought to be crucial for a developmental switch from spike timing-dependent long-
term depression to timing-dependent long-term potentiation at hippocampal neuronal
synapses (Schwarz et al., 2017; Yang et al., 2019; Falcon-Moya et al., 2020).

Excessive release of glutamate by astrocytes has been implicated in excitotoxicity,
suggesting targeting astrocytes in excitotoxicity-associated neurological disorders,
such as stroke (Yang et al., 2019). On the other hand, release of GABA by astrocytes,

largely via Best1 anion channel, is essential for tonic inhibition at synapses (Fig. 1.9)
(Kwak et al., 2020; Lee et al., 2010; Woo et al., 2018; Liu et al., 2023). Reactive
astrocytes can overproduce GABA, impairing spike probability and synaptic plasticity,

and reducing learning and memory in mice. Brain tissue from patients with AD have
shown increased levels of astrocytic GABA, while reducing synthesis of astrocytic
GABA seems to rescue synaptic transmission and memory in AD mice models (Jo et
al., 2014; Park et al., 2019). p-serine released from astrocytes acts as a co-agonist at

NMDA receptors and is involved in regulation of synaptic transmission via promotion
of excitatory postsynaptic potentials and is thought to be important for dendritic spine
maturation (Henneberger et al., 2010; Yang et al., 2003; Sultan et al., 2015). Overall,
astrocyte signalling is extremely complex, in both down- and upstream events. Due

to the large number and variety of channels and receptors expressed on an astrocyte,
and the activities of astrocytic derived gliotransmitters, it is clear that astrocytes play

an important role in synaptic transmission.

In addition, astrocytes are also involved in regulating synaptic transmission via
clearance of neurotransmitters, regulating ion balance, generating extracellular matrix
molecules, and phagocytosis. The uptake of glutamate, via glutamate transporters
glutamate aspartate transporter (GLAST) or glutamate transporter type 1 (GLT-1) or
excitatory amino-acid transporter type-2 (EAAT2), and GABA, through GABA
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transporters (GATs), by astrocytes contributes to strength and timing of synaptic input,
regulates the inhibitory/excitatory balance, and is essential for neuronal signalling and
correct information transfer (Fig. 1.9) (Goubard et al., 2011; Muthukumar et al., 2014;
Shigetomi et al., 2011; Valtcheva and Venance, 2016; Voutsinos-Porche et al., 2003).

In addition to Ca?* signalling, astrocytes also express various K*, Na?*, H*, and CI

transporters and are involved in regulating ion balance (Verkhratsky and Nedergaard,

2018; Verkhratsky et al., 2020). For instance, astrocytes express potassium channels

such as Kir4.1, and homeostatically control levels of extracellular K*, which influences
neuronal firing (Ballanyi et al., 1987; Kofuji and Newman, 2004; Olsen et al., 2015;

Tong et al., 2014). The uptake of extracellular neurotransmitters and ions is mediated

by the inward transmembrane gradient of Na?*, thus is an important contributor to

astrocyte-mediate homeostasis functions (Rose and Verkhratsky, 2016; Verkhratsky

et al., 2020). CI fluxes, via astrocytic CI- transporters, mediates inhibitory GABAergic

transmission, a signalling pathway which has been implicated to play an important role
in neuronal signalling during sleep and brain state activity (Untiet et al., 2023).

Astrocytes also secrete components of the extracellular matrix (ECM) such as
thrombospondins, glypican, chondroitin sulfate proteoglycans, chordin-like 1, Hevin,
and secreted protein acidic and rich in cysteine (Fig. 1.9). Astrocyte-derived ECM are
responsible for regulating cellular and synaptic functions, such as synaptic strength
and formations, cellular growth, migration, differentiation and survival (Hughes et al.,
2010; Kucukdereli et al., 2011; Allen et al., 2012; Blanco-Suarez et al., 2018; Nagai et
al., 2019; Xie et al., 2022; Liu et al., 2023). In addition, astrocytes are now known to

also play a role in phagocytosis, where astrocytes can clear excessive and functionally
impaired synapses (Chung et al., 2013; Gomez-Arboledas et al., 2018; Lee et al.,

2022). Overall, these data show that in addition to a supportive role of astrocytes,
they also play a direct role in synaptic transmission.

In pathological situations, astrocytes become reactive and undergo various functional,
morphological and molecular changes, which can result in both protective and/or
detrimental effects (Escartin et al., 2021). Specifically, in pathological conditions such

as in AD, astrocytes can undergo reactive astrogliosis in which they become
hypertrophic and upregulate GFAP, and cluster around amyloid-beta (AB) plaques
(Simpson et al., 2010). They also overexpress BACE1, which can promote AR

aggregation, and are involved in signalling of inflammatory cytokines which can also
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promote AP aggregation (Cole and Vassar, 2007). Reduced expression of glutamate

transporters EAAT1 and EAAT2 leads to increased extracellular glutamate and
neurotoxicity in AD (Hefendehl ef al., 2016).
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Figure 1.9. Astrocyte-neuron synapse interactions. Upon neuronal stimulation, astrocytes
increase intracellular Ca?* and release various transmitters to modulate synaptic transmission.
Glutamate is released from astrocytes via VRAC (1), vesicles (2), or the Best1 channel (3), which
activates NMDARs on postsynaptic membranes and triggers LTP. D-serine, which is released via
the Best1 channel (3) or ASCT1 (4), binds to NMDARs and induces LTP and EPSPs. Astrocytic
GABA, released through the Best1 anion channel (5), acts on the postsynaptic GABA,R, which
inhibits synaptic transmission. Dopamine and glutamate can activate astrocytic D1R (7) and
mGIuR (8), respectively, to induce a Ca?*-dependent ATP increase (6), which in turn acts on the
presynaptic A1Rs and P2XRs to modulate vesicular release and synaptic plasticity, modulating
excitatory or inhibitory circuitry in different brain regions. Additionally, secreted proteins from
astrocytes constitute the extracellular matrix molecules, which contribute to synaptic structure
formation and stabilization. Astrocyte-derived extracellular matrix molecules includes SPARC (9),
Chrdl1 (10), and TSP (11). The clearance of glutamate in the synaptic cleft involves two major
glutamate transporters, GLAST (12) and GLT-1 (13). Binding of NEO1 to GLAST increases the
astrocytic membrane distribution of GLAST and facilitates glutamate uptake. GABA clearance
mainly depends on Ca?*-dependent GAT-3 (14). Through the phagocytic receptors MERTK (15)
and MEGF10 (16), astrocytes directly engulf excessive synapses in the developing and adult
mouse brain.

VRAC, volume-regulated anion channel; Best1, Bestrophin-1; NMDAR, N-methyl-D-aspartate
receptors; LTP, long-term potentiation; ASCT1, alanine/serine/cysteine/threonine transporter 1;
D1R, dopamine-1 receptor; mGIuR, metabotropic glutamate receptors; ATP, adenosine
triphosphate; A1R, adenosine A1 receptors; P2XR, presynaptic purinergic P2X receptor; SPARC,
secreted protein acidic and rich in cysteine; Chrdl1, chordin-like 1; TSP, thrombospondins;
GLAST, glutamate—aspartate transporter; GLT-1, glutamate transporter-1; NEO1, Neogenin 1;
GAT-3, GABA transporter 3 ; MERTK, MER proto-oncogene, tyrosine kinase; MEGF 10, multiple
EGF-like domains 10.

Image from Lui et al., 2023
https://creativecommons.org/licenses/by-nc/4.0/
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1.3.3.1. Function of astrocytes in the brainstem
In rodents, astrocytes within the brainstem have been shown to play important roles
in regulation of the microenvironment. In response to changes in pH, CO2, O,
astrocytes increase intracellular Ca?* and release ATP to influence neuronal firing

(Gourine _and Kasparov, 2011; Teschemacher et al., 2015). In the brainstem,

astrocytes are also involved in regulating food intake and nutritional/energy balance,
mechanosensory signalling, cardiovascular control of blood pressure and heart rate,
respiratory control and regulation, oxygen sensing, and motor rhythms, including that
of the preBotzinger complex which controls the rhythm of breathing (MacDonald et al.,
2020; Marina et al., 2020; Turovsky et al., 2020; Kohro et al., 2020; Sheikhbahaei et
al., 2018; Angelova et al., 2015; Caravagna et al., 2013; Eugenin Leon et al., 2016).

Brainstem astrocytes have also been implicated in changes in brain state, which will

be expanded on in the following sections.

1.3.4.  Astrocytes and sleep
Ramén y Cajal first proposed a theory for a role of astrocytes in sleep in 1895. As
previously mentioned, he claimed that astrocytes act as a ‘circuit breaker’ during sleep,
in which astrocytic processes extend in order for astrocyte endfeet to invade the
synaptic cleft, stopping synaptic transmission and thus inducing sleep. During waking
he suggested astrocytes retract their processes, allowing for synaptic transmission (y
Cajal, 1895; Garcia-Marin et al., 2007; Tso and Herzog, 2015). Subsequent theories

of astrocytic involvement in sleep included Frank’s model, which proposed astrocytes

act as integrators of neuronal signalling during the sleep-wake cycle, increasing their
activity with sleep pressure, and driving wake-to-sleep transitions (Fig. 1.10) (Frank,
2019).

Given that both astrocyte activity and REM sleep are altered in many
neurodegenerative disorders such as AD, understanding how astrocytes are involved
in REM sleep regulation would provide us with vital information that could benefit our
understanding of such disorders. In the following subsections, | will discuss the role
of astrocytes in sleep according to current understanding, first describing astrocytic
changes during various oscillatory activities and brain states, and then specifically
astrocyte activity during sleep, in which my project is based on.
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Figure 1.10. Frank's model of astrocytes as wakefulness integrators. Astrocytes respond to
surrounding activity such as neurontransmitters  with slow changes in intracellular Ca?*
concentrations to integrate with neuronal activity during wakefulness. Astrocytic responses may
then contribute to negative feedback to dampen wake signalling and promote sleep. Such
signalling activities may be proportionate to sleep pressure, therefore are most active during the
wake-to-sleep transition and lowest at the end of the sleep period.

Image from Frank, 2019.

1.3.4.1. Neuron-astrocyte interactions during oscillatory activity
Transient increases in intracellular astrocytic Ca?* precedes the onset of oscillatory
activity, while perturbing astrocytic activity, without affecting neural activity, shortened
gamma oscillatory activity, and reduced EEG gamma power across all behavioural
states (wakefulness, NREM sleep and REM sleep), in in vitro and in vivo studies (Lee
et al., 2014). In vitro studies have demonstrated that astrocyte stimulation can trigger

UP states, while inhibiting astrocytic activity has the opposite affect (Poskanzer and

Yuste, 2011). In anaesthetic models of slow-wave sleep, synchronised recurrent

astrocytic activity occurs during UP states, which also precedes neuronal
synchronised activity (Poskanzer and Yuste, 2016; Szabo ef al., 2017). Astrocytic K*

clearance, S100B gliotransmission, glutamate gliotransmission/regulation, and
GABAergic signalling have all been shown to have various effects of oscillatory activity
and synchronicity (Bellot-Saez et al., 2018; Brockett et al., 2018; Sakatani et al., 2008,;
Poskanzer and Yuste, 2016; Mederos et al., 2021), highlighting the versatile roles of
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astrocytes in regulating cortical rhythms. Blockade of astrocytic gap junction
communication and Ca?* transients reduces the number of active astrocytes and

neurons during slow-wave oscillations (Szabo et al., 2017), while optogenetic

activation of astrocytes induces slow-wave activity, which co-occurs with astrocyte-
generated glutamate transients (Poskanzer and Yuste, 2016). In addition, astrocytic

Ca?* signalling also occurs following sensory stimulus-evoked oscillations and directly
modulates such neural evoked activity (\Wang ef al., 2006; Lines et al., 2020). Together

these studies suggest astrocytes are highly involved in initiating and/or regulating
neuronal oscillatory activity, however studies manipulating astrocytes during specific
states are required to convincingly implicate a role of astrocytes during sleep.

1.3.4.2. Astrocytic responsiveness to brain state
Locomotion is followed by astrocytic activity in multiple brain regions in mice (Slezak
et al., 2019; Paukert et al., 2014; Nimmerjahn et al., 2009; Ingiosi and Frank, 2023),

via noradrenergic signalling (Paukert et al., 2014). Noradrenergic activity has been

shown to stimulate brainstem radial astrocytes to drive behavioural state changes, in
which astrocyte activity suppressed swimming and induced ‘passive’ states in larval
zebrafish via signalling to GABAergic neurons (Mu et al., 2019). Similar results were

found in awake behaving mice, where aversive stimuli induced transient increases in

noradrenaline activity and subsequently Ca?* elevations in astrocytes (Oe et al., 2020).

Elevated astrocyte Ca?* activity co-occurring with arousal in mice follows phasic
increases in noradrenaline, which has been shown to be independent of local neuronal

activity (Reitman et al., 2023). Such noradrenaline-dependent astrocyte activity

occurs via astrocyte Adra1a receptor activation alongside reduced arousal-associated
neuronal activity. This process acts as a feedback mechanism for cortical synchrony,
thus astrocytes are thought to act as sensors of noradrenaline changes and

synchronise the cortex in response to arousal (Reitman et al., 2023).

Optogenetic and noradrenaline-induced activation of astrocytes has also been linked
to astrocytic release of ATP, decreased excitability of pyramidal neurons, and
increased excitability of interneurons via modulation of various potassium channels

(Tan etal., 2017; Chen et al., 2019), in agreement with previous statements suggesting

astrocytes induce GABAergic activity. Astrocytic modulation of glutamatergic activity
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has also been thought to vary depending on brain state. Acetylcholine tone is at its
highest during wakefulness and lowest during NREM sleep, which is also the case for
astrocytic a7-nicotinic acetylcholine activation as well as synthesis and release of p-
serine, an astrocyte-derived gliotransmitter and co-agonist of glutamate NMDA-type
receptors (Papouin et al., 2017). It has been shown in vitro and in mice that

wakefulness-dependent increases of acetylcholine binds to az-nicotinic acetylcholine
receptors to directly modulate astrocytic release of p-serine, subsequently responsible

for NMDA receptor activity relative to brain state (Papouin ef al., 2017). Intracellular

chloride concentration is also higher during immobile states compared to mobile states
in mice, with such concentrations decreasing upon movement and sensory stimulation

(Untiet et al., 2023). Optogenetic increases in intracellular astrocytic chlorine

shortened neural activity in a similar means as pharmacological application of GABAa
receptor agonists, while optogenetic depletion of intracellular chloride extended
excitatory activity, suggesting that astrocytic gliotransmission of chloride may serve as
a source of chloride for GABAergic transmission (Untiet et al., 2023).

Astrocyte morphology also changes according to brain state. During sleep, astrocytic
processes retract, and coverage of synapses reduces, which causes decreased
gliotransmission, and affects astrocytic clearance of neurotransmitters and ions

(Panatier et al., 2006; Bellesi et al., 2015). Reduced astrocytic coverage of synapses,

and lower noradrenaline levels, during sleep are also thought to facilitate microglia
surveillance (Stowell et al., 2019; Van Horn et al., 2021). Brain state dependent

changes in astrocyte signalling and morphology is summarised in Figure 1.11.
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Figure 1.11. Changes in astrocytic signalling and morphology according to brain state.
Increased cholinergic tone during wakefulness/arousal is sensed by astrocytes via a7-nicotinic
acetylecholine receptors (a7nAChRs), leading to increased astrocytic D-serine release. This in
turn leads to increased NMDA receptor activtion on postsynaptic neurons. Reduced astrocytic
Ca2+ activity and retracted astroctyic process from neural synapses occurs during sleeping.

Image from Van Horn et al 2021.

1.3.4.3. Neuron-astrocyte interactions in sleep regulation
In awake-behaving animals, astrocytic activity has been studied in more detail across
the sleep-wake cycle. Convincing, simplistic evidence for an involvement of
astrocytes in sleep was first found in mice, which found the highest levels of
intracellular astrocytic Ca?* during periods of wakefulness and the lowest during REM
sleep, and peak Ca?* signalling occurring during sleep-to-wake transitions (Ingiosi et
al., 2020; Bojarskaite et al., 2020a). In addition, longer durations of individual Ca?*

events occur during wakefulness compared to NREM and REM sleep (Vaidyanathan
et al., 2021; Inqgiosi et al., 2020; Bojarskaite et al., 2020b; Ingiosi and Frank, 2022).
Such Ca?* event characteristics also differ within different structures of an individual

astrocyte, with the amplitude and frequency of Ca?* signalling being found to be more
dynamic in the processes compared to the soma across the sleep-wake cycle (Ingiosi
et al., 2020; Bojarskaite et al., 2020a).
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In Drosophila models, sleep deprivation studies show increased intracellular
concentrations of astrocytic Ca?* in the soma and processes, dependent on a specific
L-type Ca?* channel. Astrocytic Ca?* transients further increase with intensity of sleep

deprivation (Blum et al., 2021). And while fundamental differences in astrocyte

complexity, morphology, and functions occur in Drosophila, similar findings were also
found in mice. Such findings also observed fluctuations in astrocytic Ca?* signals
according to sleep pressure, particularly in NREM sleep, where changes in Ca®* were

largest following sleep deprivation (Ingiosi et al., 2020), suggesting that, in agreement

with Frank’s model, astrocytic activity is involved in sleep homeostasis. Attenuating
Ca?* signalling using /tpr2”- mice (genetic ablation of IP3R2) resulted in fragmented
sleep with reduced length of sleep periods, increased number of microarousals, and

reduced delta power, suggesting that astrocytes regulate sleep, particularly NREM

sleep, and sleep pressure via IPs-mediated Ca?* signalling (Bojarskaite et al., 2020a).

In a study in ex vivo rabbit tissue, it was discovered that the enzyme activity of glial
cells in the caudal reticular formation of the brainstem was lower for rabbits killed
during sleep compared to those killed during wakefulness, the opposite to that of
neurons (Hyden and Lange, 1965). Following these results, studies identified close

coherence of neuron-glia activities during slow-wave sleep oscillations in cats, in
which glial cells actively modulated neuronal activity via ion buffering of K* and Ca?*
(Amzica and Neckelmann, 1999; Amzica and Massimini, 2002). SNARE-dependent

inhibition of astrocytic gliotransmission reduced NREM sleep in mice and reduced the

accumulation of slow-wave activity following sleep deprivation with a particular

importance highlighted on adenosine acting on A1 receptors (Halassa et al., 2009),

suggesting astrocytes contribute to sleep homeostasis via gliotransmission. Further
evidence of astrocytic gliotransmission influencing the sleep-wake cycle followed this
work, with studies using optogenetic manipulation in various brain regions in rodents.
Optogenetic activation of astrocytes in the VLPO increased total sleep time, in which
extracellular ATP levels were correspondingly elevated following optogenetic
activation. In addition, infusion of a tissue-nonspecific alkaline phosphatase (TNAP)
inhibitor, in which TNAP is responsible for hydrolysis of ATP into adenosine, increased
wakefulness and decreased sleep duration, implicating a sleep-promoting role of
TNAP-mediated ATP hydrolysis, which is released by VLPO astrocytes (Kim et al.
2020; Ingiosi and Frank, 2022). Similarly, optogenetic activation of astrocytes in the
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posterior hypothalamus, which are known to envelop wake-promoting histaminergic
neurons, also resulted in increased sleep duration, particularly slow-wave NREM
sleep, thought to be caused by the influence of gliotransmission by astrocytes,

however, gliotransmitter concentrations were not directly measured (Pelluru et al.,

2016; Ingiosi and Frank, 2022). These data led to Frank’s theory that astrocytes act

as a ‘wakefulness integrator’, in which astrocytes exert slow, cumulative activities via
gliotransmission, particularly of ATP and adenosine, which influence neuronal activity
throughout the sleep-wake cycle (Fig. 1.10) (Frank, 2013; Frank, 2019; Ingiosi and
Frank, 2022; Ingiosi and Frank, 2023).

Due to the convincing link between astrocytes and sleep, in which astrocytic Ca?*
activity seems to peak during sleep-to-wake transitions, many studies are beginning
to explore the exact role of astrocytes in sleep regulation in various brain regions.
Tsunematsu et al. (2021) investigated levels of astrocytic Ca?* in the cortex,
hippocampus, hypothalamus, and pons during the sleep-wake cycle using fibre
photometry. In this study they use a Mic1-tTA; TetO-YCnano50 mouse model to
monitor astrocytic intracellular Ca?* dynamics. YCnano50 is a genetically encoded
calcium indicator consisting of a yellow fluorescent protein (YFP) and a cyan
fluorescent protein (CFP), in the presence of calcium, a conformational change
between YFP and CFP occurs, and the fluorescence emission is altered, thus the ratio

between fluorescence is representative of Ca?* changes (Horikawa et al., 2010).

Tsunematsu et al., found that astrocytic Ca?* was consistently at its lowest during REM
sleep in all brain regions, while activity was lowered during NREM sleep compared to
wakefulness in the cortex and hippocampus, and no significant difference was found
in the hypothalamus and pons (Fig. 1.12) (Tsunematsu et al., 2021). Conversely,

studies in areas such as the basal forebrain have found that Ca?* activity of astrocytes
was relatively high during REM sleep and at its lowest during NREM sleep (Peng et
al., 2023).
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Figure 1.12. State-dependent astrocyte Ca?* activity in different brain regions. Box plots
obtained from normalised yellow fluorescence protein to cyan fluorescence protein (Y/C) ratios in
various brain regions in wake (W), NREM sleep (NR) and REM sleep (R); p *<0.05

Image from Tsunematsu et al. 2021.

Recent studies which have modulated astrocyte activity have highly contributed to our
understanding of the effects of astrocyte activity on the sleep-wake cycle (Table 1.1).
Chemogenetic activation of astrocytes in the basal forebrain of mice produced long,
continuous periods of wakefulness, without leading to rebound sleep in some studies
(Ingiosi et al., 2023), while other investigations within the basal forebrain showed no

effect of stimulating astrocytic Ca?* on wakefulness or NREM sleep, but significantly
reduced REM sleep (Peng et al., 2023). Chemogenetic stimulation of astrocytes in

the LH increases wake and promotes long-term arousal, while chemogenetic inhibition
of these astrocytes reduced wakefulness and promoted NREM sleep (Cai et al., 2022).

Chemogenetic activation of LH astrocytes also caused activation of GABAergic
neurons in the LH, suggesting astrocytes may drive wakefulness via GABAergic
neuron activation (Cai et al., 2022). Interestingly, and most significantly for this project,

Peng et al. recently looked at the LC/SLD region in the brainstem and found elevated
astrocytic Ca?* during wakefulness and REM sleep (Fig. 1.13a-b), which surprisingly
opposes previously reported results found in the pons by Tsunematsu et al. However,
they found contradicting results following chemogenetic activation of astrocytes in the
LC/SLD, which reduced total REM sleep and number of REM sleep transitions over a
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4-hour period following CNO injections (Fig. 1.13c-f) (Peng et al., 2023).

Chemogenetic activation of LC/SLD astrocytes also modulated EEG power, in

particular increased delta power during NREM sleep, and theta during REM sleep
(Fig. 1.13g-j). Such results were mirrored in CD73-KO mice (a model that lacks the
key enzyme CD73 that converts AMP to adenosine), demonstrating this REM sleep
suppression by LC/SLD astrocyte activity is independent of adenosine (Peng et al.,
2023). Due to conflicting reports by Tsunematsu et al. 2021, and Peng et al., 2023,

astrocyte activity in the pons during the sleep-wake cycle needs to be further

investigated.

Table 1.1. Astrocyte activity and effects of modulating activity on the sleep-wake cycle.

Reference Technique Brain region Ca?* Activity/ Effect
Tsunematsu et al. | Fibre Cortex Lowest during REM sleep,
2021 Photometry highest during wake
Hippocampus Lowest during REM sleep,
highest during wake
Hypothalamus Lowest during REM sleep
Pons Lowest during REM sleep
Ingiosi et al. 2023 Chemogenetic  Basal forebrain 1 wakefulness
activation
Peng et al. 2023 Fibre Basal Forebrain Lowest during NREM sleep, high
Photometry during wake and REM sleep
Chemogenetic | Basal forebrain | REM sleep
activation
Fibre LC/SLD Lowest during NREM sleep, high
Photometry during wake and REM sleep
Chemogenetic  LC/SLD | REM sleep
activation
Cai et al. 2022 Chemogenetic  Lateral 1 wakefulness
activation hypothalamus
Chemogenetic | wakefulness
inhibition 1 NREM sleep
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Figure 1.13. Sleep regulation by brainstem astrocytes. a) Schematic diagram of fiber
photometry recording of astrocyte population Ca2+ signal and extracellular adenosine level in
LC/SLD region of the brainstem. b) Top to bottom, EEG power spectrogram, EMG (scale,
1mV), GCaMP fluorescence (scale, 1 z-score), and GRAB,,, fluorescence (scale, 1 z-score).
c) Schematic diagram of chemogenetic activation of astrocytes in the LC/SLD. d-j)
Chemogenetic activation of LC/SLD astrocytes in WT mice significantly changed sleep—wake
behaviour, including total percent time in state (d), bout number (e), bout duration (f), EEG
power in NREM (g-h) and REM sleep (i-j), within 4 hours after CNO injection. hM3Dq group,
n=7 mice; tdTomato group, n=8 mice. The statistical method used was two-way repeated
measures ANOVA, followed by Tukey’s post hoc multiple comparison test. ns, p>0.05,
*p<0.05, **p<0.005, ***p<0.001.

Adapted from Peng, et al., 2023.

1.3.5. Tools for studying astrocytes
Over the past several decades, important progress in understanding the diverse
functions of astrocytes has been made. However, due to the complexity of astrocytic
signalling, studies can be challenging, and therefore the characterisation of astrocytes
remains incompletely understood. Recent advances in genetic manipulation and in
vivo imaging techniques have furthered the knowledge of astrocytic activity, but some
issues remain. In the following subsections, | will discuss the techniques used to study

astrocyte activity, with a focus on in vivo methods.
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1.3.5.1. Molecular markers and visualising astrocytes
Molecular profiling of astrocytes has identified several useful molecular markers. The
first to be associated with astrocytes was intermediate filament glial fibrillary acidic
protein (GFAP), which is important for astrocyte motility and structure (Eng et al.,
2000). Despite GFAP being expressed in many of mature astrocytes, particularly
during astrogliosis where GFAP is upregulated, not all astrocytes express detectable
levels of GFAP, particularly in certain brain regions such as the thalamus. Other
limitations of GFAP include lack of expression in astrocytic fine processes and
therefore display simplified structure in immunohistochemistry, (Endo et al., 2022;
Bushong et al., 2002; Reeves et al., 2011; Khakh and Sofroniew, 2015; Sofroniew and

Vinters, 2010), however, GFAP remains one of the most widely used marker for

astrocyte studies. Other popular astrocytic markers include cytosolic protein S1004,
glutamate synthetase, and folate enzyme aldehyde dehydrogenase 1 family member
L1 (Aldh1L1), however, these molecules are not exclusively expressed by astrocytes
and each offer different advantages and disadvantages (Endo et al., 2022; Escartin et
al., 2021; Sofroniew and Vinters, 2010; Khakh and Sofroniew, 2015; Yu et al., 2020).

Due to the molecular and genetic diversity of astrocytes across distinct brain regions,

which has recently been further characterised (Endo et al, 2022), it would be

advantageous to develop several different markers which are optimal for specific brain
regions, and could be selected according to the needs of individual studies.

1.3.5.2. Transgenic and viral approaches
These molecular markers have been utilised to construct several Cre-dependent or
tetracycline-controllable transgenic mouse lines (Yu ef al., 2020). Mouse lines

Aldh111-CreERT2 and Gfap-Cre are the most common mouse lines used to target
astrocytes and display high expression in astrocytes in adult mice, however they
display some expression in other cell types such as oligodendrocytes (Srinivasan et
al., 2016; Winchenbach et al., 2016; Sofroniew, 2012; Yu et al., 2020). In addition,

transgenic techniques are not specific to brain region, making circuit-specific

investigations challenging.
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Using viral vectors with astrocytic promotors is one way to overcome this issue.
Lentiviruses and adeno-associated viruses (AAVs) are the most widely used methods
of viral delivery methods. While lentiviruses can carry larger viral loads, AAVs can be
concentrated to higher titre concentrations as they do not integrate into the genome,
giving them higher efficiency (Nagai ef al., 2019). Recent advances in AAV-microRNA

targeting sequences, as well as developing new AAV serotypes, have shown
improvements in cell specificity and potency, with minimal off-target expression
(Gleichman et al., 2023; Han et al., 2023). Astrocyte-specific promotors can be used

to introduce cell-specificity. The GfaABC:D (681bp) promotor is derived from the
previously developed human GFAP promotor gfa2 (2210 bp). GfaABC1D has twofold
greater activity than gfa2, and its smaller size makes it highly efficient for viral vector
delivery (Lee et al., 2008). AAVs under the control of the GfaABC:D promotor have

been successfully used with very high astrocyte specificity in various brain regions in

mice, rats, and macaque monkeys (Zhang et al., 2022a; Heffernan et al., 2022; Du et
al., 2021; Nagai et al., 2019; Yu et al., 2018; Dvorzhak et al., 2016; Adamsky et al.,
2018; Testen et al., 2020; Huntington and Srinivasan, 2021). GfaABC1D has also been
used in combination with a newly developed type of AAV variant, PHP.eB. It causes

widespread astrocyte expression with high specificity delivered via intravenous
injection (Chan et al., 2017). This provides a relatively non-invasive alternative to

mouse lines but lacks the region specificity of other viral methods. Other promotors
such as Aldh1/1 have shown little astrocyte-specificity and actually show higher

expression in neurons when used in combination with viral vectors (Koh et al., 2017;

Mudannayake et al., 2016). For this reason, GfaABC1D-containing viral vectors are

an optimal option for targeting astrocytes.

1.3.5.3. Measuring astrocyte activity
As astrocytes are not electrically excitable, unlike neurons, their natural activity was
previously hard to characterise. Most studies examined astrocytes using ex vivo, or
in vitro studies, and largely focused on morphological changes and gene/ protein
expression (Ingiosi and Frank, 2022). Only recently, technology advances have

allowed studies to measure in vivo astrocyte activity, represented by intracellular Ca?*
levels, largely using techniques such as one- and two-photon microscopy and fibre
photometry. Microscopy techniques, specifically two-photon imaging, can measure
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detailed changes in astrocytic Ca?*, including in finer structures such as astrocytic
processes (Ingiosi et al., 2020; Vaidyanathan et al., 2021; Bojarskaite et al., 2020a).

Imaging studies traditionally meant that animals would have to be head-restrained in
order to prevent movement of the imaging plane, thus affecting natural behaviour
(Bojarskaite et al., 2020a; Vaidyanathan ef al., 2021). However, recent advances in

miniaturised microscopes has allowed application for freely moving animals and deep
brain imaging (Sekiguchi et al., 2016; Ingiosi et al., 2020), while advances in

genetically encoded sensors has improved resolution of imaging techniques (Zheng
et al., 2015; Srinivasan et al., 2015; Bindocci et al., 2017; Stobart et al., 2018).

However, a major caveat for traditional imaging studies is that they cannot be applied

to deep brain structures, and while techniques such as miniaturised microscopes can

overcome this issue, they tend to be more invasive and have lower resolution.

Alternatively, fibre photometry can be used to measure population astrocyte activity in
freely moving animals, without strict limitation of target brain regions (Tsunematsu et
al., 2021; Suthard et al., 2023; Cai et al., 2022; Han et al., 2023; Reitman et al., 2023;
Noh et al., 2023). Fibre photometry is a technique that consists of expressing

genetically-encoded indicators/sensors to measure cell-type specific population
activity, or extracellular ligands activity, using optic fibres (Fig.1.14) (Byron and
Sakata, 2024; Simpson et al., 2024). By delivering light at a specific wavelength to

the expressed biosensor through an implanted optic fibre, a conformational change in
biosensor occurs, which emits fluorescence. The intensity of the emitted fluorescence
is collected using a photodetector, and this signal can be processed and analysed to
depict cell activity (Fig. 1.14) (Simpson et al., 2024). The pioneering study of fibre

photometry used a chemical calcium-sensitive dye (Adelsberger et al., 2005),

however, currently GCaMPs are the most popular sensors. GCaMPs were first
developed in 2001, and are composed of a single green fluorescent protein fused with
calmodulin (CaM) and CaM-interacting peptide M13 (Nakai et al., 2001; Chen et al.,

2013b). Over the past few decades, several types of GCaMPs have been developed,

with varying characteristics, such as fast and slow kinetics, high contrast with low
baseline fluorescence, and various sensitivity (Zhang et al., 2023; Dana et al., 2019;

Yang et al., 2018; Akerboom et al., 2012). Thus, the unique requirements for an

experimental design should be considered to select the most appropriate genetically-
encoded sensor (Wu et al., 2022b; Simpson et al., 2024). In line with the previous
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section, sensors can be expressed using transgenic mouse lines or using viral vectors

(Simpson et al., 2024). Growing interesting has also developed in modifying

conventional multimode fibres to offer certain benefits, such as wireless technologies
which improve freely-moving conditions or tapered fibres that are less invasive and
delivery depth-resolved light (Pisano et al., 2019; Burton et al., 2020).
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Figure 1.14. Simplified schematic of fibre photometry principles. Left, fibre photometry
has two main requirements, expression of indicators, and implantation of optic fibre. Right,
fibre photometry consists of an excitation light to stimulate a conformational change in the
expressed indicator, giving rise to an emission light which can be collected and processed to
reflect cell/ligand activity.

Created using BioRender.com

A major consideration in fibre photometry systems is that the collected signal can often
be contaminated with background noise. Therefore, it is important to select
appropriate controls which are not expected to elicit any physiological processes and
can selectively measure background noise. For this, the most common approach is
to use an ‘isosbestic’ light. An isosbestic light would be chosen at a wavelength that
does not cause conformational changes to the expressed sensor, and thus any
fluorescence collected at this wavelength could be used as a reference to correct
against background noise and movement artifact (Simpson et al., 2024). Another

consideration for fibre photometry experiments is autofluorescence, which can occur
from the optic fibre, brain tissue, or patch cable. To overcome this issue, low-

autofluorescence patch cables can be used, additionally, photobleaching of patch
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cables is recommended prior to beginning experiments (Pisanello et al., 2014; Byron

and Sakata, 2024; Simpson et al., 2024). Overall, fibre photometry has been

successfully used to measure astrocyte activity in multiple brain regions (Tsunematsu
et al., 2021; Zhang et al., 2021a; Cai et al., 2022; Suthard et al., 2023; Noh et al.,

2023; Peng et al., 2023), and is a key technique to measure Ca?* activity in astrocytes.

1.3.5.4. Manipulating astrocyte activity
As astrocytes do not fire action potentials, manipulating their activity was largely
overlooked until recent progress in technology. Intracellular astrocytic Ca?* activity

was first discovered in astrocyte cultures (Cornell-Bell et al., 1990; Charles et al.,

1991), followed by slice experiments (Duffy and MacVicar, 1995), in anaesthetised

animals (Hirase et al., 2004), behaving animals (Wang et al., 2006), and finally human

cells (Oberheim et al., 2009). Following these studies classifying astrocytic activity,

the challenge remained of modulating astrocyte activity to further classify their activity.

Progress with astrocyte promoters has allowed for improvements in manipulating
astrocytic activity using optogenetic and chemogenetic techniques. Optogenetic
stimulation using channelrhodopsin2 (ChR2) has been used to excite astrocytes in
vivo (Fig. 1.15A) (Gourine et al., 2010; Perea et al., 2014; Masamoto et al., 2015;
Pelluru et al., 2016; Yamashita et al., 2014; Sasaki et al., 2012). However, ChR2-

induced astrocytic activation causes increases in extracellular K* which affects

neuronal firing (Octeau et al, 2019; Yu et al., 2020), making them generally

undesirable for studying astrocyte activity. Furthermore, as astrocytes do not elicit
action potentials, longer optogenetic stimulation is required (Octeau ef al., 2019).

Chemogenetic manipulation has become the most popular technique for manipulating
astrocytic activity. Chemogenetic technology involves engineering macromolecules
such as GPCRs to interact with previously unrecognised small molecules for the
specific manipulation of a target cell population, a technique often referred to as
designer receptors exclusively activated by designer drugs (DREADDSs) (Shen et al.

2021; Urban and Roth, 2015). Modified muscarinic, adrenergic, serotonergic, and k-

opioid chimeric receptors are amongst the most commonly used. Of these, modified
human M3 muscarinic G4-PCR (Gq-coupled hM3D) and the human M4 muscarinic Gi-
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PCR (Gi-coupled hM4D), are the most popular choices for activating and inhibiting
neuronal/glial activity, respectively (Armbruster et al., 2007; Roth, 2016; Urban and

Roth, 2015). In terms of inducing astrocytic Ca?* signalling, the G¢/phospholipase C

cascade is activated intrinsically by noradrenergic a1 and muscarinic acetylcholine
receptors, which triggers ATP release, phospholipase C (PLC) activation and IP3-
mediated release of intracellular Ca?* from the endoplasmic reticulum (Fig. 1.15B).
Following modifications to hM3D, it responds solely to synthetic designer activating
ligands, such as clozapine N-oxide (CNO). Activating astrocytes using chemogenetics
has successfully been used in many studies across brain regions (Adamsky et al.,
2018; Agulhon et al., 2013; Van Den Herrewegen et al., 2021; Martin-Fernandez et al.,
2017; Wahis and Holt, 2021; Durkee et al., 2019; Chai et al., 2017; Ding et al., 2013;
Peng et al., 2023; Cai et al., 2022; Ingiosi et al., 2023). Inhibiting astrocytic Ca®*

signalling using chemogenetics, on the other hand, is more challenging. While the

exact G; pathway in astrocytes remains unclear, G activation also seems to lead to
increased |IP3-mediated intracellular Ca®* concentration and triggers gliotransmission
(Fig. 1.15B) (Yu et al., 2020; Durkee et al., 2019; Chai et al., 2017; Nagai et al., 2019).

A major consideration when using chemogenetics is the activity of DREADDs
agonists. CNO is most commonly used and was originally reported to be

pharmacologically inert and have no off-target binding (Armbruster et al., 2007).

However, CNO can be reverse-metabolised into parent compound clozapine, with
both clozapine and CNO being reported to bind at several off-target receptors
(Jendryka et al., 2019; Gomez et al., 2017). Application of CNO alone, without

expression of DREADDs, has been shown to alter the sleep-wake cycle, particularly

at high doses, reducing proportion of REM sleep in total sleep time, and REM sleep
episode number, increasing REM sleep episode duration and latency to REM sleep,
as well as increasing NREM sleep time, episode duration, and reducing NREM sleep

latency and episode number (Traut et al., 2023). This puts a large emphasis on the

importance of having multiple control groups for chemogenetic studies, particularly for
studies investigating sleep. Alternatively, new DREADDs agonists have been
developed which are not reverse metabolised to clozapine and avoid off-target effects
(Chen_et al., 2015; Thompson et _al., 2018; Nagai et al., 2020). In particular
deschloroclozapine (DCZ) displays high potency and selectivity, and has no reported
off-target binding (Nagai ef al., 2020)
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Inhibiting astrocytic activity using other methods are possible, but the efficacy of such
techniques is debatable. Targeting IP3, which is highly involved in one of the major
pathways giving rise to astrocytic Ca®* release, is one of these methods. Mice lacking
IP3 receptor-2 (IP3R2), the primary IP3 receptor found in rodents, lack spontaneous
and evoked astrocytic Ca?* signalling, without knock-on effects on neuronal signalling,
however, this reduction was only found in the soma, not in astrocytic processes
(Srinivasan et al., 2015; Fiacco and McCarthy, 2018; Agarwal et al., 2017). Using the
Tet system with GLT1 promoter in transgenic mouse lines can create “IP3 sponges”,

which compete with IP3 for endogenous IP3R2 binding, reduced metabotropic
glutamate receptor (mGIluR)-mediated astrocytic Ca?* responses and reduced

astrocytic coverage of neurons (Uchiyama et al., 2002; Tanaka et al., 2013), however
also resulted in altered behaviours and detection of transgene expression in some
neurons (Tanaka et al., 2013; de Vivo et al., 2010). Combining AAVs under the
astrocyte promotor GfaABC+D along with protein p130 (p130PH), which acts as a

mobile cytosolic IP3 buffer, reduces cortical astrocyte activity by ~70% (Xie et al.

2010), however the mechanisms of how this occurs are unclear. Alternatively, a
genetic approach was developed which utilises a human Ca?* pump called plasma
membrane Ca?* ATPase isoform 2 splice variant w/b (hPMCA2w/b), which is not
endogenously expressed in murine astrocytes and extrudes Ca?* from cells, thus
named ‘calcium extruder’ (CalEx) technique (Fig. 1.15C) (Yu et al., 2018). AAVs under
the control of GfaABCiD overexpressing hPMCA2w/b can induce expression in

astrocytes and therefore attenuate astrocyte signalling regardless of Ca?* source.
Using this methods, reduced astrocytic Ca?* was found in the soma, branches and
processes and reduced tonic inhibition of striatal medial spiny neurons via blocking
astrocyte GABA transporter 3 (GAT3) (Yu ef al., 2018; Yu et al., 2021). However, this

calcium attenuation technique has relatively slower dynamics in comparison to

chemogenetics or optogenetics.

Overall, chemogenetic activation of astrocytes by activating Gqg-coupled hM3D,
delivered via an AAV under GfaABC1D promotor is currently the most accurate way
of inducing astrocyte activity, and provides flexibility in terms of target region. On the
other hand, ‘CalEx’ appears to be the most promising method to diminish astrocyte

activity.
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Figure 1.15. Techniques for modulating astrocyte activity. A. Optogenetic light stimulation of
Chr2 causes it to open allowing for an influx of Ca?*, Na* and H* leading to increased intracellular
Ca?+, but also results in increased extracellular K*. B. Top, Gg-couple GPCR activation leads to
PLC activation and cleavage of PIP, into IP; which mediates intracellular Ca?* realease. Bottom,
Gi-couple GPCR activation has unknown consequences which has been mostly reported to cause
increases in Ca?* signalling. C. CalEx involves over expressing hPMCA2w/b which pumps Ca®*

outwards from cell.
GPCR = G-protein couple-receptor, PLC = phospholipase C, PIP, = phosphatidylinositol 4,5-

biphosphate, IP; = inositol 1,4,5-triphosphate.
Image created using BioRender.com
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1.4. Hypothesis and aims

In summary, growing interest in astrocyte function has developed over the last several
decades. Given the robust functions of astrocytes, their role in executive functions
has become of particular interest, including their impact on sleep. As initially outlined
in this chapter, sleep is essential for our health and is highly involved in regulating
memory and learning, and is altered during neurodegenerative disorders such as AD.
In comparison to NREM sleep, REM sleep is relatively understudied but is thought to
contribute to learning and memory consolidation, and reductions in REM sleep occur
in patients with AD. Interestingly, in such disease pathology, astrocytes are also
altered and can undergo reactive astrogliosis. Thus, understanding if, and how,
astrocytes are involved in REM sleep regulation could contribute towards our
understanding of disease pathology.

While convincing evidence for changes in astrocyte activity throughout the sleep-wake
cycle has been outlined in studies so far, the effects of modulating astrocyte activity is
relatively unstudied, particularly in hindbrain regions such as the pons, which are
known to be a central regulatory region for REM sleep. Tsunematsu et al. recently
showed that pontine astrocytic Ca?* levels were lowest throughout the sleep-wake
cycle during REM sleep. However, a conflicting study by Peng et al. showed that
pontine astrocyte activity was increased during REM sleep compared to NREM sleep.
Contradictingly, they subsequently showed a reduction in REM sleep following
chemogenetic astrocytic stimulation. Further investigations which modulate pontine
astrocyte activity would develop our understanding of their contribution to sleep. This
information will provide insight for the possibility of modulating such astrocyte activity
to manipulate sleep outcomes, and sleep-mediated functions such as memory. If such
a link is found, this could lead to advancements in therapeutic strategies for various
disease states in which REM sleep and memory are both altered, such as
neurodegenerative diseases including AD.

This project is based upon the hypothesis that pontine astrocytes will play a regulatory

role in REM sleep generation, thus increasing astrocytic activity will reduce REM sleep
incidence. We also hypothesised that, given the implicated involvement of
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hippocampal theta for spatial memory, if REM sleep could be reduced by activating
pontine astrocytes, spatial memory would be impaired. To investigate this, we aimed
to chemogenetically activate pontine astrocytes using various concentrations of CNO
and monitor changes to the sleep-wake cycle. Given previous research finding
changes in the sleep-wake cycle dur to CNO alone, we carefully designed our
experiments to include several control groups. We then aimed to determine such

astrocytic modulation would affect memory in vivo using a spatial memory test.

In the following chapter, | will describe the techniques we used to address our
hypotheses and aims.
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2. Material and Methods

In this chapter, | will describe the methods and materials that were used throughout
this project. First, | will provide a brief summary about the animals used (section 2.1),
and which type of experiments they were used in, which will be expanded on in the
relevant results chapters. Next, | will clarify how implants for surgeries were fabricated
(section 2.2), followed by detailed descriptions of all types of surgeries that were done
throughout this project (section 2.3). | will then outline the different types of
experiments that were carried out. Firstly, this will involve details about chemogenetic
experiments, including how drug treatments were prepared, the electrophysiology
system which was used for experiments, and finally explain how habituations and
recordings were done, with reference to timelines of the entire experiment (section 2.4
and section 2.5). Details regarding the methods and materials used in behavioural
experiments will then be reported (section 2.6). Next, fibre photometry experiments
will be described by outlining the system used, and how recordings were completed,
with reference to experimental timelines (section 2.7). | will then provide details about
histology procedures and the materials used (section 2.8). Finally, approaches for
data analysis and statistical analysis for all experiments will be described (section 2.9
and section 2.10).

2.1. Animals

All experiments were performed in accordance with the UK Animals (Scientific
Procedures) Act of 1986 Home Office regulations (PP0688944), and with the consent
of the University of Strathclyde’s Ethical Committee. A total of 94 wild-type (WT)
C57BL/6 mice (consisting of 55 males and 39 females aged 8-24 weeks upon time of
surgery) have been used in this project. In this project, 4 of these mice were used for
surgical technique training and optimisation of surgical procedures. 43 mice were
used during chemogenetic studies (Chapter 3), of which 11, and an additional 33 mice
were used for memory tests (Chapter 4). Finally, 14 mice were used for pilot fibre
photometry studies (Chapter 5) (Fig. 2.1A). A detailed breakdown of the animals used
in different experiments and the inclusion criteria for experiments will be described in
the relevant results chapters. Animals were provided with ad libitum access to food

and water and were housed with sex-matched littermates where possible, or otherwise
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housed individually, in a 12:12 hour light/dark cycle. All experiments were performed
during the light-on period (7:00-19:00 zeitgeber time (ZT) 0-12).

An overview of each workflow can be seen in Figure 2.1B. Briefly, animals used in
chemogenetic studies underwent virus injection surgeries (see section 2.3.2.2), and
EEG/EMG headcap implantation surgery (see section 2.3.3) which required
fabrication of EEG/EMG headcaps to be completed prior to surgery (see section
2.2.1). The methodology for chemogenetic experiments for these animals is explained
in section 2.5 (for CNO preparation see section 2.4). After completing experiments
these animals were perfused and their brain tissue extracted (see section 2.8.1-2.8.2)
and used for immunohistochemistry (see section 2.8.2.1). Data analysis for histology
(see section 2.9.1) and sleep scoring data (see section 2.9.2) and statistical analysis
was applied (see section 2.10). The results from these animals are reported in
Chapter 3. Animals used in memory tests underwent the same virus injection surgery
protocol (see section 2.3.2.2) prior to behaviour experiments (see section 2.6) in which
CNO preparation was also necessary (section 2.4). Brain extraction and histology
was also done using the same protocols (see sections 2.8.1-2.8.2 and section 2.8.2.1,
respectively) prior to data analysis which involved histological analysis (see section
2.9.1), behaviour analysis (see section 2.9.3), and statistical analysis (see section
2.10). The results from this subgroup of animals are reported in Chapter 4. Animals
that were used in combined fibre photometry and chemogenetic experiments first
underwent a unilateral virus injection surgery (see section 2.3.2.3), and then a joint
EEG/EMG headcap implantation and fibre implantation surgery (see section 2.3.4).
Prior to implantation surgeries, fabrication of EEG/EMG headcaps and fibres had to
be completed (see section 2.2.1 and section 2.2.2, respectively). Experimental
protocols for this animal group are outlined in section 2.7, in which CNO preparation
was again necessary (see section 2.4). Following completion of experiments the brain
tissue was extracted for these mice (see section 2.8.1-2.8.2) and
immunohistochemistry was undertaken using a separate protocol to other animal
groups (see section 2.8.2.2). Data analysis was done for histological data (see section
2.9.1), sleep scoring (see section 2.9.2) and fibre photometry data was processed (see

section 2.9.4). The results from this subgroup of animals are reported in Chapter 5.
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Figure 2.1. Flowchart of animals used in all experiments. A. From a total of 94
mice, 4 were used for training purposes, 43 were used for chemogenetic
experiments, and 44 for memory tests. 11 of these animal were used in both
experiments. 14 mice were used for fibre photometry experiments. B. Workflow of
experimental methodology in each chapter, with reference to relevant sections for
descriptions of methods.
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2.2. Implant fabrication
2.2.1.  Soldering EEG/EMG headcaps

Insulation was removed from either side of ~1cm sections of copper wires (Farnell,
357-918) for EEG and ground connections and red wires (Farnell, 2840/7) for EMG
connections, and soldered to pins of 2x3 PCB sockets (RS components, 767-8944).
Connections were tested using a voltmeter and secured using dental cement
(Kemdent, Simplex rapid powder ACR803; Simplex rapid liquid ACR920) (Fig. 2.2A-
B).

2.2.2. Fibre fabrication

Insulation from a section of 400 ym fibre patch cable (Thorlabs, FP400URT) was
removed using a microstripper (Thorlabs, T21S31), and the fibre was cut into ~1.5 cm
segments using a fibre optic scribe (Thorlabs, S90R). Fibres were inspected under a
microscope to ensure edges were flat and undamaged. One side of the fibre was
inserted into a ferrule (Thorlabs, CF230-10) and secured using epoxy (Opti-tec,
OPT5053-F-B450G parts A and B). Once dried and solidified, the excess fibre was
removed from the top of the ferrule, leaving only ~5mm of fibre exposed from the
bottom side of ferrule. For polishing, the top side of the fibre was placed into a
polishing disk (Thorlabs, D50-F), and several diamond lapping polishing sheets
(Thorlabs, LF30D, LF6D, LF3D, LF1D, LFCF) were laid on a glass polishing plate.
Using distilled water, the top of the ferrule and fibre were polished starting with the
coarsest grit size polishing sheet, working down to the finest grit size polishing sheet
(30, 6, 3, 1, 0.2 um) (Fig. 2.2C-D).

To test the efficacy of the fibres, a baseline power output was first calculated using an
analogue handheld laser power metre console (Thorlabs, PM100A), and attached
photodiode power sensors (Thorlabs, S120C), by measuring the optical power of the
400 um fibre cable alone at an LED output power of 5V. The baseline optical power
was calculated for both LED laser wavelengths (405 nm and 470 nm). The fibres for
testing were then connected to the fibre cable using a mating sleeve, and the optical
power was measured at the same output powers for both wavelengths. For in vivo

experiments using GCaMP&6f, light powers in the range of 10-60 yW/mm? at the tip of

optic fibre were used (Chen et al., 2013b; Sylantyev and Rusakov, 2013).
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Figure 2.2. Schematic and images of headcaps and fibres. Layout and final
construct of headcap (A-B), and fibre (C-D).

2.3. Surgeries

2.3.1.  Anaesthesia and analgesia

Anaesthesia was induced by 5% isoflurane and 0.8 L/min oxygen airflow and lowered
to 3% following loss of consciousness (Fig. 2.3). The head was shaved and then mice
were moved to a stereotaxic frame (Narishige, SR-5M-HT) with teeth fitted into the
incisor bar (Fig. 2.3). Heat was provided by placing animal on a heat pad (which was
kept at 37°C throughout surgeries) to maintain body temperature throughout the
surgery, and anaesthesia was maintained between 1-2% isoflurane and 0.8 L/min air
flow, delivered via a nose cone (Fig. 2.3). The head was stabilised by fitting ear barring
cones in the ear canals, and eye gel was applied on the eyes throughout the surgery

to prevent drying. Breathing and lack of reflexes were monitored throughout surgery.
Analgesia was given prior to commencing surgery as 8 mg/kg local analgesia

(Lidocaine or Naropin) subcutaneously at the head, and 20 mg/kg non-steroidal anti-
inflammatory drug (NSAID) (Carprofen) and 0.1 mg/kg opioid (Buprenorphine)
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subcutaneously at the lower back, sites were cleaned with ethanol prior to injections.
0.3-0.4 ml of saline was injected subcutaneously following surgery to support recovery,
and a second oral dose of 20 mg/kg Carprofen was administered 24 hours following
surgery. All surfaces were disinfected prior to surgery, and aseptic techniques were
maintained during surgery by using sterile surgery gloves, and autoclaving gowns,

surgical equipment, and drapes to cover the surgical environment.
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Figure 2.3. Anaesthesia set up. Anaesthesia induction begins in the induction
box (top), before animals are moved onto a stereotaxic frame where
anaesthesia is delivered via the nose cone (bottom).
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2.3.2. Viral injections

2.3.2.1. General start of viral injection surgery
After mice were anaesthetised and prepped for surgery, the head was covered in
betadine to promote healing and prevent infection, and an incision was made down
the midline of head. The periosteum was then dissolved using hydrogen peroxide and
removed using surgical scissors. Using bregma and lambda (Fig. 2.4), the head was
levelled to a difference of less than 100 um, ideally >50 um, for precise and accurate
targeting of stereotactic coordinates. Burr holes were drilled over the site(s) of interest
at a 90° angle. Sterile phosphate-buffered saline (PBS) was then used to clean the

scull surface from scull fragments and blood.

2.3.2.2. Animals used in chemogenetic-only and memory testing
experiments
For animals used in chemogenetic-only experiments or memory testing, 200-300 nl of
either AAV5-gfaABC+D-tdTomato (Addgene, 44332-AAVS; 2 7x10"? gc/mL) or AAVS-
gfaABC1D-hM3D-mCherry (provided by Dr. Jun Nagai, 3x10'? gc/mL) was ejected
bilaterally into the region of the SLD (from bregma; -5.1 mm anterior/posterior (AP), +
0.8 mm medial/lateral (ML), from brain surface; -3.2 mm dorsal/ventral (DV)) at a rate
of 50 nl/min (Fig. 2.4 & Fig. 2.5). Such co-ordinates were chosen based on previous
publications (Tsunematsu et al., 2020; Uchida et al., 2021; Patel et al., 2020; Feng et

al., 2020; Krenzer et al., 2011). Volumes of viral injections were originally 300 nl, which

were reduced to 250 nl and eventually reduced to 200 nl to minimise viral spread,
based on histological data. Several animals included in memory tests only were
injected with a second batch of AAV5-gfaABC1D-hM3D-mCherry (provided by Dr. Jun
Nagai, 1x10'® gc/mL) at a dilution of 1:2 hM3D:saline.

2.3.2.3. Animals used in combined fibre photometry and
chemogenetic experiments
For animals used in combined fibre photometry and chemogenetic experiments, equal
volumes of AAV5-gfaABC1D-GCaMP6f (Addgene, 52925-AAVS; = 7x10"* vg/mL) and
either AAV5-gfaABCD-tdTomato or AAV5-gfaABC1D-hM3D-mCherry were mixed

together and 200 nl of the final combination was injected unilaterally into the SLD (from
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bregma; -5.1 mm AP, + 0.8 mm ML, from brain surface; -3.2 mm DV) at a rate of 50
nl/min (Fig. 2.4).

2.3.24. General end of viral injection surgery

As per the “pocket” technique, the pipette was initially slowly lowered an extra 20 um
depth than the area of interest for 1-2 minutes before returning to the correct position
to create a pocket, in hope that this would prevent upwards leakage along the injection
pathway and result in a more accurate delivery of virus to correct position. The
“sandwich” technique, layering virus between layers of mineral oil, was originally used
to minimise viral leakage along injection pathway, but due to damage caused from air
bubbles, this technique was discontinued.

After the injection was complete, brain tissue was left to settle for at least 10 minutes
before the pipette was removed. For animals used in chemogenetic and memory test
experiments this process was repeated for the other hemisphere. Injection sites were
covered with a biocompatible silicone adhesive (Kwik-Sil or Kwik-Cast, World
Precision Instruments) to seal the skull, and sutures were used to close the incision
(Ethicon Ethilon 1865H Black 5-0 suture PC-3 45cm). Mice were given post-operation
fluids, and analgesia as previously described, and closely monitored for the following

4 days.
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Figure 2.4. Skull markings and injection site.
Image created using BioRender.
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Figure 2.5. Surgical set up for virus injections.
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2.3.3. EEG and EMG headcap implantation

As described previously, the head was shaved and covered in betadine to promote
healing and prevent infection, and an incision was made down the midline of the head.
The incision was then expanded, and excess skin was removed using forceps and
surgical scissors, and periosteum was dissolved using hydrogen peroxide and
removed. Skull screws were fitted into burr holes over the pre-frontal cortex for EEG
connections (bilaterally from bregma; +1.5 mm AP, £1.0 ML) and over the cerebellum
for ground connections (bilaterally from lambda; -2 mm AP, £2 mm ML) and the
uninsulated part of relevant EEG and ground wires were twisted and tightened around
screws (Fig. 2.6, without fibre). A voltmeter was used to ensure firm connections
between wires and screws. EMG wires were placed under the skin at the back of the
neck for contact with the neck muscle. The head cap was secured with dental cement,
and the skin was sealed using dental cement. In some animals, EEG implants were
made over the hippocampus (from bregma; -2 mm AP, £1.5 ML) on one hemisphere
to test the difference in the quality of EEG signals between the pre-frontal cortex and
hippocampus. Such difference in quality was minor, so the pre-frontal cortex was used
for the majority of mice due to ease of positioning the headcap. Mice were given post-
operation fluids, and analgesia as previously described, and closely monitored for the
following 4 days. To allow for recovery, habituations and experiments begun at least
one week after headcap surgery.

2.3.4.  Fibre implantation
An incision was made and expanded as described above. The skull was levelled by
measuring bregma and lambda (<50 um) using a ‘dummy’ fibre fitted into a custom-
made attachment to the stereotaxic frame. If the previous site from virus injection
surgery was not visible, the fibre-implant site was measured and marked. Skull screws
for EEG and ground connections were fitted as described above and the wires from
the headcap were attached and secured, and the EMG wires were placed under the
skin at the neck (Fig. 2.6). A burr hole was made over the fibre implant location and
any remaining Kwik-Cast from the previous surgery was removed. Craniotomy
tweezers were used to ensure the bone was properly removed, and to pierce the dura.
The fibre was slowly lowered into the target location using the manipulator (from
bregma; -5.1 AP, +0.8ML, from brain surface; -3.1 DV) (Fig 2.5) slightly dorsal from
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virus injection to receive optimal fluorescent signal. During insertion, the fibre was
retracted slightly every ~1000 nm to allow the brain tissue to adjust and avoid damage.
The brain was left to settle for 10 minutes and the burr hole around the fibre was
covered using Kwik-Cast. The exposed fibre and bottom of the ferrule were covered
in superglue (RS Components, 918-6872), which was then covered in a layer of dental
cement. Alternating layers of superglue and dental cement were applied until the fibre,
and headcap were secured. Once the fibre was secure, the stereotaxic frame
attachment was removed, and a ceramic cap was placed over the fibre for protection
(Fig. 2.6, insert). Mice were given post-operation fluids, and analgesia as previously
described, and closely monitored for the following 4 days. To allow for recovery,
habituations and experiments begun at least one week after implantation surgery.

Ceramic fibre cover

Midline

Bregma

Headcap

’ Fibre

@ Virus/fibre sites
v O EEG site

A N © Ground site

) @ EMG connections

Lambda

Neck musble
Figure 2.6. Arrangement of headcap and fibre after fibre implantation

surgery.
Image created using BioRender.
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2.4. CNO preparation

2.4.1.  Drug preparation

Clozapine-N-oxide (CNO) (Tocris, 4936) was diluted in a 0.5% DMSO in PBS to a final
dose of 1, 5, or 10 mg/kg. The following equation was used to calculate injection

volumes in ml:

weight (kg) X drug dose (T:—g)

injection volume (ml) = Mg
drug concentration (W)

Vehicle solutions consisted of 0.5% DMSO in PBS.

2.4.2.  Drug delivery
All drug treatments were delivered via i.p. injections using the above equation.
Animals were habituated to injections 1-2 days prior to commencing experiments by
scruffing and touching the lower left and right quadrants of the abdomen prior to

experiments.

2.5. Chemogenetic experiments

In this subsection, | will first describe how we fabricate connectors, which, for
electrophysiology experiments, are fitted into the mouse’s headcap and are used to
transmit the initial signal to the rest of the system (Fig. 2.7, bottom right insert). | will
then explain in detail the electrophysiology set-up that was used in chemogenetic
experiments, which are explained in the final part of this section (see section 2.5.3).

2.5.1.  Soldering the connectors
The relevant wires of connectors (Omnetics, A79044-001) were cut roughly 2-3 cm
from the base, and the insulation was removed from the ends of these wires. 2
sections of 3 pins were cut from one-row PBC sockets (RS components, 767-9751),
and the uninsulated ends of wires were soldered to their relevant socket. Connections
were secured using dental cement. Exposed wires were secured using either dental

cement or heat shrink tubing (Fig 2.7, bottom right).
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2.5.2.  Electrophysiology set-up

The connector (Omnetics, A79044-001, configuration described above) was attached
to a 16Ch headstage (Intan, #C3334), responsible for amplifying and digitalising
electrophysiology signals. From the headstage, the signal was then passed through
a blue RHD serial peripheral interface (SPI) cable (Intan, #C3203), to a RHD SPI cable
adapter board (Intan, #C3430) (Fig. 2.7). Following the first cable adapter board, the
signal was passed through a slip ring (Moflon, MC330) to a second SPI cable adapter
board. From here, the signal passed through a second SPI cable to a RHD USB
interface board (Intan, C3100), and then directly to the computer. Electrophysiology
signals were displayed and recorded on the computer using Intan RHX Data
Acquisition Software, version 3.1.0 (Fig. 2.7).

Four set-ups could be connected to the single USB interface board using the four SPI
ports A-D. Copper wire mesh was placed underneath the box and connected to a
ground for Faraday cage connection on the USB Intan board using a copper wire to
ground the recorded signals (Fig. 2.7).

For each set-up, lids of transparent acrylic boxes (30 cm x 30 cm x 40 cm height) were
fitted with a slip ring (Moflon, MC330) (Fig 2.7). The wires emerging from each end
of the slip ring were soldered to relevant pins on the SPI cable adapter board. The
configuration of wires and pins had to be carefully mapped so that signals could pass
through the entire system, and then the correct corresponding channels on Intan RHX
Data Acquisition Software were selected.
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Figure 2.7. Sleep recording set-up. Schematic of set up equipment including acrylic
box, lid with slip ring attached, two blue intan wires, both connected to slip ring wires
using RHD adapter boards - one then is attached to an arm and fitted with a 16Ch
headstage and adapter which is plugged into mouse's headcap, and the other is plugged
into the RHD USB interface board which is connected to the computer. A grounding
cable is also connected to the RHD USB interface board which is also connected to a
copper mesh fitted underneath the box to ground electrophysiological signals.
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2.5.3.  Habituations and recordings

To allow an adequate recovery period, mice were allowed to recover for at least 1
week following headcap surgery, which took place at least 3 weeks after viral injection
surgeries, to allow for optimal virus expression (Fig. 2.8). Habituations were then
performed for 2-3 days prior to commencing experiments by increased handling of the
mouse and introducing the mouse into the acrylic box, untethered, and then tethered
for an increasing amount of time. Following habituations, 1-2 days of 6-hour baseline
recordings were done where mice received no drug treatment (Fig. 2.8). Mice were
connected to the recording set-up by head-fixing the mouse and attaching the
connector to the mouse’s headcap. For baseline recordings and chemogenetic
studies, signals were recorded for 6 hours during the light-on phase (zeitgeber (ZT) 1-
12) (Fig. 2.8). For studies also looking at rebound sleep following chemogenetic drug
manipulation, signals were recorded for 10 hours during the light-on phase (ZT 0-12).
CNO injections were delivered immediately before commencing recordings, and each
treatment was repeated at least twice before brain extraction and histological analysis
(Fig. 2.8). Electrophysiological signals from relevant channels were recorded using
Intan software at a 1 kHz sampling rate with a bandwidth range above 0.1 Hz.
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Figure 2.8. Timeline of chemogenetic experiments. Experimental process begins at
day 1 on the day of surgery undergoing bilateral viral injections, followed by EEG/EMG
headcap implantation. The animal was left to recover for at least 1 week prior to
habituations to recording chambers. To allow for virus incubation, chemogenetic
experiments began 4 weeks onwards. Once experiments were complete the animal was
perfused for histological analysis.

Created using BioRender.com
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2.6. Behavioural tests

Behaviour testing was completed at least 4 weeks after virus injection surgery to allow
sufficient viral expression. For behavioural testing, mice first completed the novel
object location test, a modified version of the novel object recognition test (Antunes
and Biala, 2012; Boyce et al., 2016), followed by the novel object recognition test
(Ennaceur _and Delacour, 1988; Ennaceur, 2010; Silvers et al., 2007). The

experimental design was largely based on the study by Boyce et al. which examined

memory deficits following optogenetic inhibition of theta oscillations during REM sleep
(Boyce et al., 2016).

The test boxes were open-topped 40 x 40 x 40 cm white opaque square containers
with obvious markings on one wall, for spatial cues (Fig. 2.9). Behavioural tests were
run between ZT 0-2 (first two hours of the light-on phase) over 5 consecutive days
(Fig. 2.10). On day 1 mice were habituated to the empty test box and allowed to freely
explore for 20 minutes. On day 2, two identical objects (Fig. 2.9, left) were each placed
in a random quadrant of the test box, and mice were exposed to this environment for
10 minutes. Before being returned to their home cage, mice received an i.p. injection
of either Veh or CNO (1 mg/kg). On day 3, one of these objects was moved to a
different quadrant and mice were allowed to explore this environment for 10 minutes.
On day 4, the same two objects were each randomly assigned to a quadrant and mice
were allowed to explore for 10 minutes. Again, before being returned to the home
cage, mice received i.p. injections of either veh or CNO (1 mg/kg). On day 5, objects
were placed in the same location as on day 4, but one object was replaced by a
distinctively different object (Fig. 2.9 & Fig. 2.10). To prioritise spatial memory tests,
NOLT was consistently performed first, followed by NORT. Objects used, and
locations of said objects where randomised for each animal. An overhead camera
(Nulaxy HD, 1080p) was attached to the ceiling directly above the centre of test boxes
and videos were recorded using a custom written LABVIEW code at 25 frames per

second.
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Test boxes

Exemplar objects

Figure 2.9. Objects and test boxes used in memory testing. Example of
two pairs of distinct objects used in memory testing, including plastic cylinders,
and falcon tubes filled with sand. Other objects of similar size were also used
(left). Layout of the 4 test boxes with wall markings on one side (right).
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Figure 2.10. Schematic of behavioural test experimental design. Day 1 includes
habituation to the empty box (20 mins). Day 2 includes encoding phases of novel object
location test (NOLT) to two identical objects each placed in a random quadrant (10
mins). Day 3 is retrieval of NOLT, where one object is moved to a distinct location (10
mins). Day 4 is the encoding phase of the novel object recognition test (NORT) where
two objects are each placed in a random quadrant (10 mins). Day 5 is the retrieval
phase of NORT where one object os changed to a distinct object (10 mins). Injections of
either vehicle or CNO (1 mg/kg) are given immediately after encoding phases on day 2
and 4.

Created using BioRender.com

84



2.7. Fibre photometry
2.7.1.  Setup

The fibre photometry system was set up and characterised by Dr. Shuzo Sakata and
Dr. Yuri Elias Rodrigues (Fig. 2.11 & Fig. 2.12). This system was based on established
illumination protocols using two wavelengths, a 470 nm LED (Thorlabs, M470F3) used
to excite GCaMP&6f (Fig. 2.13), and a 405 nm LED (Thorlabs, M405F 1) used to obtain
a Ca?*-independent isosbestic signal (Patel et al., 2020; Kim et al., 2016; Simpson et
al., 2023). LEDs were each connected to an LED driver (Thorlabs, LEDD1B) and were
independently controlled by a National Instruments (NI)-DAQ (NI, USB-6343) (Fig.
2.11), using a custom-written LABVIEW code. Light from each LED was passed to
the first dichroic mirror using an FC/PC to SMA patch cable (Thorlabs, M91L01). Light
from the 470 nm LED was transmitted through both dichroic mirrors (Thorlabs, MD416
and DMSP490R), while light from the 405 nm LED was reflected through the first

dichroic mirror and transmitted through the second. At the four optical entry points of

the dichroic mirrors, a collinator (Thorlabs, FO50FC-A) was used to direct the beam of
light (Fig. 2.11).

Light from both LEDs was carried along a low autofluorescence patch cable to ferrule
(Thorlabs, MAF3L1) and connected to the implantable optic fibre using a 2.5 mm
ceramic mating sleeve (Thorlabs, ADAF1) (Fig 2.11, bottom right). After GCaMPG6f
was excited by the 470 nm LED, emitted fluorescence (~520 nm) (Fig. 2.13) was
collected from the fibre and carried back along the autofluorescence patch cable and
reflected through the dichroic mirror (DMSP490R) (Fig. 2.11-2.12). It was then filtered
using a bandpass filter (Thorlabs, FBH520-10) and carried along a low
autofluorescence patch cable (Thorlabs, MAF1L1) and collected at a Femtowatt
photodetector (Newport, 2151), where the signal was sent back to the NI-DAQ and
recorded using the previously mentioned custom-written LABVIEW code (Fig. 2.11).

Simultaneously, EEG and EMG signals from the implanted headcap were connected
to an Omnetics adapter (Omnetics, A79044-001) and 16Ch headstage to amplify
signals (Intan, #C3334). EEG/EMG signals were carried along an Intan wire (Intan,
#C3203) to a USB interface board (Intan, C3100). Finally, EEM/EMG signals were
carried to the NI-DAQ, and recorded using the LABVIEW code (Fig. 2.11).
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Figure 2.11. Schematic of fibre photomtry set up. 470 nm and 405 nm
LEDs were driven by LED drivers and controlled by an NI-DAQ. Light was
directed through two dichroic mirrors and delivered to animal. When GCaMP6f
was excited, emitted light was reflected through a dichroic mirror and filtered
by a GCaMP bandpass filter to be collected by a photodetector and recorded
by the NI-DAQ. EEG/EMG signals were simultaneously meaured using Intan
equipment.

Top inserts, MD416, reflective band = 360-407 nm, transmission band 425-575 nm
(left). DMSP490R, reflective band = 505-800 nm, tranmission band 380-475 nm
(right). Centre insert, FBH520-10, blocking regions 200-500 nm, 540-1200 nm.
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Figure 2.12. Fibre photometry set up. Fibre photometry set up including
zoomed in pictures of the LED-Fibre-Photodetector system (top), and tethered
mouse (bottom).
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Figure 2.13. Excitation/emission wavelengths of GCaMP6f.
Spectrum image from fpbase.org

2.7.2.  Habituations and recordings
Habituations occurred several days prior to experiments by tethering the mouse to the
patch cable and connector. On habituation days different laser powers were tested
for 10-30 minutes for both 405 nm and 470 nm (output power 3-5V) to achieve
maximum effects at minimum voltage. As autofluorescence of the patch cable can
interfere with the collected signal, photobleaching of the patch cable was done for at
least several hours before each experiment using a custom-written LABVIEW code.
Ultimately this meant the LEDs were left on at full power to reduce autofluorescence
within the system. Experiments begun at least 4 weeks after virus injection, and at
least one week after fibre implantation to allow sufficient virus expression and
recovery, respectively (Fig. 2.14). For experiments, mice were tethered to the
Omnetics connector, and the patch cable using a ceramic mating sleeve (Fig. 2.12,
bottom). Light was delivered with a pulse frequency of 40 Hz and a 30% duty cycle.

Baseline recordings of fluorescence output and EEG/EMG signals were measured for
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1 hour before mice were administered an i.p. injection of vehicle or CNO (1-10 mg/kg).
Signals were recorded for a further 3 hours after CNO or vehicle injection before
animals were returned to homecage, thus recordings lasted a total of 4 hours (ZT 5-
10). Both electrophysiology and fluorescence data were collected at a sampling rate
of 10 kHz. After untethering mice, the mating sleeve was removed, and a protective

ceramic cap was used to protect the fibre (Fig 2.5).

It is worth noting that due to time constraints, only such short baseline activity (1-hour)
was measured prior to vehicle or CNO administration. Ideally, baseline recordings of
4 hours would be done prior to commencing experiments, to measure natural changes

in brain activity cause by circadian fluctuations.
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Figure 2.14. Fibre photometry and chemogenetic experiment timeline.
Virus injections occur on day 1 and around 3 weeks later fibre and headcap
implantation occurs. At least 4 weeks after virus injection and one week after
fibre implantation experiments can begin. Once all conditions have been tested
the animal is perfused and histology is done.

Created using BioRender.com

2.8. Histology

2.8.1.  Tissue removal
Following injections with 0.1 ml (i.p.) lidocaine and 0.1 ml (i.p.) pentobarbital, a
transcardial perfusion with 20 mls PBS (0.1 M) and 20 mls 4% paraformaldehyde
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(PFA) in PBS was performed. The brain tissue was extracted and post-fixated in 4%
PFA at 4°C overnight, and finally transferred into 30% sucrose/ 0.1 M PBS solution for

several days at 4°C prior to immunostaining.

2.8.2.  Immunostaining and imaging

60-80 um coronal slices were obtained using a microtome (SM2010R, Leica) from the
posterior brain regions to include areas of the hindbrain, and midbrain, specifically the

pons.

2.8.2.1. Staining for chemogenetic-only and behavioural
experiments
For post-experimental histological analysis for animals used in chemogenetic-only and
behavioural tests, 80 um slices underwent blocking using a 10% normal goat serum
(NGS) (Invitrogen - Thermo Fisher)-0.5% Triton X (Merck, 648462) in PBS (PBST)
solution for 1 hour at room temperature. Slices were then incubated with primary
antibodies rabbit anti-dsRed (1/1000) (clontech, 632496), or mouse anti-mCherry
(1/1000) (Abcam, ab125096), and rabbit anti-GFAP (1/1000) (Abcam, ab7260), rabbit
anti-S100b (1/200) (Abcam, ab52642), or rabbit anti-NeuN (1/1000) (Abcam,
ab177487) in a 3% NGS-PBST solution overnight at 4°C. 3% NGS in PBST was used

as a negative control.

The following day, slices were washed with PBS for 5 minutes 3 times prior to an
incubation with secondary antibodies goat anti-rabbit AlexaFluor 594 (Invitrogen,
A11012), or goat anti-rabbit AlexaFluor 488 (1/1000) (Life Technologies, A11034) and
goat anti-mouse AlexaFluor 594 (1/1000) (Life Technologies, A21145) in a 3% NGS-
PBST solution for 2 hours at room temperature. Slices were washed as previously
described and counterstained with DAPI (1/1000) (ThermoSci, 62248) for 5 minutes
at room temperature. Slices were washed for a third time as previously described and
mounted onto microscope slides using 0.3% gelatine solution. Finally, the slides were
sealed with coverslips using flouromount (Invitrogen, 00-4958-02) and imaged on an
epifluorescent upright microscope (Nikon, Eclipse E600) or a confocal microscope
(Leica SP8).
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2.8.2.2. Staining for combined fibre photometry and
chemogenetic experiments
For animals used in combined fibre photometry and chemogenetic studies,
immunostaining was similar to that described in the previous section, with some
alterations. Briefly, 60 um slices first underwent blocking with 10% goat serum-PBST
as previously described, and were incubated with primary antibodies rabbit anti-dsRed
(1/1000) (clontech, 632496), or mouse anti-mCherry (1/1000) (Abcam, ab125096),
and chicken anti-GFP (1/1000) (Abcam, ab13970) in a 3% NGS-PBST solution
overnight at 4°C. A proportion of slices were also stained with rabbit anti-GFAP
(1/1000) or rabbit anti-NeuN (1/1000). Again, 3% NGS in PBST was used as a

negative control.

The following day sections were washed as previously described before the secondary
antibody incubation. = Secondary antibodies goat anti-rabbit AlexaFluor 594
(Invitrogen, A11012), or goat anti-mouse AlexaFluor 594 (1/1000) (Life Technologies,
A21145) and goat anti-chicken AlexaFluor 488 (1/1000) (Abcam, ab150169) in a 3%
NGS-PBST solution were left to incubate for 2 hours at room temperature. Slices that
were exposed to rabbit anti-GFAP or rabbit anti-NeuN were also stained with goat anti-
rabbit AlexaFluor 405 (1/500) (Abcam, 175652). Slices were washed as previously
described, and those that were not stained for rabbit anti-GFAP or rabbit anti-NeuN
and goat anti-rabbit 405 were counterstained with DAPI (1/1000) for 5 minutes at room
temperature and washed for a third time. Slices were then mounted and imaged as
previously described.

Individual images taken with a 4x objective lens on the epifluorescent microscope were
stitched together using a custom-written MATLAB script to create full-brain slice
images. Fiji (ImagedJ) was used to process images and to add the relevant colour to
all images captured on the epifluorescent or confocal microscopes.

2.9. Data analysis

2.9.1.  Histology mapping

Virus expression was mapped partly using the QUINT workflow (Puchades et al.,

2019; Berg et al., 2019), and Adobe lllustrator 2024. Once images were prepared
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using Fiji (Fig. 2.15A), each image was registered to the Allen Mouse Brain Common
Coordinate Framework version 3 (CCFv3) (Wang et al., 2020), by matching identifiable

landmarks using QuickNIl software (Fig. 2.15B). Next, sections underwent non-linear
refinement and were corrected for deformations using VisuAlign software (Fig. 2.15C),
which gave output atlas maps corresponding to input sections (Fig. 2.15D). Next, the
ilastik software was trained to detect virus expression and/or damage from fibre from
input images, and was used to extract segmentations of virus expression and/or fibre
location (Fig. 2.15E). Atlas maps and segmentations were overlayed (Fig. 2.15F).
Atlas maps from multiple animals in the same experimental group, which were of
similar regions (in terms of AP axis) were then aligned on Adobe lllustrator, and the
corresponding segmentation was matched. Transparency of segmentations were
then altered to visualise several segmentations of a singular atlas map to show
expression patterns in specific regions across multiple animals (Fig. 2.15G).
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Figure 2.15. Histology using QuickNIl workflow. Input images (A), were registered to the Allen
Mouse Brain atlas CCFv3 (2017) using QuickNII (B) and corrected for deformations using VisuAlign
(C) which produced output atlas maps (D). The ilastik software was trained to detect virus
expression and produce segmentation outputs (E). Altas maps from visualign and segmentation
from ilastik were overlayed (F). Altlas maps from the same brain regions were aligned and the
corresponding segmentation was overlayed, transparency was used to demostrate quantity of
animals expressing virus in specific regions (G).
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2.9.2.  Sleep scoring
RHD files from Intan were converted into a singular .dat file using a custom-written
MATLAB script. For fibre photometry experiments, electrophysiology data was down
sampled from 10 kHz to 1 kHz, for ease of sleep scoring. For all sleep scoring, the
EEG and EMG signals were then extracted and processed using a MATLAB function
(SleepScoring_Auto, https://github.com/Sakata-Lab/SleepScore), and then manually
curated using a custom-written Manual Sleep Scoring code
(SleepScoring_Manual_ver2, https://github.com/Sakata-Lab/SleepScore). For
manual curation, 4-second epochs of EEG and EMG signals were used to determine
awake, NREM sleep, or REM sleep states in accordance with the standard criteria
(Radulovacki et al., 1984; Tobler et al., 1997). NREM sleep consists of high amplitude
EEG activity, delta activity (1-5 Hz), and low EMG power (Fig. 2.16, top), and REM
sleep consists of low amplitude EEG, theta activity (6-10 Hz), and the lowest form of

EMG power demonstrating muscle atonia (Fig. 2.16, bottom). Episodes of active
wake are typical of very active EMG traces and very low EEG trace amplitude, with
frequent artefacts caused by excessive movement (Fig. 2.17, top), while quiet
wakefulness is characteristic of low EEG amplitude and larger EMG amplitude than
both sleep states but visibly lower than active wakefulness (Fig. 2.17, bottom). Both
active and quiet wakefulness have little to no delta or theta activity, and were classified
together as awake (Fig. 2.17). Specific data such as spectrograms and hypnograms,
percentage of time in each sleep state, number of sleep transitions, and length of state
episodes were extracted from individual data sets following sleep scoring and was
used for group analysis using custom-written MATLAB codes.

Spectral analysis was done following manual sleep scoring. Oscillatory frequencies
were extracted from all recordings and sorted depending on animal group, drug
treatment, and state classification. Data was the normalised to the sum of all power
spectral density (PSD) data, thus converting PSD data into a proportion where the
sum of all PSD data in a given state within a given recording was equal to 1, allowing

for comparable data.
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power (top). REM sleep consists of low frequency EEG, theta activity, and very low EMG
power (bottom). Examples of NREM and REM sleep are taken from the same individual

recording.
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2.9.3.  Behavioural analysis

10-minute AVI videos were obtained using a custom-written LABVIEW code and
analysed using DeepLabCut software (Mathis et al., 2018). We trained a deep

convolutional network by first extracting 50 frames from 3 videos (150 frames in total),
and labelling 8 body parts, the nose, centre of head, left ear, right ear, midpoint, right
hip, left hip, and tail base manually on each frame. After this network was trained, we
could automatically detect all body parts across the frames of all experimental videos.
The accuracy of our trained network was visually inspected for every experiment by
superimposing raw videos with labelled body parts (Fig. 2.18). Subsequently, we used
the position of the nose to extract trajectories and body position to determine
exploration of objects and discrimination indices using custom-written MATLAB
scripts. Exploration threshold was set at 4 cm from the centre of objects, as objects
were 44 mm wide, this threshold was ~2 cm from the edge of objects.
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Figure 2.18. Example of labelled body parts by DeepLabCut.

2.9.4.  Fibre photometry

To extract data that was collected only while LEDs were on, data was extracted if LED
sync/output channels were above a threshold of 0.05V. Signals from photodetector
data corresponding to LED-on events were extracted and averaged using the median
to reconstruct fluorescent signals from 405 nm and 470 nm LEDs (Fig. 2.19, top).

Fluorescence signals were then smoothed by passing them through a 3"-order
Butterworth low-pass filter with a 10 Hz cut-off frequency to reduce noise. This filter
was applied using a zero-phase filter to avoid phase distortion (Fig. 2.19). A double
exponential model was then fitted to 405 nm and 470 nm to correct for photobleaching.
Following this, the 405 nm signal was linearly scaled to match the 470 nm signal and
subtracted to isolate the calcium-dependent change in fluorescence (Fig. 2.19). The
resulting signal was then normalised by dividing it by the scaled 405 nm signal (fitted
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with the double exponential model). Finally, the signal was Z-scored, which
standardises data by subtracting the mean and dividing by the standard deviation (Fig.
2.19). Z-scoring transforms fluorescence into a distribution with a mean of 0 and

standard deviation of 1 to allow for easier interpretation.

To visualise changes across animals according to different treatment conditions, we
extracted data for specific time periods before and after the injection of vehicle or CNO.
The time of injection was identified using high-frequency artifacts observed in the EMG
and/or EEG which occurred when the mouse was removed from the cage for the
injection. We then cropped, extracted, and plotted raw data from relevant recordings.
For visualisation, we then overlaid raw fluorescence data with a smoothed, average

trace to highlight trends and changes relative to drug treatments.

Signal
extraction . \l

Filtering

Exponential fit

@@@

Subtract d|V|de ML

Figure 2.19. Signal processing for fibre photometry. Fluorescent data for 405 nm (dark
blue) and 470 nm (light blue) during LED-on events are extracted, filtered, and fitted with a
double-exponential fit model.  Following linear scaling, isobestic fluorescence (405 nm) is
subracted from GCaMP fluorescence (470 nm), normalised, and Z-scored, to produce
calcium-dependent change in fluorescence trace.
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2.10. Statistical analysis

MATLAB was used for all statistical analysis. Data is expressed as mean + standard
error unless stated otherwise. Shapiro-Wilk tests were used to test the normality of

data, all data was normally distributed unless stated otherwise.

Comparisons between animal groups and treatment type in chemogenetic
experiments (chapter 3) were performed using two-way ANOVA on MATLAB. In these
studies, some groups of data did not follow normal distribution (p < 0.05), however,
two-way ANOVA way still used. This was due to the need for determining significant
interactions between animal groups and drug treatments, and a lack of compatible
non-parametric tests to study two independent factors. Post-hoc analysis to determine
differences between individual groups was then done by applying pairwise
comparisons using the Tukey-Kramer test on MATLAB, in which p < 0.05 was
considered as significant. For behavioural experiments (chapter 4), comparisons were
made between encoding and retention sessions per animal/treatment group using

paired t-tests.
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3.Chemogenetic activation of pontine astrocytes

reduces REM sleep

The primary objective in this project was to modulate astrocyte activity in the pons and
determine the effects on REM sleep and the sleep-wake cycle. Thus, in this chapter |
will firstly briefly introduce the literature, rationale, and hypothesis surrounding this
topic (section 3.1), followed by a description of the dataset and animals used in these
experiments, including the exclusion criteria (section 3.2.1 & 3.2.2). | will then show
histology results obtained from the animals used (section 3.2.3 & 3.2.4), and the
effects of chemogenetically activating astrocytes in the pons on the sleep-wake cycle
(section 3.2.5). Subsequently, | will report of any modifications to the sleep-wake cycle
in the hours following chemogenetic modifications (section 3.2.6). Overall, in this
chapter we show that activating pontine astrocytes using chemogenetics reduces
REM sleep in a dose dependent manner. We also show evidence for sedative effects
of NREM sleep caused by CNO alone, but no effects of CNO alone on REM sleep.
Finally, we show that the effects of our chemogenetic manipulations on REM sleep are
diminished 10 hours after CNO administration, but no significant rebound REM sleep

occurs.

3.1. Introduction

As previously described, conflicting results regarding pontine astrocyte activity during
the sleep-wake cycle have been reported. Tsunematsu et al. demonstrated that
astrocyte activity was lowest during REM sleep in multiple brain regions, with the most

pronounced reduction occuring in the pons (Tsunematsu ef al., 2021). On the other

hand, Peng et al. showed relatively high astrocyte activity in the pons during REM
sleep, while chemogenetically activating such activity seemed to reduce REM sleep
(Peng et al., 2023). Modulating astrocyte activity and measuring changes to the sleep

wake cycle is an important strategy to gain more information about the relationship
between astrocytes and sleep.

3.1.1.  Hypothesis and aims

Due to the outlined previous studies, the results in this chapter were based on the

hypothesis that manipulating astrocyte activity in the pons using Gg-coupled
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DREADDs would reduce REM sleep incidence. We also hypothesised that following
chemogenetic manipulation, rebound REM sleep would occur in the case of increased
number of REM sleep episodes, or increased length of REM sleep episodes. To test
these hypotheses, we aimed to chemogenetically activate pontine astrocytes and
monitor the sleep wake cycle for an extended period of time, which firstly would assess
any direct effects of chemogenetic modifications, and then rebound sleep occurrence.
To do this, we used a virus-based delivery of hM3D receptors to be exclusively
expressed in pontine astrocytes, and delivered vehicle or CNO drug treatments
immediately before recording sessions via ip. injections. During experimental
sessions we recorded intracranial cortical EEG and EMG from the neck muscle to
monitor the sleep-wake cycle. Due to our known effects of CNO alone on the sleep-

wake cycle in which CNO alone modulated both NREM sleep and REM sleep (Traut

et al., 2023), we carefully designed our experiments to include multiple control groups.

3.2. Results

3.2.1.  Animal groups and database

As briefly outlined (see section 2.1), a total of 43 mice aged 8-24 weeks upon time of
surgery were used for the experiments described in this chapter (Fig. 3.1A). Of these
43, 18 mice were bilaterally injected with a control virus while 25 were injected with
the activatory chemogenetic receptor (hM3D). Of these, a total of 10 mice were used
as a final control group (5 males and 5 females), and 8 were used as the DREADDs
group (5 males and 3 females) for chemogenetic studies. Some of these animals were
recorded for 6 hours only, leaving 7 control animals (2 males and 5 females) and 5
DREADDs animals (2 males and 3 females) used for rebound sleep studies, reported
later in this chapter (Fig. 3.1A).

3.2.2.  Establishing inclusion and exclusion criteria
Based on images obtained from immunohistochemistry, we excluded animals that did
not have satisfactory bilateral virus expression in the pons (n=5 control, n=13
DREADDs). In excluded animals this included virus expression that was off-target, for
example too dorsal (Fig. 3.1B, top), too lateral (Fig. 3.1B, middle), only unilaterally
expressed (Fig. 1.3B, middle and bottom), or had excessive leakage along the
injection pathway (Fig. 3.1B, middle and bottom). In some cases, which occurred only
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in DREADDs animals, we found a complete lack of expression (n=10). Upon further
investigation into this issue, we hypothesised that this may have been due to
histological error, rather than error during virus injection surgeries. The two viruses
used in control and DREADDs animals had different titres as well as different
fluorescent tags (AAV5-gfaABCiD-tdTomato, 7x10'® gc/mL, vs AAV5-gfaABC1D-
hM3D-mCherry, 3x10'? gc/mL, respectively). Therefore, we hypothesised that the lack
of expression in DREADDs animals may be in part due to a dimmer fluorescence.

To amplify the signal of the red fluorescent proteins conjugated to our viral constructs,
we used primary and secondary antibodies raised in a mouse, mouse anti-mCherry
and anti-mouse AlexaFluor 594. Due to the mouse strain of these antibodies, it is
possible that they bound to endogenous IgG and FC receptors, leading to high
background fluorescence and non-specific staining, which may also have contributed
to the dim fluorescence of staining the DREADDs virus (Goodpaster and Randolph-

Habecker, 2014; Mascadri et al., 2021). To test this, we compared our histology

techniques with staining using antibodies which were raised in a rabbit, for this we
chose rabbit anti-dsRed and anti-rabbit AlexoFlour 594 antibodies. An example of
two adjacent 80 um slices from the same DREADDs animal using the different stains
is shown in Figure 3.2. Images captured on an epifluorescent microscope show that
rabbit anti-dsRed signals are much brighter than mouse anti-mCherry signals, with
strong background fluorescence being detected across the brain slice in the latter (Fig.
3.2). Without images captured of such anti-dsRed signals, it would be difficult to
determine true virus expression, and thus this animal would have been considered to
have no virus expression. Before developing and testing our hypothesis, a total of 10
DREADDs animals were excluded from our dataset due to displaying no virus
expression, which may have occurred due to the outlined histological error.

The other reason for exclusion was poor electrophysiology signals (n = 3 control, n =
4 DREADDs), which was detected during sleep scoring. The reasons that this
occurred was lack of grounding of the signals, either in the set-up or poor connections
of grounding within the headcap of animals, which led to high levels of noise, artifacts,
and electrical interference. This caused difficulty in extracting or reading true EEG
and EMG traces (Fig. 3.1C). To avoid this issue, we added a ‘back-up’ ground
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intracranial connection (see Fig. 2.6) which allowed monitoring of signals with a
different orientation of connector, if the first failed.

Overall, with the outlined exclusion criteria, results from a total of 10 control animals
and 8 DREADDs animals are reported for chemogenetic studies in this chapter. As a
subset of animals were used for 6-hour sleep recordings only, this dataset reduced to
7 control animals and 5 DREADDs animals for rebound sleep studies.
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Figure 3.1. Schematic of animals used and examples of excluded animals. A. Schematic of
animals used in chemogenetic studies. B. Examples of excluded animals due to poor virus
expression. Scale bars = 1000 um. C. Examples of animals excluded due to bad electrophysiolgy
quality. 4 second ephochs of EEG and EMG traces (right), EEG spectral density for entire signal and
current 4 second window, red dotted (right).
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DAPI / anti-dsRed (rabbit) DAPI / anti-mCherry (mouse)

Figure 3.2. Difference of the same DREADDs animal stained with anti-mCherry and anti-
dsRed one 80 um section apart. Scale bar = 1000 um.

3.2.3.  Bilateral virus expression in the pons
To confirm that virus expression was contained in the pons, immunohistochemistry
was carried out on all mice. As viruses were conjugated with fluorescent tags
mCherry, or tdTomato, bilateral virus expression was confirmed using anti-DsRed or
anti-mCherry staining (shown in red) and DAPI counterstaining (Fig. 3.3A).
Expression could generally be observed across 3-5 80 um sections, suggesting viral
spread was relatively well contained. To better visualise expression, we took
histological images from all animals used in this chapter, registered each to the Allen
Mouse Brain atlas CCFv3, and extracted virus expression for each image. Atlas maps
were grouped according to AP axis position and aligned, and the matching virus
expression segmentation was overlayed to the corresponding atlas. This visualisation
suggests that in control animals, virus expression occurred mostly in the pons,
however some expression did occur in midbrain and medullar regions (n = 30
histological images from 10 control animals, n = 3 images per animal) (Fig. 3.3B).
This was also the case in DREADDs animals, with most overlay of virus expression
occurring in the pons (n = 16 histological images from 8 DREADDs animals, n = 1-3
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images per animal) (Fig. 3.3C) and some expression being observed in midbrain,
cerebellar, and medullar regions. However, in DREADDs animals, expression was
much harder to visualise, and cerebellar signals appear to largely be caused by
autofluorescence. This was due to the problems we encountered during histology as
previously discussed (Fig. 3.2), leading to autofluorescence also being extracted.
Overall, after visualising expression across animals used in chemogenetic we
observed virus was expressed largely in pontine regions, with some expression

occurring in midbrain and other hindbrain regions (Fig. 3.3).
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Figure 3.3. Virus expressed in pontine regions and some midbrain and cerebellar regions
across animals used in chemogenetic studies. A. Examples of bilateral expression in the pons
in two seperate animals (blue = DAPI, red = anti-DsRed). Scale bar = 1000 um. B. Virus
expression in control animals across anterior-posterior axis. Histological images were registered to
the Allen Mouse Brain atlas CCFv3, where colours indicate wider regions. Blue/green = cortex,
purple = midbrain, orange = pons, pink = medulla, yellow = cerebellum. Black indicates the virus
where darker colour indicates overlayed expression in multiple sections (demonstrated in
colourbar). n = 30 histological slice images for 10 animals, 3 images per animal. C. Same as in (B)
but for DREADDs animals, n = 16 histologcial slice images for 8 animals, 1-3 per animal.

108



3.2.4. Virus expression in pontine astrocytes
To confirm that each virus was specifically expressed in astrocytes, sections were also
co-stained with either an astrocyte specific marker, anti-GFAP, or a neuron-specific
marker anti-NeuN. Using epifluorescent imaging we observed in mice injected with
the control virus, many cells co-expressed both anti-mCherry and anti-GFAP (Fig.
3.4), while little-to-no co-expression with anti-NeuN occurred (Fig. 3.5). It is worth
noting that no quantification analysis was performed for these results, as astrocytes
are large with complex morphology, and their processes can extend up to 120 um,

thus making it extremely difficult to identify and count individual astrocytes.

Using epifluorescent imaging on sections obtained from animals injected with the
DREADDs virus, we again observed cells stained with anti-mCherry also co-
expressed anti-GFAP (Fig. 3.6), while little-to-no cells co-expressed anti-NeuN (Fig.
3.7). Due to the complex nature of astrocyte morphology and the lack of Z-axis control
in epifluorescent imaging, we wanted to look at co-localisation of anti-mCherry and
anti-GFAP staining in more depth. For this, we next utilised confocal microscopy to
further explore co-expression in both animal groups.

Confocal imaging has superior axial resolution and has the ability to control the depth
of focal field, thus removing background signals. Confocal imaging of animals injected
with the control virus show extensive co-expression of anti-mCherry and anti-GFAP in
cells with astrocyte-like morphology (Fig. 3.8). In animals expressing the DREADDs
virus, we again observed overlay of anti-mCherry and anti-GFAP in cells with
astrocyte-like morphology (Fig. 3.9). In DREADDs animals, while overlay did occur,
morphology of cells stained with anti-GFAP did not exactly match that of anti-mCherry,
unlike what we observed in control animals. We noticed that in comparison to
expected morphology observed in control animals (Fig. 3.8), astrocytes in DREADDs
animals presented hypertrophic morphology in anti-GFAP staining, which was
consistent across 3 DREADDs animals. We suggest this was due to astrocytes being
activated in our chemogenetic experiments, which can lead to upregulated GFAP
expression. This may contribute to why the overlay of cells stained with anti-GFAP

and anti-mCherry was less localised in DREADDs animals than in control animals.
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Overall, using both epifluorescent and confocal imaging, we observed co-expression
of anti-GFAP and anti-mCherry in cells with astrocyte-like morphology in both
DREADDSs and control animals, while little-to-no co-expression of anti-NeuN and anti-

mCherry occurred.

DAPI anti-mCherry

anti-GFAP merged

Figure 3.4. Overlap of anti-mCherry and anti-GFAP in a control animal. Examplar images of
one histological section from one animal expressing control virus using epifluorescence imaging.
Top left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-GFAP staining. Bottom
right, combined images of all. White arrows indicate examples of overlap. Scale bar = 100 um.
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DAPI anti-mCherry

anti-NeuN merged

Figure 3.5. Overlap of anti-mCherry and anti-NeuN in a control animal. Examplar images of
one histological section from one animal expressing control virus using epifluorescence imaging.
Top left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-NeuN staining. Bottom
right, combined images of all. White arrow indicates possible co-expression. Scale bar = 100 um.
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DAPI anti-mCherry

anti-GFAP merged

Figure 3.6. Overlap of anti-mCherry and anti-GFAP in a DREADDs animal. Examplar images
of one histological section from one animal expressing hM3D virus using epifluorescence imaging.
Top left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-GFAP staining. Bottom
right, combined images of all. White arrows indicate possible co-expression. Scale bar = 100 um.
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DAPI anti-mCherry

anti-NeuN merged

Figure 3.7. Overlap of anti-mCherry and anti-NeuN in a DREADDs animal. Examplar images of
one histological section from one animal expressing hM3D virus using epifluorescence imaging. Top
left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-NeuN staining. Bottom right,

combined images of all. Scale bar = 100 um.
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DAPI anti-mCherry

anti-GFAP merged

Figure 3.8. Confocal imaging of anti-mCherry and anti-GFAP in a control animal. Examplar
images of one histological section from one animal expressing control virus using confocal imaging.
Top left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-GFAP staining. Bottom
right, combined images of all. White arrows indicate areas of overlap. Scale bar = 50 um.
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DAPI anti-mCherry

anti-GFAP merged

Figure 3.9. Confocal imaging of anti-mCherry and anti-GFAP in a DREADDs animal. Examplar
images of one histological section from one animal expressing hM3D virus using confocal imaging.
Top left, DAPI staining. Top right, anti-mCherry staining. Bottom left, anti-GFAP staining. Bottom
right, combined images of all. White arrows indicate co-expression. Scale bar = 50 um.
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3.2.5.  Chemogenetic activation of pontine astrocytes reduces

REM sleep in a dose-dependent manner
To allow for sufficient virus expression, mice began experiments 4 weeks after viral
injection surgeries. Mice were habituated to experiments by increased handling and
scruffing, and being tethered to the system for short amounts of time. CNO reaches
maximal plasma, brain, and CSF concentration 15 minutes post injection, and
behavioural effects of CNO have been recorded up to 6 hours post injection (Jendryka
et al., 2019; Traut et al., 2023). As such, for experiments, mice were given vehicle or

CNO (1, 5 or 10 mg/kg, i.p. injection) immediately before tethering and beginning
recordings. Initially EEG and EMG signals were recorded for 6 hours only after
injection (control n=3, DREADDs n=3). Recording time was later increased to 10
hours (control n=7, DREADDs n=5) to investigate prolonged effects of CNO, or

potential rebound.

During our experiments, animals displayed typical sleep-wake cycles despite being
tethered to our electrophysiology system. An exemplar 10-hour sleep recording
obtained from a single recording from one control mouse given a vehicle treatment
prior to recording is shown in Figure 3.10A, this demonstrates the frequency of cortical
EEG (top), sleep hypnogram (middle) and EMG activity (bottom). NREM sleep
appears around 30 from the beginning of recording, while REM sleep typically initially
appears after 60-90 minutes from the beginning of recordings, and steadily increases
throughout the 10 hours (Fig. 3.10A-B). Awake episodes consist of low frequency
EEG and high EMG activity, while NREM sleep is characterised by high powered low
frequency EEG, particularly high delta (1-4 Hz), and low EMG power, and REM
consists of high theta activity (6-8 Hz) and very low EMG power (Fig. 3.10A & C). This
representative sleep characteristics from an individual recording shows that, as
expected, animals spend a relatively large proportion of time in NREM sleep and
awake, and a lower proportion of REM sleep. Animals transition through the sleep-
wake cycle and have frequent episode transitions throughout the recording, while
episode durations of all states can vary (Fig. 3.10D). Overall, this exemplar recording
demonstrates that animals enter REM sleep quickly despite being tethered to our set-
up, and that REM sleep occurs throughout recordings (Fig. 3.10).
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Figure 3.10. Sleep-wake cycle and sleep characteristics in individual recording across 10
hours. A. Sprectrogram (top), hypnogram (middle) and EMG power (bottom) of a single animal
across 10 hours. Colourbar indicates intensity of frequency. B. Cumulative state duration across
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e
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To determine a cut-off point to look at effects of chemogenetic modulation and long-
term rebound effects separately, we wanted to look at changes in sleep architecture
across 10 hours post injection. For this we combined all 6-hour and 10-hour
recordings and determined differences in total state duration, number of episodes per
hour, and average episode durations between treatments (control n=10, DREADDs
n=8). However, this leaves data from hours 7-10 under sampled in comparison to the
first 6 hours. While examining changes between control and DREADDs animals given
vehicle and a moderate dose of CNO only (1 mg/kg), the fraction of awake and NREM
sleep remained relatively stable across the 10 hours, with only a difference in total
NREM sleep occurring between animal groups at hour 5 (F(1, 31) = 4.24, p = 0.048,
two-way ANOVA). Meanwhile, all animals given 1 mg/kg CNO had less REM sleep
than animals given vehicle injections at hour 3 (F(1, 31) = 5.40, p = 0.0268, two-way
ANOVA), and a significant difference was detected with animal:drug interaction at hour
5 (F(1, 31) =5.47, p = 0.0262, two-way ANOVA) (Fig. 3.11A).

Similarly, while the number of episodes per hour remained relatively stable for awake
and NREM, with a difference in wake episode number only occurring between
animal:drug interactions at hour 7 (F(1, 19) = 8.56, p = 0.0087, two-way ANOVA),
differences in rate of REM episodes occurred at hours 2, 3, and 4 between animal
groups (F(1,31) = 5.24, p = 0.029; F(1, 31) = 4.88, p = 0.0348; F(1, 31) = 5.98, p =
0.0203, two-way ANOVA), at hour 6 between animal:drug interactions (F(1, 31) = 5.23,
p = 0.0296, two-way ANOVA), and between drug treatments at hour 9 (F(1, 31) =4.75,
p = 0.0421, two-way ANOVA) (Fig. 3.11B).

In contrast, no differences in length of episodes was found in REM sleep or awake,
but differences in NREM episode length were found throughout recordings (dose -
hour 1 F(1, 31) = 5.15, p = 0.0309; animal group - hour 5 F(1, 31) = 4.82, p = 0.036;
hour 7 F(1, 19) = 9.17, p = 0.0076; hour 8 F(1, 19) = 6.88, p = 0.0173; hour 10 F(1,
19) =6.82, p = 0.0177, two-way ANOVA) (Fig 3.11C).

Due to these differences, we chose to examine the initial 6 hours post injection for
direct effects of chemogenetic activation of pontine astrocytes on REM sleep and the
sleep-wake cycle, and the last 4 hours to look at rebound sleep following
chemogenetic modification.
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Figure 3.11. Characteristics of the sleep-wake cycle 10 hours after CNO injections (1mg/kg).
Effects of i.p. injections of vehicle or CNO (1 mg/kg) on animals expressing a control virus or
expressing DREADDs for 10 hours following injection on the total fraction of each state (A),
number of episodes of each state per hour (B), and the average episode duration (C). Data shown
as average + SEM. Significance calculated with two-way ANOVA, Animal group sinificance
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To demonstrate the changes in the sleep-wake cycle in these 6-hour periods following
drug treatments, we show exemplar data from one DREADDs mouse. When this
animal received an i.p. injection of vehicle, REM sleep appeared 60-90 minutes from
the beginning of recording, and occurred frequently throughout the remainder of the 6
hours (Fig. 3.12A). Following administration of CNO (1 mg/kg), it took longer for this
mouse to enter REM sleep, with REM episodes occurring less frequently (Fig. 3.12B).
When this CNO concentration was increased to 5 mg/kg and 10 mg/kg, this effect was

exaggerated with only singular REM episodes occurring (Fig. 3.12C-D).
This exemplar data suggests CNO reduced the occurrence of REM sleep and

increased REM sleep latency in a dose-dependent manner in a DREADDs animal

(Fig. 3.12). To look at this further, we examined group data from all mice.

120



Vehicle

3 Y YA VY S R Sy e
C o~ A f i I | Ji (0| | Al 0
o |
gv -50
w -60
REM
%8 AW
o © REM|- NREM
® B J J -
. NREML { LI Ly L] ——L— UL L L L LA
S o
€2
0 ~
s -1.
i ) | | .
- 30 60 90 120 150 180 210 240 270 300 330 360
B Time from injection (mins)
CNO (1 mg/kg)
— e T 7 v i T i 1 I Wl " TN J VY -30
QA T WY VT AT 0 0 A N M"WTW Wﬂf‘; Tf‘ﬂ :W‘I’ R TR W“ I ”H w0
O N ‘
3T
O~ -
8 50
w -60
REM
&8 AW
o NREM
[ZIN7} ‘
5 NREM
0.5
5
og 1
(O ‘
s 15
& ] W WM"MM d
c 30 60 90 120 150 180 210 240 270 300 330 360
Time from injection (mins)
CNO (5 mg/kg)
>
[$]
C o~
53
o=
2
L

Sleep
states

g NREM L = auu
o o
Lt
i |
w - ‘
1.5, _‘- MR A v A i odhall
D 30 60 90 120 150 180 210 240 270 300 330 360
Time from injection (mins)
CNO (10 mg/kg)
. —— e . S -30
> ot Y oWy i R T Mg T T R “}”‘I“Y ,‘3'1‘«.“ T I EIRETD
8 — -40
oN
O‘E -50
o
w -60
REM
AW
NREM

Sleep
states
B
=

NREM ,_t_ Ll LTI | Juit |l LI Ll L

1: MMWIMQMMMWW@J b lngU(MIMMMMMMMMMm @(])Aol.“l gl

Time from injection (mins)
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To quantify these differences, we looked at differences of sleep architecture between
groups (control n=10, DREADDs n=8). Control animals refer to animals that bilaterally
express AAV5-GfaABC1D-tdTomato, while DREADDs animals refer to animals who
express AAV5-GfaABC1D-hM3D-mCherry, which are represented in bar graphs in
lighter and darker colours, respectively. Both groups of animals received vehicle or
CNO (1, 5, and 10 mg/kg) treatments, creating multiple negative control conditions.

Group data supported representative descriptions, as chemogenetic activation of
pontine astrocytes reduced total percent of REM sleep between animal groups (F(1,
62) =51.89, p = 0.0001, two-way ANOVA), drug treatment (F(3, 62) = 7.11, p = 0.0004,
two-way ANOVA), and animal:drug interaction (F(3, 62) = 8.33, p = 0.0001, two-way
ANOVA) (Fig 3.13A). Specifically, while post-hoc statistical analysis shows there were
no differences in total percent time spent in REM sleep between control and
DREADDs animals in the vehicle condition (4.3889 + 0.49 vs 4.7702 = 0.74
respectively, p = 0.9992, Tukey-Kramer test), compared to control animals, DREADDs
animals spent a significantly less time in REM sleep when given 1 mg/kg CNO (4.9486
+0.39vs 2.2014 £ 0.60, p = 0.0052, Tukey-Kramer test), 5 mg/kg CNO (4.8272 + 0.54
vs 1.0648 + 0.42, p = 0.0001, Tukey-Kramer test), and 10 mg/kg CNO (4.3889 + 0.38
vs 0.5347 £ 0.22, p = 0, Tukey-Kramer test). Compared to DREADDs animals that
received vehicle treatment, CNO reduced total percent REM sleep in a dose
dependent manner (vs 1mg/kg p = 0.0052, vs 5 mg/kg p = 0.0001, vs 10 mg/kg p =
0.0001, Tukey-Kramer test) (Fig 3.13A). Two-way ANOVA statistical tests also
showed significant differences in total percent spent awake and in NREM sleep
between drug treatments (F(3, 62) = 3.2, p = 0.0295, two-way ANOVA,; F(3, 62) = 4.91,
p = 0.0040, respectively, two-way ANOVA). Post-hoc analysis found only DREADDs
animals given 10 mg/kg CNO spent significantly more time in NREM when compared
to control animals receiving vehicle injections (55.4560 + 2.88 vs 41.6704 + 2.13
respectively, p = 0.0499, Tukey-Kramer test) (Fig 3.13A). Notably, we found no
difference in total REM sleep in control animals given vehicle or CNO treatments.

Similarly, differences were found between the total number of REM episodes between
animal groups (F(1, 62) = 68.13, p = 0, two-way ANOVA), drug treatments (F(3, 62) =
11.71, p = 0, two-way ANOVA), and animal:drug interactions (F(3, 62) = 7.84, p =
0.0002, two-way ANOVA) (Fig. 3.13B). Specifically, post-hoc analysis found strong
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reductions in REM episode rate in DREADDs animals compared to control animals
following injections of 1 mg/kg CNO (5.5001 + 1.88 vs 14.1111 + 1.09, p = 0.0005,
Tukey-Kramer test), 5 mg/kg CNO (2.1250 + 0.77 vs 12.0010 £ 1.35, p = 0.0001,
Tukey-Kramer test), and 10 mg/kg CNO (1.3750 £ 0.3750 vs 13.0000 £ 1.1155, p =
0.0001, Tukey-Kramer test). In comparison, there was no difference between
DREADDs and control animals when given vehicle treatments (13.6250 + 1.71 vs
13.8000 £ 1.39, p = 0.9999, Tukey-Kramer test) (Fig. 3.13B). Post-hoc analysis also
found strong significant reductions in DREADDs animals with all CNO doses
compared to vehicle (vs 1Tmg p = 0.0018, vs 5 mg/kg CNO p = 0.0001, vs 10 mg/kg
CNO p = 0.0001, Tukey-Kramer test) (Fig. 3.13B). It is worth noting that although all
other groups were normally distributed, the data for number of REM episodes in
control mice given vehicle were not normally distributed (p = 0.0396, Shapiro-Wilk
test). On the other hand, differences were found in the total number of awake and
NREM sleep episodes between animals (F(3, 62) = 5.9, p = 0.0101; F(3, 62) = 6.78,
p = 0.0115, respectively, two-way ANOVA) (Fig. 3.13B), but no post-hoc pairwise

significance was found between groups.

When exploring average durations of REM sleep episodes, no significant differences
were found with two-way ANOVA or pairwise comparisons (animal:drug interactions,
F(3, 62) = 0.24, p = 0.8658, two-way ANOVA) (Fig. 3.13C). However, differences
between animal groups were found in average duration of wake episodes and NREM
episodes (F(3, 62) = 7.83, p = 0.0068; F(3, 62) = 12.57, p = 0.0008, respectively, two-
way ANOVA), showing DREADDs animals appear to have longer episode durations,
as well as fewer (Fig. 3.13B-C). Differences in average length of NREM episodes
were also found between drug treatments (F(3, 62) = 4.5, p = 0.0064, two-way
ANOVA), while posthoc pairwise differences found that compared to control animals
given vehicle (192.6776 sec + 12.42) DREADDs animals given high concentrations of
CNO had longer NREM episodes on average (5 mg/kg 302.1519 sec + 27.46, p =
0.0444, Tukey-Kramer test; 10 mg/kg 344.7023 sec + 30.54, p = 0.0027, Tukey-
Kramer test) (Fig. 3.13C). While all data for average REM and NREM episode
duration were normally distributed, some group conditions for awake episode
durations were not normally distributed (control:10 mg/kg CNO p = 0.0004, Shapiro-
Wilk test).
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Latency to first REM sleep episode also increased in DREADDs animals given CNO
compared to control animals and/or vehicle conditions (animal, F(1, 62) = 74.5, p =
0.0001; drug, F(3, 62) = 7.69, p = 0.0002; animal:drug interaction, F(3, 62) = 10.0, p =
0.0001, two-way ANOVA) (Fig. 3.13D). Specifically, post-hoc analysis found
DREADDs animals took longer to enter REM sleep compared to control animals when
given 1 mg/kg CNO (200.9667 mins £ 49.92 vs 77.6889 mins £ 9.1504 respectively, p
= 0.0104, Tukey-Kramer test), 5 mg/kg CNO (275.8833 mins £ 42.35 vs 57.7630 mins
+ 4.67 respectively, p = 0.0001, Tukey-Kramer test), and 10 mg/kg CNO (305.5917
mins + 21.25 vs 81.4733 mins = 11.57 respectively, p = 0.0001, Tukey-Kramer test)
while no differences were found in vehicle conditions (89.3667 mins £ 8.18 vs 85.9400
mins + 6.19 respectively, p = 1.00 Tukey-Kramer test). Compared to DREADDs
animals given vehicle, CNO increased latency to REM sleep in a dose-dependent
manner (vs 1/mg/kg p = 0.0369, vs 5 mg/kg p = 0.0001, vs 10 mg/kg p = 0.0001,
Tukey-Kramer test). Two-way ANOVA also detected reduced latency to NREM sleep
between drug treatments (F(3, 62) = 4.32, p = 0.0079, two-way ANOVA) (Fig. 3.13D).
The data in some conditions were not normally distributed (latency to REM,
DREADDs:vehicle p = 0.0005; latency to NREM, control:vehicle p = 0.0406, control:10
mg/kg CNO p = 0.0055, Shapiro-Wilk test).

Overall, CNO reduced total time in REM sleep and the number of REM sleep episodes
and increased latency to first REM episode in DREADDs animals. In contrast, CNO
did not affect the length of REM sleep episodes. CNO also increased total NREM
sleep and reduced latency to NREM sleep, while reducing total time awake, regardless
of animal group, suggesting a sedative effect of CNO. Notably, all differences were
observed in both male and female animals, and sex-dependent differences were not
found. Interestingly, we found that no alteration to REM sleep was caused by CNO
alone. DREADDs animals also had longer and fewer NREM and awake episodes,
suggesting that chemogenetic modification may make sleep less fragmented,
however, post-hoc analysis did not confirm this.
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Figure 3.13. Chemogenetic activation of pontine astrocytes reduces total REM sleep
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3.2.6.  Effects of chemogenetics on REM sleep are diminished

after 10 hours

Due to the reduction of REM sleep caused by chemogenetic activation of pontine
astrocytes, we wanted to investigate if this would cause rebound REM sleep to occur
in later hours. Rebound REM sleep could appear as longer or increased number of
REM sleep bouts, due to increased REM sleep pressure following chemogenetic-
induced deprivation. As we observed effects of CNO up to 6 hours, we extended our
recording times and observed sleep-wake cycles for 10 hours following injections of
vehicle or CNO.

In a single representative DREADDs animal given a vehicle injection, REM sleep
occurred regularly throughout all 10 hours post injection (Fig. 3.14A). As illustrated
before, in a DREADDs animals receiving increasing doses of CNO, REM sleep occurs
less frequently and it takes longer for the animal to enter REM sleep post injection
(Fig. 3.14B-D). However, in hours 6-10 REM sleep occurred frequently in all drug
treatments (Fig. 3.14).
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Figure 3.14. Examples of sleep-wake cycles in a single DREADDs animal with different
concentrations of CNO across 10 hours. Features and characterisation of sleep states in one
animal expressing hM3D virus 10 hours after injection of vehicle (A), 1 mg/kg CNO (B), 5 mg/kg
CNO (C), 10 mg/kg (D). In each image from top to bottom, top - a spectrogram showing cortical
EEG frequency (0-20 Hz), colourbar indicates intensity of frequency, middle - hypnogram showing
sleep states, awake (red), REM sleep (green), NREM sleep (blue), bottom - EMG power (mV).
Red dashed line indiactes 6 hour time point, which was used to split data into chemogenetic
modification (first 6 hours) and rebound sleep data (last 4 hours).
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To assess this trend across animals, we plotted sleep characteristics in all groups from
different concentrations of CNO. Visually, we observed that after DREADDs animal
were given CNO (1 mg/kg), NREM sleep and wakefulness remained relatively stable
in proportion, number of episodes, and average episode duration across all groups.
However, in DREADDs animals receiving CNO (1 mg/kg), REM sleep had a lower
proportion and number of episodes until hour 6 (Fig. 3.15). Both proportion of REM
sleep, and number of REM sleep episodes seemed to begin to increase from hour 4
(Fig. 3.15). In comparison, average duration of REM sleep episodes appeared lower
in DREADDs animals receiving CNO (1 mg/kg) from hours 0-3, and appeared to not
largely differ to other groups from hours 4 onwards (Fig. 3.15).

At higher concentrations, this effect was exaggerated. When DREADDs animals were
administered with CNO (5 or 10 mg/kg), proportion of REM sleep and number of REM
sleep episodes remained lower than all control group for 6 hours, before beginning to
increase in the final 4 hours (Fig 3.16 & Fig. 3.17). Average duration of REM sleep
episodes seems to be reduced in DREADDs animals receiving higher doses of CNO
at hours 0-2, and gradually increases from time of injection (Fig. 3.16). Similar to
lower doses, all characteristics of NREM sleep and wake seem to remain similar
across all groups, with the exception of episode rate of both NREM sleep and wake,
which appear lower in DREADDs animals administered with CNO (5 mg/kg) for the
first 6 hours after injection (Fig. 3.16).
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Figure 3.15. Sleep characteristics of the sleep-wake cycle 10 hours after
CNO injections (1mg/kg). Effects of i.p. injections of vehicle (dashed lines) or
CNO (1 mg/kg) (solid lines) on animals expressing a control virus (black lines) or
expressing DREADDs (coloured lines) for 10 hours following injection on the total
fraction of each state (top), number of episodes of each state per hour (middle),
and the average episode duration (bottom). Data shown as average + SEM.
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Figure 3.16. Sleep characteristics of the sleep-wake cycle 10 hours after
CNO injections (5 mg/kg). Effects of i.p. injections of vehicle (dashed lines) or
CNO (5 mg/kg) (solid lines) on animals expressing a control virus (black lines) or
expressing DREADDs (coloured lines) for 10 hours following injection on the total
fraction of each state (top), number of episodes of each state per hour (middle),
and the average episode duration (bottom). Data shown as average + SEM.
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Figure 3.17. Sleep characteristics of the sleep-wake cycle 10 hours after CNO
injections (10 mg/kg). Effects of i.p. injections of vehicle (dashed lines) or CNO
(10 mg/kg) (solid lines) on animals expressing a control virus (black lines) or
expressing DREADDs (coloured lines) for 10 hours following injection on the total
fraction of each state (top), number of episodes of each state per hour (middle),
and the average episode duration (bottom). Data shown as average + SEM.

After visually assessing sleep characteristics across the 10-hour recording period, it
appeared that REM sleep seemed to recover in the final 4 hours, when we expect
activity of CNO to be diminished. Thus, we further assessed the last 4 hours (control
n =7, DREADDs n =5). Using two-way ANOVA, and post-hoc pairwise comparisons,
we found no differences in the total percent time spent in awake, NREM sleep, or REM
sleep (awake, F(3, 38) = 1.17, p = 0.3351, NREM, F(3, 38) = 1.17, p = 0.3349, REM
F(3, 38) = 0.24, p = 0.8692, two-way ANOVA) (Fig. 3.18A), or in number of episodes
per hour of any of these states (awake, F(3, 38) = 1.10, p = 0.3591, NREM, F(3, 38) =
1.57, p = 0.2133, REM F(3, 38) = 0.17, p = 0.9193, two-way ANOVA) (Fig. 3.18B).
Some data in these groups were not normally distributed (percent awake, CNTL:1
mg/kg CNO p = 0.0401; percent NREM, DREADDs:vehicle p = 0.0462; average
number of REM episodes, control:vehicle p = 0.0014, control:5 mg/kg CNO p = 0.0330,
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Shapiro-Wilk test). There were also no differences detected in the average length of
awake or REM sleep episodes by two-way ANOVA or post-hoc pairwise comparisons
(awake, F(3, 38) = 0.87, p = 0.4654, REM F(3, 38) = 0.92, p = 0.92, two-way ANOVA),
however, differences in the average length of NREM episodes occurred between
animal groups (F(1, 38) = 9.81, p = 0.0033, two-way ANOVA) (Fig. 3.18C). Again,
some of the data for average length of episode did not follow normal distribution
(awake, control:vehicle p = 0.0052, control:1 mg/kg CNO p = 0.0290,
DREADDs:vehicle p = 0.0135, DREADDs:5 mg/kg CNO p = 0.0139, DREADDs:10
mg/kg CNO p = 0.0260; NREM, DREADDs:10 mg/kg CNO p = 0.0093; REM,
DREADDs:5 mg/kg CNO p = 0.0309, Shapiro-Wilk test). Overall, this suggests that
rebound REM sleep did not occur in the immediate hours following chemogenetic

activation of pontine astrocytes.
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Figure 3.18. No rebound REM sleep occurs in hours 6-10 following chemogenetic
modulation. Differences between control and DREADDs animal in hours 6-10 post injection of
vehicle or CNO (1, 5, 10 mg/kg) of percent total time in each state (A), number of episodes per
hour of each state (B), and average length of episode per state in seconds (C). Data
represented in mean + SEM. Red = awake, blue = NREM sleep, green = REM sleep. Lighter
colours indicate control group, dark colours indicate DREADDs group. Control n = 7, DREADDs
n = 5. P values from two-way ANOVA comparing effects by animal group, drug treatment, and
interaction shown in top right corner of each graph. *p<0.05, **p<0.01, ***p<0.001.
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We also looked at the same sleep characteristics across all 10 hours post injections.
No changes in total percent of awake or NREM sleep occurred (awake, F(3, 37) =
0.37,p=0.7777, NREM, F(3, 37) = 0.20, p = 0.8937, two-way ANOVA), however, two-
way ANOVA detected a difference between animal groups for total percent REM sleep
(F(1, 37) = 9.18, p = 0.0044, two-way ANOVA). Despite this, no post-hoc pairwise
differences were found (Fig. 3.19A). All percent state data followed normal distribution
except for DREADDs animals given 10 mg/kg CNO (p = 0.0472, Shapiro-Wilk test).
Two-way ANOVA also detected differences between animal groups for average
episode rate per hour for awake and NREM (F(1, 37) = 4.17, p = 0.0484; F(1, 37) =
4.35, p = 0.0439, respectively, two-way ANOVA) (Fig. 3.19B). Differences between
both animals groups and drug treatments were also found for REM sleep episode rate
(F(1, 37) = 14.12, p = 0.0006; F(1, 37) = 4.37, p = 0.0099, respectively, two-way
ANOVA) (Fig. 3.19B). Despite these differences, post-hoc pairwise differences
between animal groups receiving the same drug treatments were not found, unlike
what was found for the first 6 hours only. Instead, pairwise differences were only
detected between control animals receiving vehicle injections, and DREADDs animals
receiving high doses of CNO (control-vehicle 2.7429 + 0.24 vs DREADDs-CNO 5
mg/kg 1.1000 £ 0.32, p = 0.0127; vs DREADDs-CNO 10 mg/kg 1.0400 + 0.30, p =
0.0088, Tukey-Kramer test) (Fig 3.19B). Some of these data did not follow normal
distribution (awake, DREADDs:1 mg/kg CNO p = 0.0247; NREM, control:vehicle p =
0.0495, DREADDs:1 mg/kg CNO p = 0.0490; REM control:vehicle p = 0.0228,
Shapiro-Wilk test). Finally, no differences were detected for the average length of
awake or REM sleep episodes (awake, F(3, 37) = 0.37, p = 0.7777, REM F(3, 37) =
0.83, p = 0.4851, two-way ANOVA), but an animal group dependent difference was
found for average length of NREM was found (F(1, 37) = 12.48, p = 0.0011, two-way
ANOVA). All groups followed normal distribution for average NREM and REM episode
length, while data for control animals given 10 mg/kg CNO did not (p = 0.0042,
Shapiro-Wilk test).

Overall, while rebound REM does not seem to occur in hours 6-10 following
chemogenetic activation of pontine astrocytes, total REM sleep and REM sleep
episode rate over 10 hours post injection does appear to recover, as the difference is
less significant in comparison to data found in following 6 hours post injection.
Sedative effects of CNO that were apparent in the 6 hours post injection also appear
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to recover in both the last 4 hours and total 10 hours of recording, however differences
between animal groups were still significant for number of awake and NREM sleep
episodes, and average length of NREM sleep episodes.
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Figure 3.19. REM sleep is partially recovered but still reduced for 10 hours following

chemogenetic activation of pontine astrocytes. Differences between control and DREADDs
animal 10 hours post injection of vehicle or CNO (1, 5, 10 mg/kg) of percent total time in each state
(A), number of episodes per hour of each state (B), and average length of episode per state in
seconds (C). Data represented in mean + SEM. Red = awake, blue = NREM sleep, green = REM
sleep. Lighter colours indicate control group, dark colours indicate DREADDs group. Control n = 7,
DREADDs n 5. P values from two-way ANOVA comparing effects by animal group, drug
treatment, and interaction shown in top right corner of each graph. P values from post-hoc analysis
shown *p<0.05, **p<0.01, ***p<0.001. 136



3.2.7.  Spectral power is not altered during chemogenetic

experiments
Finally, we wanted to perform spectral analysis on all data to determine if there were
any differences in power spectral density (PSD) between animal groups. Briefly, the
frequency of cortical EEGs from all recordings was extracted and organised by
manually-scored state, animal group, and drug condition. PSD data was then
normalised to the sum of all PSD values, which transformed data into proportions in
which the sum of all PSD data in each recording was equal to 1, allowing us to

compare PSD amongst animal groups and drug treatments for each state.

Visually, during awake states, low frequencies occurred at the highest power in both
control and DREADDs animals given vehicle treatment. During NREM and REM
sleep, both control and DREADDs animals appear to have increased power at 1-4Hz
and 6-8 Hz, respectively (Fig. 3.20A). The same patterns were also observed in
animals given 1 mg/kg CNO (Fig. 3.20B), 5 mg/kg CNO (Fig. 3.20C), and 10 mg/kg
CNO (Fig. 3.20D). To assess this further, we applied a two-way ANOVA to compare
the effect of frequency bins, and animal groups (Table 3.1). We observed no
interaction between variables (p>0.05) using two-way ANOVA (Table 3.1) or post-hoc
comparisons. We did observe some animal group and frequency bin-dependent
differences, which is likely due to the large number of frequency bins.
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Table 3.1. Results from Two-way ANOVA comparing frequency bins and animal

group
Do DF P_Anima DF_ P_ DF _ P_
se State Animal IGroup Frequenc Frequency Interac- Interac-
Group yBin Bin tion tion
0 NREM 1 4.1129- 76 4.5499e- 76 1
54 264
0 REM 1 3.0144e- 76 3.8866e- 76 1
52 201
0 WAKE 1 4.8582e- 76 5.8676e- 76 1
23 237
1 NREM 1 2.5005e- 76 2.2789%e- 76 1
15 182
1 REM 1 5.6636e- 76 3.0144e- 76 1
09 125
1 WAKE 1 0.89299 76 5.0661e- 76 1
223
5 NREM 1 0.001976 76 4.9975e- 76 1
3 197
5 REM 1 2.367e- 76 5.9397e- 76 1
05 116
5 WAKE 1 0.000505 76 1.7902e- 76 1
71 215
10 NREM 1 1.7119e- 76 2.2002e- 76 1
06 315
10 REM 1 1.7119e- 76 5.4644e- 76 1
06 123
10 WAKE 1 6.9365e- 76 4.7089%e- 76 1
11 273

Dose of CNO, DF = degrees of freedom, P = p value

Next, to investigate this further, we extracted the normalised power of PSD data
corresponding to 1-4 Hz and 5-8 Hz for NREM and REM sleep, respectively, to allow
for statistical analysis. Using two-way ANOVA, and post-hoc pairwise comparisons,
we found there were no differences in 1-4Hz power during NREM sleep in any group-
drug treatment combination (F(3, 62) = 0.83, p = 0.4849, two-way ANOVA) (Fig.
3.21A). Similarly, there was no difference in 6-8 Hz power during REM sleep between
animal group-drug treatment interactions or posthoc comparisons (F(3, 60) = 0.47, p
= 0.7058) (Fig. 21B). Some of the extracted PSD data did not follow normal
distribution (delta during NREM, control:1 mg/kg CNO p = 0.0037, control:5 mg/kg
CNO p = 0.0012; theta during REM, control:5 mg/kg CNO p = 0.0035, DREADDs:1
mg/kg CNO p = 0.0105, DREADDs:5 mg/kg CNO p = 0.0022, Shapiro-Wilk test).
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Overall, we did not observe any changes in frequency power during sleep states,
suggesting that chemogenetic activation of pontine astrocytes did not affect EEG

frequency.
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Figure 3.21. Delta power during NREM and theta power during REM sleep in all sleep scored
data. A. Frequencies between 1-4 Hz during NREM was extracted from all sleep scored data,
normalised power was plotted for control animals (light blue) and DREADDs animals (dark blue) for all
treatment conditions. B. Frequency between 6-8 Hz during REM sleep was extracted from all sleep
scored data, normalised power was plotted for control animals (light green) and DREADDs animals
(dark green) for all treatment conditions. Data plotted as mean + SEM. Significance was calculated
using two-way ANOVA, and post-hoc pairwise analysis Tukey-Kramer tests. All data was not signficant
p>0.05.

3.3. Discussion

3.3.1. Summary of findings
Firstly, we utilised immunohistochemistry techniques to show co-expression of anti-
GFAP and anti-mCherry in both animal groups, in both epifluorescent and confocal
imaging, meanwhile, little-to-no co-expression was observed between anti-NeuN and
anti-mCherry (Figs. 3.4-3.9).

Next, and most importantly, we found that by using chemogenetics to activate

astrocytes in the pons, we were able to reduce total REM sleep, REM sleep incidence,
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and increase latency to first REM episode for 6 hours post injection (Fig. 3.12). This
effect was dose-dependent, with high doses of CNO having a strong effect and in
some cases completely inhibiting REM sleep for 6 hours post injection. We also found
no differences in the length of REM sleep episodes between groups. Together this
suggests pontine astrocytes may be involved in REM sleep initiation, and not REM
sleep maintenance. We also found a sedative effect of CNO alone, with high doses
of CNO increasing total NREM sleep and reducing NREM sleep latency regardless of
animal group. However, in our control animals which were administered with CNO,
we did not find any alteration to REM sleep caused by CNO alone, even at high
concentrations (Fig. 3.12), which opposes previous reports (Traut et al., 2023).

Next, we found that rebound REM sleep, in the form of increased total REM sleep,
increased REM episodes, or longer REM sleep episode durations, did not occur
immediately in the latter hours (6-10 hours after injection) of our chemogenetic
experiments (Fig. 3.14). However, we did observe that across 10-hour recordings,
effects of CNO were diminished, as reductions in REM sleep were less significant
across 10-hours post injection in comparison to 6-hour recordings (Fig 3.12 & Fig.
3.15).

Finally, we showed that EEG power does not change between animal groups or drug
treatments (Fig. 3.16 & Fig. 3.17).

3.3.2. Limitations and future work

As outlined in section 3.2.2, one limitation was using antibodies raised in a mouse for
histological analysis. This can lead to non-specific binding, such as binding to
endogenous IgG in the tissue, as the primary antibody was mouse-derived. This led
to increased background fluorescence, and in DREADDs animals, where the virus had
a lower titre, a much dimmer fluorescence of virus expression (Fig. 3.2). Before
validating histology with a rabbit strain of anti-dsRed, many DREADDs animals were
excluded due to negative histology, thus, these may have been false negatives. With

this in mind, this limitation may have caused reduced sample sizes.
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In addition, with our injection-based method of hM3D-containing virus expression, we
observed virus expression in regions out with the pons (Fig. 3.3). As previously
described (section 1.2.2.5.1), the pons itself has many subregions that have complex
activities. Some of these regions contain neurons which are REM-on, while some are
REM-off, and as astrocytes are highly involved in synaptic transmission of neurons,
the activity of these regions may be influenced by local astrocytes. Thus, it would be
optimal to limit expression to specific subregions, such as the SLD. However, due to
the nature of the techniques, and the small size of these subregions, this remains very
challenging.

Regarding our immunohistochemistry data (Figs 3.4-3.9), a major consideration for
these findings is the differences in morphology using anti-GFAP staining between
control and DREADDs groups. As we know from previous studies, GFAP is

upregulated when astrocytes are in an activated state (Eng et al., 2000), thus it is

possible that repeatedly activating astrocytes has resulted in the increase of GFAP
expression and hypertrophic morphology. To minimise the effect this could have on
our results, drug treatments were randomised, and multiple control groups were used,
including DREADDs animals receiving a vehicle injection. Our observation of reduced
REM sleep incidence following chemogenetic manipulations was not observed in
these animals, suggesting changes in astrocyte state did not cause the reduction in
REM sleep. However, because of these findings, it would be interesting to further
investigate the changes occurring in astrocytes. A potential means for this could be
single-cell RNA sequencing, which would provide us with more detailed information

about changes in astrocyte state and protein expression.

A limitation of all chemogenetic experiments is the pharmacology of CNO. CNO is
readily reversed into parent compound clozapine, with both clozapine and CNO itself

reported to have off-target binding properties (Jendryka ef al., 2019; Gomez et al.,

2017). Because of these effects, CNO alone has been found to cause changes to the

sleep-wake cycle and exert sedative effects (Traut et al., 2023). In our studies we

observed increased NREM sleep and reduced NREM sleep latency with CNO alone,
particularly at high doses. However, we did not observe any changes to REM sleep
caused by CNO alone, as has been previously reported (Traut et al., 2023). In any

case, due to the known effects of CNO on the sleep-wake cycle, in our study we
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carefully designed our experiments to include multiple control groups, which included
animals expressing a control virus that were injected with CNO, to assess any direct
effects cause by CNO alone. Alternatively, it may have been advantageous to use a
different DREADDs agonist, such as DCZ, which is more potent and fast-acting, and
has no reported off-target binding (Nagai et al., 2020).

Additionally, in our studies, longer 10-hour recordings were under sampled
comparatively to 6-hour recordings. Initially, when we began experiments, we first
wanted to confirm that a reduction in REM sleep would occur and did not know how
pronounced this effect would be. After obtaining our preliminary results with the first
few animals in each group, and observing that a strong REM reduction was occurring,
we then wanted to see if this caused effects on rebound REM in the following hours.
This meant that fewer animals underwent 10-hour recordings. Additionally, due to
construction work in our animal unit commencing, we had a restricted timeframe to
conduct these long recordings, limiting how many animals we could include in our
study. Furthermore, it would have been interesting to look at the sleep-wake cycle
over a longer period of time, perhaps in 24-hour recordings to investigate if REM sleep
continued to recover over this time, however, this was again restricted by the schedule

of construction work, which was unavoidable.

3.3.3.  Summary and next steps

Overall, in this chapter we showed that using chemogenetics to activate pontine
astrocytes reduced REM sleep incidence. Since commencing these experiments,

supporting findings were published (Peng et al., 2023; Kuroqgi et al., 2024). However,

we show, for the first time, that this effect was dose-dependent.

Next, due to the involvement of REM sleep in memory formation (see section 1.2.2.4),
we aimed to investigate if chemogenetic-induced REM sleep reduction would impair
memory in mice. In particular, due to the involvement of the hippocampus in theta
generation (see section 1.2.2.6.1), we aimed to examine hippocampus-dependent
spatial memory following chemogenetic activation of pontine astrocytes.
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4. Effects of chemogenetic activation of pontine

astrocytes on memory

As we previously observed a strong reduction in REM sleep following chemogenetic
activation of pontine astrocytes, we wanted to investigate if this had any effects of
memory consolidation during sleep, which will be the basis of this chapter. Firstly, |
will briefly describe the background, hypothesis, and aims for behaviour experiments
(section 4.1). | will then discuss the results obtained including a description of our
database and the exclusion criteria for animals, and then the results we obtained from
the novel object location test (NOLT), and novel object recognition test (NORT)
(section 4.2), and discuss these findings (section 4.3). Overall, our pilot experiments
show a trend for chemogenetic activation of astrocytes to reduce spatial, but not object

recognition memory.

4.1. Introduction

NREM sleep has a critical role in memory formation. In particular, hippocampal SWRs
are critical for spatial memory. During SWRs, place cell activity enquired during
waking exploratory behaviour, is replayed, leading to the consolidation of spatial
memory (O'Keefe and Dostrovsky, 1971; O'Keefe, 1976; Morris et al., 1982; Girardeau
et al., 2009; Ego-Stengel and Wilson, 2010; van de Ven et al., 2016; Wilson and
McNaughton, 1994; Ormond and O'Keefe, 2022). However, investigating the

importance of REM sleep for memory consolidation is more controversial due to it
being experimentally challenging to modulate REM sleep independently to NREM.

Hippocampal theta during REM sleep has been shown to be involved in replay and
strengthening of place cell activity from memories which occurred during wake (Poe
et al., 2000; Louie and Wilson, 2001). P-waves, another oscillatory component of

REM sleep, are also thought to be involved in consolidation and integration of
memories, with increased P-wave activity resulting in improved avoidance learning in
rats (Mavanji and Datta, 2003; Datta, 2000). Selective REM sleep deprivation has
shown reduced spatial learning and memory in rats (Smith and Rose, 1996; Beaulieu

and Godbout, 2000; Youngblood et al., 1997). However, these studies used the flower-

pot method for REM sleep deprivation, where the animal is placed on a small platform
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surrounded by water, and upon loss of muscle tone they would fall into the water. This
method has several limitations, for example NREM sleep can also be affected, as
muscle relaxation also occurs during NREM sleep, and the animal may try to stay
awake due to the stressful nature of this method. In addition, small episodes of REM
sleep may still occur before the animal falls, or due to adaptation. Meanwhile, some
literature has found no effects of REM sleep in spatial memory (Sloan, 1972; Holdstock
and Verschoor, 1973).

More recently, there have been advancements in REM sleep deprivation techniques.
Optogenetically attenuating theta during REM, without affecting sleep, impaired
spatial, and fear-conditioned contextual memory (Boyce et al., 2016). Optogenetic

manipulations took place for 4 hours following encoding session for NOLT, and after
fear conditioning session for contextual memory, suggesting consolidation of these
memories are dependent on hippocampal theta during REM sleep. On the other hand,
optogenetically silencing REM-on hypothalamic MCH neurons during REM sleep
between encoding and retention periods of the NORT, significantly improved object
recognition memory (lzawa et al., 2019). Together, these studies demonstrate the

complexity of the involvement of REM sleep in memory consolidation. As such, more
experiments which reduce or inhibit REM sleep, such as our chemogenetic studies,

are needed to further characterise the role of REM sleep in memory.

4.1.1.  Hypothesis and aims
Given the reduction in REM sleep following chemogenetic modulation, and that
rebound REM sleep did not occur, we hypothesised that hippocampus-dependent
spatial memory would be impaired. To test this, we used NOLT and NORT, which test
spatial and object recognition memory, respectively. Importantly, NOLT is a
hippocampus-dependent test, which is also dependent on sleep following encoding
sessions. On the other hand, NORT is not hippocampus dependent, and is unaffected
by sleep deprivation immediately after encoding (Ishikawa et al., 2014; Sawangjit et
al., 2018). For this reason, we hypothesised that NOLT, but not NORT, would be
impaired by chemogenetic modulation. We aimed to modulate pontine astrocyte

activity in DREADDs mice using CNO at a concentration of 1 mg/kg immediately
following encoding sessions, and test consolidation of memory during retention
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sessions 24-hours later. We chose this concentration of CNO as it had minimal effects
on NREM sleep, while maintaining a significant reduction in REM sleep.

4.2. Results

4.2.1.  Animal groups and database

As briefly discussed, (section 2.1), 44 WT mice aged 8-24 weeks upon time of surgery
were used for memory tests (Fig. 4.1). Of these 44, 20 were bilaterally injected with
a control virus, while 24 were injected with the activatory chemogenetic receptor. 1
mouse developed cataracts and blindness from natural aging during the virus
incubation period, thus did not partake in behaviour experiments. Due to the nature
of experiments testing memory, drug treatments were not repeated in animals, instead
animals were split into 4 independent groups. In control animals, 10 were given i.p.
injections of vehicle while 10 were given CNO (1 mg/kg). 1 control animal in each
treatment group was excluded after histological analysis, and 1 control animal given
vehicle was later excluded for lack of exploration, leaving a final number of 8 control
animals given vehicle (4 males and 4 females) and 9 administered with CNO (5 males
and 4 females). In DREADDs animals, 11 were given vehicle and 12 were
administered with  CNO (1 mg/kg), of which 3 DREADDs:vehicle and 4
DREADDs:CNO animals were excluded after histological analysis, and 2 animals in
each drug treatment were excluded for lack of exploration. This left a final number of
6 DREADDs animals given vehicle (4 males and 2 females) and 6 administered with
CNO (1 mg/kg) (3 males and 3 females).

Experiments generally begun 4 weeks after virus injection surgery following a period
of virus incubation. 11 mice underwent behaviour experiments 6-8 weeks after virus
injection surgery as they were also used in chemogenetic studies prior to behaviour
tests. Behavioural tests were conducted over 5 consecutive days. Day 1 consisted
of a 20-minute habituation to the test environment, while day 2 and 3 were encoding
and retention days for NOLT, and 4 and 5 were encoding and retention days for NORT
(see section 2.6 and Fig. 2.10). All test sessions lasted 10 minutes and occurred
within the same hour every day. Drug treatments were given immediately after
encoding. Several sets of objects were used, and for NOLT encoding sessions, a set

of objects was allocated to an animal at random, and the same objects would be used
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per mouse for NORT encoding sessions. During NOLT and NORT retention sessions
novel object locations or novel objects were assigned randomly, respectively.

Used in memory tests

(n=44)
DREADDs+
(n=24)
| Visual
EEmmmmmmm— iMpairment
(n=1)
DREADDs+ DREADDs+
Veh CNO
(n=11) (n=12)
Virus Virus
«— off-target off-target
] Animal Animal
did not did not
-« explore explore

DREADDs+ DREADDs+
Veh (61, [0)
(n=6) (n=6)

Figure 4.1. Flowchart of the animals used in memory tests.

4.2.2.  Establishing inclusion and exclusion criteria
As previously described for chemogenetic studies, some animals were excluded if
virus expression was off-target, or a lack of expression was found (see sections 3.2.2
and Fig. 3.1 & Fig. 3.2). In memory tests, a total of 9 mice were excluded for this

reason.

Another reason for exclusion in these experiments was lack of exploration. To

investigate this, we explored various behaviours which would indicate exploration.
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First, we extracted the trajectory of the animal throughout the entire test session by
tracking the nose position. The trajectory was visualised with a colormap that reflects
the time course of the recording, allowing us to see how the animal's movements
evolved over the session. The location of the fixed object is indicated by a blue cross,
while the location of the variable object is marked with a red cross (Fig. 4.2 A&B, left
panel). Next, we calculated the discrimination index for each minute, across various
distances from the centre of the objects (ranging from 2 to 10 cm in 0.5 cm intervals).
This information is presented as a heat map, where blue represents a preference for
the fixed object, and red indicates a preference for the variable object within each
exploration zone for each minute of the test (Fig. 4.2 A&B, middle panel). Finally, we
extracted the discrimination index based on cumulative exploration duration across
the same range of distances from the objects centre. This allows us to visualise how
the discrimination index evolves as the cumulative time spent exploring the objects
increases, along with the proximity of the exploration. It shows how closely and for
how long the animals explored each object, and how their preference changed as they

continued to explore (Fig. 4.2A&B, right panel).

In animals that explored we observed a complex trajectory, and changes in
discrimination index across the session. Most importantly we seen changes in
discrimination index which corresponded to increases in cumulative exploration
duration at distances close to the object which occurred as the animal explored objects
(Fig. 4.2A). In contrast, animals that did not explore tended to stay in certain areas of
the test environment and showed no cumulative exploratory time or preference for
objects (Fig. 4.2B). To determine an exclusion criterion for exploration, we first
calculated total exploration of both objects (within 4 cm from object centre) for all test
sessions and plotted distribution of exploration (Fig. 4.2C). We chose to exclude
animals that had any less than 13 seconds exploration for any test session, which
included 6 sessions in 5 animals. This value was arbitrary, and was based on trends
in exploratory data.

Overall, with the outlined exclusion criteria, results from a total of 8 control animals

given vehicle and 9 given CNO treatments, and 6 DREADDs animals given vehicle
and 6 given CNO will be reported in this chapter.
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Figure 4.2. Examples of exploration and exclusion criteria. A. Left - trajectory within
experimental box according to recording time. Object A (fixed) represented by blue cross, object B
(variable) represented by red cross. Trajectory used nose as tracked bodypart. Colourbar
indicates time of recording. Middle - cumulative discrimination index across recording depending
on distance from object centre. Colourbar, positive values (red) indicate more time spent near
object B, and negative values (blue) indicate more time spent near object A. Right - discrimination
index based on cumulative exploration duration depending on distance from object centre.
Colourbar, positive values (red) indicate more time spent near object B, and negative values (blue)
indicate more time spent near object A. B. Same as in A but in an example of no exploration. C.
Distribution of total exploration time for both objects at 4 cm from object centres for all experiments
(n = 136). The chosen threshold is shown as a red sashed line, and the location in the distribution
of examples are displayed in (A) and (B) are indicated.
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4.2.3.  Bilateral virus expression in the pons
Immunohistochemistry was carried out on all mice to confirm virus was expressed
bilaterally in the pons. As previously (see section 3.3.1), anti-DsRed or anti-mCherry
were used to amplify mCherry or tdTomato signals, the fluorescent tags which were
conjugated to DREADDs and control viruses, respectively, while DAPI was used for
counterstaining (Fig. 4.3A). To further investigate expression pattern and spread, we
registered 2 histology sections per animal to the Allen Mouse Brain atlas CCFv3, and
extracted virus expression for each animal group. Atlas maps were grouped according
to AP axis position and aligned, and the matching virus expression segmentation was
overlayed to the corresponding atlas. With this visualisation, we observed bilateral
expression in a range of pontine regions, with some minimal expression also occurring
in midbrain, medullar, and cerebellar regions in control mice administered with vehicle
(n = 16 images for 8 animals) (Fig. 4.3B), control mice administered with CNO (1
mg/kg) (n = 18 images for 9 animals) (Fig. 4.3C), DREADDs animals administered
with vehicle (n = 12 images for 6 animals) (Fig. 4.3D), and DREADDs animals
administered with CNO (1 mg/kg) (n = 12 images for 6 animals) (Fig. 4.3E).

As previous, we also stained for anti-GFAP to assess co-expression of our viruses and
an astrocyte-specific marker. As the same viruses were used in these experiments as
in chemogenetic studies, we observed the same co-expression as previously reported
(see section 3.3.2 & Figs. 3.4-3.9).
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Figure 4.3. Virus expressed in pontine regions and some midbrain and medulla/cerebellar
regions across animals used in behaviour studies. A. Examples of bilateral virus expression
in the pons in two seperate animals (blue = DAPI, red = anti-DsRed). Scale bar = 1000 um. B.
Virus expression in control animals administered with vehicle across the anterior-posterior axis.
Histological images were registered to the Allen Mouse Brain atlas CCFv3, where colours indicate
wider regions. Blue/green = cortex, purple = midbrain, orange = pons, pink = medulla, yellow =
cerebellum. Black indicates viral expression where darker colour indicates overlayed expression
in multile sections (demonstrated in colourbar). n = 16 histological images for 8 animals, 2 images
per animal. C. Same as in (B) but in control animals administered with CNO (1 mg/kg). n = 18
histological images for 9 animals, 2 images per animal. D. Same as in (B) but in DREADDs
animals administered with vehicle. n = 12 histological images for 6 animals, 2 images per animal.
E. Same as in (B) but in DREADDs animals administered with CNO (1 mg/kg). n = 12 histological
images for 6 animals, 2 images per animal.
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4.2.4.  Novel object location test

During NOLT, encoding sessions lasted 10 minutes where animals explored two novel
objects. Immediately after encoding, animals were given i.p. injections of vehicle or
CNO. 24-hours after encoding sessions, animals underwent 10-minute retention
sessions where they could explore both objects again after one object was moved to
a novel location, in order to test spatial memory. Discrimination indices that were
positive indicate a preference for novel location, while a negative discrimination index
implies a preference for the fixed object. Exemplar data of a control animal shows
some preference during encoding for the object that will remain in the same location,
and shows that the animal explored both objects multiple times (Fig. 4.4A, top).
During retention, the same animal showed preference for exploring the object that was
moved to a new location, spending a longer exploratory time at a closer distance to
the object at novel location compared to the fixed object (Fig. 4.4A, bottom). In
comparison, while an exemplar DREADDs animal also showed little preference for
either object during encoding (Fig. 4.4B, top), when the animal was given CNO
immediately after encoding, little-to-no preference could be observed again during
retention (Fig. 4.4B, bottom).
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Figure 4.4. Examples of NOLT with and without chemogenetic modulation of pontine

astrocytes.

A. Same figure configuration as in Figure 4.2A, in a control animal during an

encoding sessions (top) and a retention session (bottom). B. Same as in A but in a DREADDs
animal given CNO after encoding session.
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To explore this further, we looked at differences in discrimination indices across
different animal groups, drug treatments, and test sessions. We analysed exploration
4 cm from the centre of objects, which was ~2 cm from the edge of objects. We chose
this distance due to trends across all groups at this distance. All data was normally
distributed (p>0.05 per group, Shapiro-Wilk test). Despite objects being randomly
placed for every session, all animal groups appear to have a negative discrimination
index during encoding, suggesting a preference for the fixed object (control:vehicle, -
1.002 + 0.0883; control:CNO, -0.1285 + 0.0442; DREADDs:vehicle, -0.0429 + 0.0671;
DREADDs:CNO, -0.1342 + 0.0739) (Fig. 4.5). In all control groups, this preference
became positive in favour of the novel object during retention sessions
(control:vehicle, 0.0895 + 0.0842; control:CNO, 0.0633 + 0.0815; DREADDs:vehicle,
0.1029 + 0.1486). In comparison, DREADDs animals that were given CNO still had a
negative discrimination index in retention sessions (-0.0281 £ 0.1248) (Fig. 4.5). We
observed no significant differences between encoding session and retention sessions
in animals following vehicle treatments (p = 0.2236, paired t-test), or DREADDs
animals given vehicle drug treatment (p = 0.4228, paired t-test), however, a significant
difference was found between control animals who received CNO (p = 0.0492, paired
t-test). DREADDs animals that received CNO treatment also did not have statistical
differences in discrimination index between encoding and retention sessions (p =
0.3371, paired t-test). Notably, while sex-dependent changes in performance were
very little, females in each group tended to perform slightly better than males of the
same group, with smaller p values occurring for the former, with the exception of

control animals given vehicle, in which males performed better.

Overall, we observed a trend for reduced discrimination indices during retention
sessions in animals that underwent chemogenetic activation of pontine astrocytes,
suggesting reduced spatial memory which may be caused by REM sleep reductions.
Despite this trend, and the fact that no statistical difference was found between the
encoding and retention sessions in DREADDs animals receiving CNO treatment, we
also did not see significant differences in some control groups. This could be due to
the large variance of data, and/or small sample sizes.
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Figure 4.5. Discrimination indices for NOLT. Mean discrimination indices + SEM for all groups
including control animals given vehicle injections after encoding session, control animals given
CNO (1 mg/kg) after encoding, DREADDs animals given vehicle injections after encoding
session, and DREADDs animals given CNO (1 mg/kg) after encoding. All groups show
discrimination indices first for encoding and then retention. All discrimination indices for
distances 4 cm from oject centre. EN = encoding, RE = retention. Control:vehicle n = 8,
control:CNO n = 9, DREADDs:vehicle n = 6, DREADDs:CNO n = 6. Normality calculated using
Shapiro-Wilk test, significance calulated using two-way ANOVA and posthoc pairwise tests using
Tukey-Kramer test, all data was not significant, p > 0.05.
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4.2.5.  Novel object recognition test
Similarly to NOLT, during NORT, 10-minute encoding sessions were done 24 hours
before retention sessions. Immediately after encoding, animals were given i.p.
injections of vehicle or CNO. In retention sessions, one object was switched to a novel
object to test object recognition memory. Discrimination indices that were positive
indicate a preference for novel object, while a negative discrimination index implies
preference for the familiar object. Exemplar data of a control animal shows during
encoding the animal explored both objects to a similar extent (Fig. 4.6A, top). During
retention, the same animal showed a very strong positive preference for exploring the
novel object, spending a longer exploratory time at a much closer distance and
demonstrating extensive rearing behaviour with the novel object (Fig. 4.6A, bottom).
Similarly, an exemplar DREADDs animal also showed little-to-no preference for either
object during encoding (Fig. 4.6B, top), while following CNO administration
immediately after encoding, a positive preference for the novel object was still
observed (Fig. 4.6B, bottom), however, this effect seemed stronger in control animals.
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Figure 4.6. Examples of NORT with and without chemogenetic modulation of pontine
astrocytes. A. Same figure configuration as in Figure 4.2A, in a control animal during an
encoding sessions (top) and a retention session (bottom). B. Same as in A but in a
DREADDs animal given CNO after encoding session.
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Given that the strength of preference for the novel object seemed to be diminished
following chemogenetic activation of pontine astrocytes in comparison to control
groups in exemplar data, we wanted to look at group data and statistical analysis to
explore this further. Again, we analysed discrimination indices for 4 cm distance from
object centre. All data was normally distributed (p>0.05 per group, Shapiro-Wilk test).
Discrimination was statistically lower during encoding than during retention for control
animals given vehicle (0.0482 + 0.1059 vs 0.4541 + 0.1545, respectively, p = 0.0303,
paired t-test) and had a tendency to be lower in control animals following CNO (0.0021
+ 0.1019 vs 0.3201 + 0.1112, respectively, p = 0.0684, paired t-test), as well as
DREADDs animals given vehicle (0.1821 + 0.1447 vs 0.6141 £ 0.0689, respectively,
p = 0.0640, paired t-test), suggesting animals preferred the novel object (Fig. 4.7).
Despite seeing reduced effect in NORT in some DREADDs animals that received
CNO, we found statistical differences between encoding and retention sessions in
these animals (-0.0107 + 0.1042 vs 0.5146 + 0.1164, respectively, p = 0.0014, paired
t-test) (Fig. 4.7). Notably, sex-dependent differences in performance were again
minimal for NORT performance, with control females given vehicle and DREADDs
female given CNO performing slightly better, and males performing slightly better in
the other two groups.

Overall, we observed a significant difference between encoding and retention
sessions in DREADDs animals that received CNO, suggesting object recognition
memory was not impaired by chemogenetic activation of pontine astrocytes. Again,
lack of statistical significance in control groups is likely due to the large variation in

data.
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Figure 4.7. Discrimination indices for NORT. Mean discrimination indices + SEM for all groups
including control animals given vehicle injections after encoding session, control animals given CNO (1
mg/kg) after encoding, DREADDs animals given vehicle injections after encoding session, and
DREADDs animals given CNO (1 mg/kg) after encoding. All groups show discrimination indices first for
encoding and then retention. All discrimination indices for distances 4 cm from oject centre. EN =
encoding, RE = retention. Control:vehicle n = 8, control:CNO n = 9, DREADDs:vehicle n = 6,
DREADDs:CNO n = 6. Normality calculated using Shapiro-Wilk test, significance calulated using two-
way ANOVA. Posthoc pairwise comparisons using Tukey-Kramer tests shown, *p<0.05.

4.3. Discussion

4.3.1. Summary of findings
In this chapter we showed that, unlike controls, following chemogenetic activation
there was no positive preference for the novel object location during retention sessions
for NOLT only. The difference between average discrimination index for encoding and
retention sessions in animals undergoing chemogenetic modulation did not change to
a level of statistical significance (Fig. 4.4 & Fig. 4.5). Together, this suggests a
potential effect for chemogenetic modulation to reduce spatial memory. However, as

the change in discrimination index between encoding and retention sessions did not
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reach significance level in all control groups, further studies and larger sample sizes
are needed to confirm this effect.

Furthermore, during NORT we showed that while some animals had a reduced
tendency to prefer the novel object after chemogenetic modulation, there was still a
statistically significant change of discrimination indices between encoding and
retention sessions in these animals, suggesting that chemogenetically activating
pontine astrocytes had no effects on object recognition memory (Fig. 4.5 & Fig. 4.6).
However, similar to NOLT, changes in discrimination index did not reach significance
in some control groups, suggesting further studies are again needed to confirm results.
An additional finding was that discrimination indices had a greater increase from
encoding sessions to retention sessions in control animals during NORT compared to
NOLT. This could be due to NOLT being hippocampus- and sleep-dependent, while
NORT is not (Ishikawa et al., 2014; Sawangjit et al., 2018). We also suggest that the
improved performance during NORT could also be due to the animals being well

acquainted with the familiar objects as the NOLT was performed prior to the NORT.

4.3.2.  Limitations and future work

A main caveat for these behaviour studies is that the sleep-wake cycle was not
measured in the 24-hour period between encoding and retention sessions. A main
reason for this was due to conflicting schedules with ongoing construction in the animal
unit, near our sleep experimental rooms, which would have disrupted natural sleep.
Several animals (control n = 5, DREADDs = 2) that were included in these results also
underwent chemogenetic studies in the weeks prior to behaviour tests, and were
included in the results in the previous chapter. We confirmed in these DREADDs
animals that REM sleep was significantly reduced for following 1 mg/kg CNO.
However, another limitation to this issue is that several animals were injected with a
new batch of DREADDs virus (see section 2.3.2.2), therefore it is not possible to
confirm REM sleep was truly reduced in these animals. Thus, ideally memory studies
would have been run concurrent with sleep monitoring, and we would show the sleep-
wake cycle in the 24-hour periods between encoding and retention in all animals to
confirm REM sleep was indeed reduced.
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As briefly discussed, the wide deviation of data suggests technical limitations in our
studies. By applying power calculations to our data, we found that 11-18 animals per
group would be required for our control groups to reach statistical significance at 80%
power for NORT. This was even higher for NOLT, with some control groups requiring
64 animals to reach statistical significance. This suggests that a much higher number
of animals would be required for us to confirm the observed effect of reduced spatial
memory following chemogenetic modulations. In addition, NOLT and NORT are

simple tests that rely on natural exploratory behaviours, and does not involve

punishment or reinforcement (Ennaceur and Delacour, 1988; Antunes and Biala,
2012). While this is advantageous due to being less stressful for the animals than
tests that include punishment, due to the simplicity of this test, many factors can impact
the outcomes. Parameters such as odour, noise, lighting, environmental cues, type of
objects, analysis parameters, habituation and test durations, and length of retention
interval can affect natural exploratory behaviour in mice. Stress and anxiety levels will
also naturally differ between mice, which can also affect exploratory behaviour.
Similarly, due to the quick experimental timeline, and the inability to repeat these tests
in the same animal, rates of learning are not taken into consideration (Lueptow, 2017).

To test the efficacy of the NOLT for spatial memory and avoid such limitations,
alternative tests such as the Morris water maze, the Barnes maze test, or the active

place avoidance test could be used to assess spatial memory (Blackmore et al., 2022).

4.3.3.  Summary and next steps
Overall, we show a trend for reduced spatial, but not object recognition, memory
following chemogenetic activation of pontine astrocytes, which is likely due to
reduction of REM sleep. With further studies, and increased sample sizes, this trend
could become significant.

As we previously found that our chemogenetic studies induced strong changes in the
sleep-wake cycle, specifically with reducing REM sleep incidence, and has a tendency
to alter spatial memory, we wanted to confirm astrocyte activity was successfully
increased following chemogenetic manipulations. To do this, we aimed to co-express
DREADDs and GCaMP6f and monitor pontine astrocyte activity with and without
chemogenetic manipulation using fibre photometry.
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5. A pilot study on measuring astrocyte Ca?* signals

following chemogenetic modification

Following investigations on changes to the sleep-wake cycle and memory, we wanted
to confirm that astrocyte Ca?* levels were truly increased during chemogenetic
manipulation. To do this, we wanted to combine our chemogenetic experiments with
fibre photometry to monitor astrocyte calcium activity following injections of CNO. In
this chapter | will first briefly introduce the background and hypothesis behind these
experiments (section 5.1), describe the animals included in these results, and finally
show some preliminary results we obtained from these studies (section 5.2). | will
discuss some limitations we encountered and propose some further studies and next

steps necessary to meet our aims (section 5.3).

The experiments reported in this chapter were a collaborative study with a postdoc in
our lab, Dr Yuri Elias Rodrigues. All immunohistochemistry, imaging and image
processing was done by myself. Fibre photometry experiments, including surgeries,
recordings, and perfusions were shared equally by Dr Elias Rodrigues and myself,
and data processing, including sleep scoring and fibre photometry signal
reconstruction, was done by Dr Elias Rodrigues.

5.1. Introduction

Fibre photometry has been successfully used and combined with EEG/EMG recording
to investigate astrocytic Ca?* during the sleep-wake cycle and compare activity in
different states (Tsunematsu et al., 2021; Peng et al., 2023; Cai et al., 2022).

Tsunematsu et al. (2021) used a transgenic mouse model, MIc1-tTA; TetO-YCnano50,

to express YCnano50, a genetically encoded calcium indicator consisting of YFP and
CFP, exclusively in astrocytes. Following increases in intracellular Ca?* in astrocytes,
a conformational change between YFP and CFP occurs, leading to changes in
fluorescence emission, thus the ratio between fluorescence is representative of Ca?*
changes. They then implanted optic fibres into mice and measured astrocyte Ca?*
activity in different regions during the sleep-wake cycle using fibre photometry. On the
other hand, Peng et al. (2023), virally expressed genetically encoded Ca?* sensor
GCaMPé6f specifically in astrocytes in target regions, and later implanted an optic fibre
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into the same region to measure astrocyte Ca?* levels during the sleep-wake cycle.
GCaMPé6f is a suitable GECI for studying astrocytes as it is more sensitive to small
and fast Ca®* events, compared to many other GECls (Ye et al., 2017). However,

more recently, new variants with superior kinetics have been developed, such as the
jGCaMP8s sensor (Zhang et al., 2023). Similarly, Cai et al. 2022, used a viral
technique to express GCaMP6m and implanted an optical fibre to measure Ca?*

activity in astrocytes.

As discussed, fibre photometry has been used for measuring astrocytic Ca?*, with
studies using these methods to characterise astrocyte activity throughout the sleep-
wake cycle. Fibre photometry has also been used to demonstrate the effects of
chemogenetics in astrocytes, although, this is yet to be fully characterised. GCaMP
and hM3D have been co-expressed using viral based delivery of equal combinations
of two viral vectors prior to implantation of optical implant. This has allowed studies to
validate an increase in population astrocyte Ca?* levels, or Ca?* events, following
administration of CNO (Cai_etf al., 2022; Noh et al., 2023). This is of particular
importance for our study, as characterising astrocytic Ca?* following chemogenetic

manipulations would further validate our results reported in the previous two chapters.

5.1.1.Hypothesis and aims
The results in this chapter were based on the hypothesis that following chemogenetic
manipulations, we would observe an increase in astrocytic Ca?*. To address our
hypothesis, we aimed to combine chemogenetic and fibre photometry approaches,
and measure changes in pontine astrocyte fluorescence following CNO application in

animals expressing DREADDs.

5.2.Results

5.2.1.Animals and dataset
A total of 14 animals were used in the experiments reported on in this chapter (Fig.
5.1). Animals underwent unilateral virus injection surgeries aged 8-24 weeks. 8 of
these animals were injected with an equal volume cocktail of AAV5-gfaABC+D-
GCaMP6f and AAV5-gfaABC1D-hM3D-mCherry, while 6 were injected with an equal
volume cocktail of AAV5-gfaABC1D-GCaMP6f and AAV5-gfaABC+1D-tdTomato. 3-4
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weeks later, an optic fibre was implanted into the pons slightly dorsal to virus injection
site, along with cortical EEG and EMG connections. 1 mouse in both the control group
and DREADDs group were excluded due to the virus being off-target, and an
additional DREADDs mouse was excluded for the fibre implant being off-target leaving
a total of 5 control animals and 6 DREADDs animals included in the data for this
chapter (Fig. 5.1).

Total number of

animals used (n=14)

DREADDs+
(n=8)

Virus
off-target
(n=1)

Fibre
mg Off-target
(n=1)

DREADDs+

(n=6)

Figure 5.1. Animals used in combined fibre photometry and chemogenetic studies.

5.2.2.Virus expression and fibre implant in the pons
To visualise virus expression and the location of fibre implant in all mice, we carried
out immunohistochemistry on sections from all mice. As our GCaMP virus was
conjugated with fluorescent tag GFP, and control and hM3D viruses were conjugated
with tdTomato and mCherry, respectively, we stained sections with anti-GFP and anti-
dsRed to visualise unilateral virus expression (Fig. 5.2A). Damage from fibre
implantation also allowed us to visualise the location of optic fibre (Fig. 5.2A). To
visualise the spread of virus expression and fibre location, we registered 2-3 sections
from each animal used in the database of this chapter to the Allen Mouse Brain atlas

CCFv3 and extracted virus expression (shown in black) and damage from optic fibre
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(shown in white) to visualise how this changed across the AP-axis. Our visualisation
suggests that in control animals (Fig. 5.2B) and DREADDs animals (Fig. 5.2C) virus
expression and location of fibre tip occurred in the pons, however some virus
expression spread to midbrain, medullar and cerebellar regions (n = 12 sections from

5 control animals, n = 14 sections from 6 DREADDs animals) (Fig. 5.2).

A

GFP + tdTomato Overlap of signals

per image

C GFP + hM3D Overlap of signals

s er image
oW

Figure 5.2. Virus expression and fibre implant location. A. Examplar images of histological
sections stained with anti-GFP (green) and anti-dsRed (red), and counterstained with DAPI.
Damage from fibre tip visable. Scale bar = 1000 um. B. Virus expression (black) and damage from
fibre implant (white) in control animals expressing GCaMP and tdTomato. Location registered and
mapped according to the Allen Mouse Brain atlas CCFv3, blue/green = cortex, purple = midbrain,
orange = pons, pink = medulla, yellow = cerebellum. Black indicates the virus where darker colour
indicates overlayed expression in multiple sections (demonstrated in colourbar). n = 12 histological
sections from 5 animals, n = 2-3 per animal. C. Same as in (B) but in DREADDs animals
expressing GCaMP and hM3D. n = 14 histological images from 6 animals, n = 2-3 per animal.
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5.2.3. Limited co-expression of GCaMP6f and hM3D in astrocytes
After assessing the location of virus expression and fibre implantation, we wanted to
look more closely at the co-expression of anti-GFP and anti-dsRed (or anti-mCherry)
in pontine astrocytes. Using epifluorescent imaging at 4X magnification, we observed
good overlap of anti-GFP and anti-dsRed surrounding the fibre tip in control animals
(Fig. 5.3A). At a higher magnification, we looked at co-expression of anti-GFP and
anti-mCherry with astrocyte specific marker, anti-GFAP. We observed many cells with
astrocyte-morphology co-expressing these markers (Fig. 5.3B).

On the other hand, at 4X magnification using epifluorescent imaging, in DREADDs
animals we observed less extensive expression of anti-dsRed in regions that we
observed good expression of anti-GFP (Fig. 5.4A). In areas where we did observe
anti-dsRed expression, we looked at co-expression of anti-GFAP, anti-GFP, and anti-
mCherry at a higher magnification. Although again we observed less extensive anti-
mCherry expression, cells with astrocyte-like morphology that did express anti-
mCherry also tended to co-express anti-GFP and/or anti-GFAP (Fig. 5.4B). This
observed effect was consistent across the 6 animals used in this study.

Overall, we observed good co-expression of anti-GFP and anti-dsRed or anti-mCherry
in cells which had astrocyte-like morphology and expressed anti-GFAP in control
animals, suggesting co-expression of our viruses in these animals. However, in
DREADDs animals this tended to be less extensive, suggesting the viruses were not
co-expressed well, which may affect our results for fibre photometry following

chemogenetic manipulations.

Across animals, we found that good co-expression of anti-dsRed and anti-GFP
occurred across five control animals (Fig. 5.5), suggesting good co-expression of
tdTomato and GCaMP6f occurred in pontine astrocytes in these animals. In
comparison, we found very little labelling of anti-dsRed in DREADDs animals, resulting
in poor co-expression of anti-dsRed and anti-GFP (Fig. 5.6). This suggests that a lack
of co-expression of hM3D and GCaMPG6f occurred in these animals, caused by poor
hM3D expression.
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Figure 5.3. Co-expression of anti-GFP and anti-mCherry in a control animal. Examplar images
of immunohistochemistry from one control animal using epifluorescence imaging. A. 4x
magpnification, DAPI counterstaining, anti-mCherry and anti-GFP signals, and merged image to
illustrate overlap of signals. Scale bar = 1000 um. B. 20x magnification of anti-GFAP, anti-
mCherry, and anti-GFP signals, and merged image to illustrate co-expression. Scale bar = 100 um.
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A DAPI anti-dsRed

anti-GFP merged

5 anti-GFAP anti-mCherr

anti-GFP merged
Figure 5.4. Co-expression of anti-GFP and anti-mCherry in a DREADDs animal. Examplar
images of immunohistochemistry from one DREADDs animal using epifluorescence imaging. A.
4x magnification, DAPI counterstaining, anti-mCherry and anti-GFP signals, and merged image to

illustrate overlap of signals. Scale bar = 1000 um. B. 20x magnification of anti-GFAP, anti-
mCherry, and anti-GFP signals, and merged image to illustrate co-expression. Scale bar = 100 um.

White arrows indicate co-expression.
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DAPI anti-GFP  anti-dsRed merged

Figure 5.5. Co-expression of tdTomato and GCaMP6f in control animals. Immunostaining of
control animals showing DAPI (blue), anti-dsRed (red), and and-GFP (green), and merged images
to illustrate co-expression in 5 control animals (A-E).
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Figure 5.6. Co-expression of hM3D and GCaMP6f in DREADDs animals. Immunostaining of
control animals showing DAPI (blue), anti-dsRed (red), and and-GFP (green), and merged images
to illustrate co-expression in 6 DREADDs animals (A-F).
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5.2.4. State-dependent changes in GCaMP fluorescence following

chemogenetic modulation in pontine astrocytes
Following sleep-scoring of data, we looked at state-dependent changes in GCaMP
fluorescence after CNO application in a control and a DREADDs animal. An animal
with relatively good co-expression of hM3D and GCaMP6f was chosen as the
representative DREADDs animal (Fig 5.6C).

In an exemplar recording from a control animal following administration of CNO (1
mg/kg), upon REM sleep we observed a drop in GCaMP fluorescence that occurred
upon transitions into and throughout REM sleep (Fig. 5.7A). Fluorescence appeared
to recover after transitioning from REM sleep into wake, and seemed relatively stable
during wakefulness and NREM sleep (Fig. 5.7A). This effect could be observed in
control animals despite different drug treatments, suggesting astrocytic Ca?* is
reduced during REM sleep. Changes in baseline fluorescence before and after
injection of CNO (1 mg/kg) was not apparent (Fig. 5.7A).

On the other hand, in a DREADDs animal, following CNO administration (1 mg/kg) we
did not observe a drop in GCaMP fluorescence during REM sleep (Fig. 5.7B). We
also observed some spontaneous transient increases in GCaMP fluorescence (Fig.
5.7B). In comparison with our results from chapter 3, we observed REM sleep
occurrence in this animal during the 2.5 hours post CNO injection. We suggest this is
due to our DREADDs virus being expressed unilaterally, in comparison to animals that

were injected bilaterally for experiments shown in chapter 3.

Overall, this suggests that GCaMP fluorescence, and hence astrocytic Ca?* activity, is
altered, particularly during REM sleep, following chemogenetic activation. In addition,
we show in control animals that astrocytic Ca?* was lower during REM sleep. To
confirm chemogenetic modulations were selectively activating astrocytes, we wanted
to investigate changes in baseline fluorescence following CNO administration in group
data, however, due to our uncertainty of co-expression of hM3D and GCaMPG6f, we

were unable to inspect this further.
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Figure 5.7. Examples of state-dependent changes in fluorescence in a control and
DREADDs animal following chemogenetic modulation. A. Spectrogram of cortical EEG
frequency (top), EMG amplitude (middle) and changes in GCaMP fluorescence according to
state (bottom) (wake = red, NREM sleep = blue, REM sleep = green) across 4 hours, 30 minutes
before injection of CNO (1 mg/kg) and 2.5 hours post-injection. B. Same as in (A) but in a
DREADDs animal.
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5.3.Discussion

5.3.1. Summary of findings
Overall, we first observed that both virus expression and location of fibre implant were
mostly contained to the pons (Fig. 5.2). However, we observed that co-expression of
anti-GFP and anti-dsRed/anti-mCherry in animals injected with a cocktail of our
GCaMP- and hM3D-containing viruses was less convincing in comparison to animals
injected with a cocktail of GCaMP-containing virus and our control chemogenetic virus
(Fig. 5.3 — Fig. 5.6). This suggests that hM3D was expressed in less cells than
GCaMP6f. We hypothesise that this may be due to our methods, in which we

combined two viruses to inject into the brain, which can result in limited co-expression.

Next, we found in an exemplar sleep scored dataset that a reduction in GCaMP
fluorescence occurred upon and throughout REM sleep episodes in a control animal
following CNO administration (Fig. 5.7). This result occurs in agreement with results
from Tsunematsu et al., who found lowered astrocyte activity during REM sleep
compared with other states (Tsunematsu et al., 2021). In comparison, this decrease

was not seen in a representative DREADDs animal, suggesting astrocytic activity
during REM sleep was altered by chemogenetic activations (Fig. 5.7). We were
unable to determine if this effect was seen across animals due to the poor co-
expression of hM3D and GCaMP6f.

5.3.2. Limitations and future work
From previous work which utilise similar techniques, we expected to see an increase
in baseline change in fluorescence following CNO in animals expressing GCaMP and
hM3D (Cai et al., 2022). As previously mentioned, we suggest this is due to lack of
hM3D expression. Our viruses had different titres (AAV5-gfaABC1D-tdTomato, =
7x10"2 gc/mL; AAV5-gfaABC1D-hM3D-mCherry, 3x10'?> gc/mL; AAV5-gfaABC1D-
GCaMP&6f, = 7x10"? vg/mL), and as our hM3D-containing virus had the lower titre, this

could result in several limitations to our methods. Lower titres generally infect a lower

number of cells, and when we inject a mixture of our two viruses the imbalance in titres
can lead to an imbalance in expression where the virus with the higher titre dominates
expression. When we utilised immunohistochemistry analysis, we found that this was
the case between our GCaMP6f- and hM3D-expressing viruses, but not between
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GCaMP6f- and tdTomato-expressing viruses, which had similar titres. A potential
solution for this limitation could be to dilute our GCaMP virus, or increase the volume
of hM3D-containing virus. Alternatively, staggering virus injections, and injecting

hM3D first and allowing a brief incubation period may also help balance expression.

Additionally, our baseline recording period should be longer. Due to constraints
caused by construction work in our animal unit, we had restricted time for recordings,
leading to only short baseline periods (1-hour) being measured prior to CNO or vehicle
treatments. Ideally, baseline recordings of 4 hours would be obtained before
commencing treatments to more accurately reflect natural changes in brain activity
caused by circadian fluctuations. This would allow for better comparison of brain
activity caused by CNO.

Furthermore, our pilot data could be further analysed. Firstly, it would be beneficial to
investigate state-dependent changes in fluorescence across animals further. This
would inform us that, even at low expression of hM3D, the activity of GCaMP
fluorescence was altered during REM sleep following chemogenetic modulation.
Secondly, with our group data, further investigation into differences between animals
and variations in raw data, as well as EMG activity to assess potential hyperactivity
that could affect fluorescence could help us interpret our data, as well as determine
why we do not see consistent results for baseline time periods, control animals, and

vehicle conditions.

5.3.3. Overall summary
Overall, in our pilot results reported in this chapter, we found that astrocyte activity
seems to reduce during REM sleep, with chemogenetic modifications altering such an
effect. However, overall, we were unable to confirm such an effect across animals due

to the lack of hM3D expression in astrocytes.
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6. Discussion

In this final chapter, | will summarise our main findings from each results chapter
(section 6.1). | will then discuss the significance of such findings, and possible
interpretations (section 6.2). Next, | will discuss all experimental difficulties and
limitations we encountered throughout the project (section 6.3), and potential future
work which could overcome these issues, as well as future work which could lead on
from our findings (section 6.4). Importantly, | will conclude with the main conclusions

arising from all experiments (section 6.5).

6.1. Summary of findings

The main aims of this project were based upon the hypothesis that modulating pontine
astrocyte activity would reduce REM sleep incidence. To address this hypothesis, we
aimed to modulate astrocyte activity in the pons using chemogenetics and assess
effects on REM sleep occurrence in vivo (chapter 3). This involved bilateral injection
of an hM3D-containing virus which selectively targeted astrocytes in the pons (Figs.
3.4-3.9) and monitoring the sleep-wake cycle following CNO administration. Most
importantly, we observed the 6 hours following CNO administration and found that
there was a significant reduction in total REM sleep, number of REM episodes, and
increased latency to REM sleep following chemogenetic modulations (Fig. 3.13). We
then found that while rebound REM sleep did not occur, this effect was partly
diminished in the hours following modulation (Fig. 3.14-Fig. 3.19). Subsequently we
found a trend for reduced spatial memory in animals following chemogenetic
modulations (Fig. 4.4 & Fig. 4.5).

6.2. Interpretation and significance of results

Most significantly, we showed a reduction in REM sleep following chemogenetic
activation of pontine astrocytes. At the time of commencing experiments and
collecting data, these results were novel, with the motivation of the project largely
based on results from Tsunematsu et al. which used fibre photometry to show reduced
astrocytic Ca?* activity in the pons during REM sleep (Tsunematsu et al., 2021).

However, similar results were later replicated in published and unpublished studies
(Fig. 3.13) (Peng et al., 2023; Kurogi et al., 2024). Peng et al. published largely based
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on data in the basal forebrain, but included results based on fibre photometry and
chemogenetic experiments in the brainstem, specifically LC-SLD. While their
chemogenetic data matches what we presented in this project (CNO 1 mg/kg), their
fibre photometry data was the opposite of what is expected, and what we found in
control animals during fibre photometry experiments (chapter 5), showing relatively
high astrocytic Ca?* during REM sleep (Peng et al., 2023). On the other hand, Kurogi

et al. presented chemogenetic activation of hippocampal and pontine astrocytes.
While their results in the pons again match those in our study, their lack of control
groups highlights a flaw in their experimental design. In this study they did not include
a negative control group in which a control virus was used. Instead, hM3D was
expressed in all mice and during experiments animals were given vehicle or CNO (1
mg/kg), meaning that the direct effects of CNO alone could not be assessed. Such a
negative control is necessary to validate their results, due to the known sedative
effects of CNO on the sleep-wake cycle, particularly at high concentrations of CNO
(Kurogi et al., 2024; Traut et al., 2023). Notably, consistent with previous reports,

during our experiments we also found that CNO alone caused sedative effects by
promoting NREM sleep and reducing latency to NREM sleep, particularly at high
concentrations (Fig. 3.13). However, interestingly, we found that REM sleep was not
altered by CNO alone, as we observed no differences in total REM sleep, number of
REM sleep episodes, average duration of REM sleep episodes, or latency to REM
sleep between any of our control groups, including control animals administered with
vehicle or CNO. This opposes a previous study which found a reduced proportion of
REM sleep, reduced number of REM sleep episodes, increased average REM sleep

episode duration, and increased latency to REM sleep, particularly at high doses of

CNO (Traut et al., 2023). In this study, as well as showing reduced REM sleep
incidence following chemogenetic activation of pontine astrocytes, using all
appropriate negative controls, we also showed that this effect was dose-dependent,
with high concentration of CNO abolishing REM sleep completely in some cases (Fig.
3.13). We also showed that rebound REM sleep did not occur in the hours following
this effect, however, over the course of 10 hours, this effect was partially diminished
(Fig. 3.14-Fig 3.19). This is, to the best of my knowledge, the first time rebound REM
sleep has been investigated following chemogenetic manipulation of pontine

astrocytes.
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Next, we found a trend for reduced spatial, but not object recognition, memory
retention in DREADDs mice following CNO injections. However, as some control
groups did not reach differences to a significant level, we cannot fully validate this
claim. The sample size required to reach statistical significance with proper power has
been reported to be around 15-20 per group for behaviour tests, plus those that would
be excluded due to lack of exploration (Lueptow, 2017). In line with this, we found that

for NORT sample sizes of 11-18 were required for control groups to reach statistical
significance with a power of 80%, while higher numbers of 16-64 would be required
for control groups to reach significance in NOLT, suggesting high numbers of animal
would be required to confirm our trend. Previous studies have used a range of
methods to reduce REM sleep and test the impact of this on memory. Optogenetically
inhibiting MS GABAergic neurons during REM sleep to attenuate theta without
affecting the sleep wake cycle, caused a reduction in spatial and contextual fear
memory (Boyce et al., 2016), while optogenetically silencing adult-born neurons in the

dentate gyrus during REM also impairs contextual fear memory (Kumar et al., 2020).

Similarly, optogenetically inhibiting hypothalamic supramammillary nucleus
projections to the CA2 during REM sleep impaired social memory (Qin et al., 2022).

To the best of my knowledge, this is the first time that the impact of reducing REM
sleep on memory by targeting astrocytes has been assessed. However, despite the
observed trend for reduced spatial memory after chemogenetic-induced REM sleep

reduction, more studies would have to carried out before we could confirm this trend.

Finally, by combining fibre photometry and chemogenetic techniques we observed
some changes in astrocyte fluorescence during REM sleep in exemplar data between
a control animal and a DREADDs animal (Fig. 5.7). Interestingly, in our exemplar data
of a control animal, we replicated studies from Tsunematsu et al., who demonstrated
that pontine astrocyte Ca?* was lowered during REM sleep compared to other states,
while this contrasts data from Peng et al. who found that pontine astrocyte Ca2+ was
relatively high during REM sleep (Tsunematsu et al., 2021; Peng et al., 2023). In

comparison, our DREADDs animal did not display such reduced activity upon and
during REM sleep. However, overall, we were not able to confirm if this effect was
consistent across animals, or address our hypothesis that increased baseline
fluorescent would be increased upon CNO administration caused by chemogenetic

activation of pontine astrocytes. We expected to see this given previous data, which
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virally co-expressed GCaMP6m and hM3D and showed an increased baseline
fluorescence following CNO administration (Cai et al., 2022; Noh et al., 2023). We

suggest that we were unable to produce this finding in this project due to insufficient

expression of hM3D in astrocytes expressing GCaMPG6f (Fig. 5.3-Fig. 5.6).

6.3. Project limitations

Specific limitations were discussed in the relevant chapters (see section 3.3.2, 4.3.2,
5.3.2). Here, | will discuss some general limitations, one of the most significant being
time. Due to the nature of the methodology, several training months were required,
while several months were also required for set-up refinement. In addition,
experimental timelines per animal included 4 weeks for viral incubation and several
weeks of experiments, and often inclusion criteria could not be determined until
histology, meaning several weeks of work were often discarded. Furthermore, the
most limiting factor for time occurred due to construction work in our animal unit. This
also affected daily activities due to the schedule of construction work, which restricted
us to shorter sleep recordings, where ideally, we would have assessed the sleep-wake
cycle for longer time frames to assess rebound sleep, and also to assess sleep
behaviour between encoding and retention sessions during memory testing. This
scheduling also led to many days being too loud and disruptive to perform
experiments, or led to experiments being discarded due to unexpected interference,
with which delayed many of our experiments. Such delays were a major reason that

the number of animals were low in some experiments.

In terms of experimental limitations, several that we encountered had a substantial
impact on our project. Firstly, as previously discussed, the use of mouse-derived
antibodies had impacts on the final number of animals used in the study, delayed our
experimental timelines, and make histology interpretation more difficult (Fig. 3.2-Fig.
3.3). This also led to the use of more animals, which opposes our principles of three
R’s (replacement, reduction and refinement) as per the UK Animals (Scientific
Procedures) Act of 1986, principle we aim to adhere to as much as possible.
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6.4. Future work

For potential future work, firstly, increased sample sizes and improvements to
methodology would validate some of our observed trends in this project. Our
behaviour experiments presented some interesting trends, suggesting spatial
memory, but not object recognition memory, were impaired due to chemogenetic
modulation, however, this trend could not be fully claimed, as some of our control
groups did not reach differences to a significant level. This could potentially be
rectified by increasing our sample size, or using alternative tests for spatial memory,
which do not rely on exploratory behaviour, and result in such wide variation. However,
this remains challenging as sample sizes required to reach statistical significance with
proper power has been reported to be around 15-20 per group for behaviour tests
(Lueptow, 2017). In addition, as previously discussed, tests for spatial memory each

have their own constraints (see section 1.2.3.3.1), thus leaving a demand for novel
tests with clear advantages to be designed. Similarly, our aims to use fibre photometry
in combination with chemogenetic techniques to confirm increased astrocytic Ca?* in
the pons following administration of CNO could be validated with further experiments.
As the overlap of anti-GFP and anti-dsRed was unconvincing, further experiments
would need to address this issue. This could be done by balancing viral titres or using
a combination of transgenic and viral approaches.

In addition, the results we report from this project raise interesting questions for future
studies. Firstly, due to the clear reduction in REM sleep incidence following
chemogenetic activation, it would be of benefit to determine if inhibiting astrocyte
activity would induce opposite effects. This could be done using CalEx experiments

(Yu et al., 2018), and measuring the sleep wake cycle in a similar approach as this

project. If this successfully increased REM sleep, it would be greatly interesting to
carry these experiments out in animal models of disease in which REM sleep is
altered. For example, App"--C-F is an animal model of AD that replicates the reduced
REM sleep occurrence observed in AD, along with learning and memory impairments,
and accumulation of AR (Maezono et al., 2020). Using this model, we could apply

chemogenetic activation of pontine astrocytes and CalEx inhibition of astrocyte
activity, and determine the outcomes on REM sleep, as well as memory performance

and disease pathology for both methodologies. This would be highly beneficial to
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advance our understanding of astrocyte-dependent REM sleep regulation in the
disease progression of AD.

Secondly, it would be interesting to measure the sleep-wake cycle for a longer time
period, such as 24-48 hours following chemogenetic manipulations, to determine if
any compensatory REM sleep occurs. This could also involve simultaneously
measuring astrocyte activity, using fibre photometry or imaging techniques, to
determine if any changes in astrocyte activity occurs over this longer time frame. This
could also involve measuring astrocyte activity following periods of total REM sleep
deprivation using chemogenetics and CNO administration.

Thirdly, due to the strong effects activating astrocytes has on REM sleep, as well as
the changes in morphology we observed in astrocytes after chemogenetic activation,
single-cell RNA sequencing would provide us with valuable knowledge about what is
driving these effects, and the state of astrocytes following chemogenetic activation.
New methods for microfluid-free single-cell RNA sequencing present an opportunity
for relatively quick and simple identification of cell-type, marker identification, and gene
expression (Clark et al., 2023; Frazel et al., 2023), such methods could answer some

of these questions.

Finally, it would be interesting to investigate the relationship between astrocytes and
neurons during this effect. As astrocytes secrete gliotransmitters such as glutamate,
GABA, and D-serine, simultaneously measuring activity of pontine astrocytes and
local glutamatergic or GABAergic neurons during the sleep-wake cycle would provide
us with more information about the co-activities of these cell populations. This could
be achieved by dual-colour fibre photometry (Serikov ef al., 2024). In addition,

chemogenetically modifying astrocyte activity and measuring GABAergic or glutatergic
neural activity, or reversely optogenetically modifying GABAergic or glutamatergic
neural activity and simultaneously measuring local astrocyte activity would greatly
expand our understanding to the relationship between these cell populations during
the sleep wake cycle, and what is driving the strong effects we observed in this project.

Similarly, at the same time as measuring astrocyte activity, measuring extracellular

levels of various gliotransmitters would provide us with more information about how
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astrocytes exert effects. Gliotransmitter levels can be measured using biological
sensors, such as G-protein-coupled receptor activation-based (GRAB) sensors. Such
biological sensors have been developed for a wide range of neurotransmitters and
neuromodulators, such as GABA, glutamate, dopamine, histamine, and ATP (Marvin
etal.,2019; Marvin et al., 2013; Marvin et al., 2018; Sun et al., 2018; Dong et al., 2023;

Wu et al., 2022a). Alternatively, using a gliotransmitter knock-out mouse model and

determining subsequent effects of chemogenetic activation of pontine astrocytes on
REM sleep could address a question of if, and which, gliotransmitters are exerting
such effects. Peng et al. (2023) utilised both of these methods, using both a biological
sensor for adenosine (Peng et al., 2020) and knock-out model for astrocyte-derived

adenosine, and showed that effects of pontine astrocytes were adenosine-

independent (Peng et al., 2023). However, other gliotransmitters such as glutamate,

GABA, and D-serine have yet to be investigated.

6.5. Main conclusions

Overall, we most importantly demonstrated that chemogenetic activation of pontine
astrocytes in vivo led to a dose-dependent reduction in REM sleep, using appropriate
controls to ensure the validity of our findings. These results highlight a causal role of
astrocytes in REM sleep regulation and provides a basis for future studies to explore
the interactions between astrocytes and neurons that drives these changes. While
the methods used in this project are not directly translatable to humans, these results
provide key information about the relationship between pontine astrocytes and REM
sleep. Such information is essential for advancing our knowledge of REM sleep
regulation and may influence the development of new treatments for sleep disorders
and conditions characterised by disrupted REM sleep, including neurodegenerative
diseases such as AD.
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