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ABSTRACT

Sleep and wakefulness are regulated by numereusonal populations throughout
the brain, including the wakgromoting orexin (ORX) and sleggomoting melanin
concentrating hormone (MCH) neurons in the lateral hypothalamus. Increasing evidence
indicates the roles of astrocytes in regulating variotitaers, and astrocytes have been
shown to modulate excitatory synaptic transmission to @QRX MCHneurons through
glutamate transporter 1 (GLT1) depending on sleep history. However, it is unknown
whether astrocytes regulate inhibitory synaptic transomssi ORX and MCH neurons.

The first study used immunoconfocal microscopy to investigate whether
appositions of astrocytic GABA transporters GAT1 and GAT3 with ORX and MCH
neurons are altered following 6 h of sleep deprivation (SD), which increasesskxp
compared with rested (Rest) control rats. After SD, GAT1 but not GAT3 appositions on
ORX neurons decreased while appositions of either GAT with MCH neurons remained
unchanged, suggesting astrocytic responses to SD at inhibitory synapses to ORX neuron

The decreases in appositions of the astrocytic transporters after SD could be due to
structural repositioning of perisynaptic astrocytes. We investigated this possibility by using
serial section electron microscopy. After 6 h of SD, both astrocyti@cowith synapses
and astrocytic coverage per synapse decreased at synapses to ORX neurons, indicating
retraction of astrocyte processes at these synapses. Synaptic densities remained unchanged
between Rest and SD. In addition, the data under controt) (Bawditionrevealed the
following: the vast majority of synapses with ORX neurons were contacted by astrocytes;
the density of synapses was greater on dendrites than the soma; and synaptic clefts were
larger at synapses on the soma than on dendrites.

Finally, to investigate whether the GAT1 apposition reduction on ORX neurons is
associated with functional changes in inhibitory transmission, {zédchp recordings were
conducted in acute hypothalamic slices. Surprisingly, there were no differencdsem eit
spontaneous or evoked inhibitory postsynaptic currents between the Rest and SD
conditions. This is likely due to compensatory action of GAT3, as only simultaneous
inhibition of both GAT1 and GAT3 but not either one alone resulted in reduction in evoked
inhibitory postsynaptic current.

Collectively, these findings suggest that astrocytes predominantly modulate
excitatory rather than inhibitory synapses in wakemoting ORX neurons in the lateral
hypothalamus through retraction of perisynaptic astropyteesses. We propose that
astrocytic process remodeling at synapses to ORX neurons acts as a cellular mechanism
for homeostatic regulation of sleep.
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CHAPTER 1: INTRODUCTIO N
1.1Sleep

Sleep or a sleefike state,is evolutionaity conserved antias been observed in
all the species that have besmdiedto dateacross the animal kingdgnndicaing its
biologicalimportancgCirelli, 2009; Siegel, 2008Not only is sleep a vulnerable state as
an organism can not fend off potential predators when asleep, but the time spent sleeping
can also nobe used for the gathering of fodkhus, the price animals pay to sleep is high,
making its returns the more valuable. Althowsgveral studies have attempted to answer
the question owhy we sleep(Freiberg, 2020; Rechtschaffen, 1998)is debate ists
ongoing,in partbecause sleephenomenologyaries widely across speci€Sirelli &
Tononi, 2008) However,the functions of sleep are proposed in multitude and include
memory consolidatio(Gais et al., 2007; Jenkins & Dallenbach, 192d3toration of glial
glycogen stores in certain brain ar@asanken et al., 2003xnd metabolic clean yping
et al., 2016; L. Xie et al., 2013Jhe loss of sleep causes disruptions of these processes

and can cause dedthextreme casgdlontagna & Lugaresi, 2002)

1.1.1Sleep Stages

Sleep is a complex physiological process that can be divided into tw@hzsas
in adut mammals as well as in some other speamestrapid eye movement (NREM)
sleepandrapid eye movement (REM) sleep. These sleep stagegarally identifiedby
electroencephalogram (EEG) and electromyogram (EMG) recor(Bngan et al., 2012;
Hobson & Pacechott, 2002) During wakefulness, there is strong walkéated muscle
activity and higkfrequency, lowamplitude EEG patterns indicating neuronal
desynchrony. In NREM sleep, muscle activity is redueddle EEG amplitude is
increased; the deepestage of NREM sleep, i.e., the restorative stage of sleep, is
characterized by theresence otontinuous higlamplitude EEG deltd0.5 - 4 Hz)
activity, indicating neuronal synchrony. REM sleep resembles wakefulness with high
frequency, lowamplitude EEGpatternsas in wakefulnes$ut is accompanied byuscle
atoniaexcept for occasional REMs and muscle twitafBrswn et al., 2012; Scammell et



al., 2017) The reuronal populations involved in sleep/wake regulation exhibit different
activity patterns during sleep and wakefulnemsd different groups ofneurons have

distinct roles in the sleep/wake cy¢gcammell et al., 2017)

1.1.2SleepWake Regulation and Homeotasis: The TwoProcess Model

According to the tweprocess model, sleepake regulation involves the interplay
of two fundamental processes: the circadian rhythm and homeogtadis the circadian
rhythmsignals the timindor wakefulnesgarticularly inthe morningandpromotesslieep
at night, the homeostatic procéssps track oprior sleepwake history ananonitorsthe
accumulation of sleep pressufieeboer, 2018)The circadian process mammalsis
regulated by the suprachiasmatic nucleus (SCinaeferred to as theaster'clock” of
the brain. Themolecular clock in thesCN endogenouslgenerates 2#our rhythms
which are normally entrained by the light/dark cycle through retinal inputscanricbls
the timing of various physiological and Hsvioral processes through the regulation of
gene expression, transcription, and translation. The circadian signal from the SCN
promotes wakefulness during the dagtive periodand sleep during the night, primarily
under the influence of ambiehght but also other environmental stimsluch as social
cues(Deboer, 2018)On the other hand, the homeostatic process regulates sleep and
wakefulness based on recent steggke behavior. The longer tipeeviouswake period,
the more sleep pressure accunesaincreasing the need for slg8orbély et al., 2016;
Deboer, 2018) This process isegulatedby endogenougactors such as adenosine, a
signaling molecule thajraduallyincreases its concentratiomthe extracellular space in
the brainduring wakefulnessn parallel withthe buildup of sleep pressur@orkka
Heiskanen et al., 2000Both the circadian and homeostatic processes work together to
determine the timingnd duratiorof sleep and wakefulness regulate sleepake cycles
The circadian and homeostatic processes can be overridden by environmental challenges
(Saper et al., 2005For instance, when food scarcity necessitates foraging at night or
immediate danger requires staying awaltegp can be reduced or suspended,thad

sleep/wake cycle temporarily disrupted. Together, the circadian and homeostatic processes



determine the timing of sleep and wakefulness, while also allowing flexibility in response

to environmental demands.

1.1.3The Two Main SleepWake Regulatory Neuronal Groups in the

Lateral Hypothalamus

The lateral hypothalamus (LH) contains two of the best studied neuronal
populations involved in sleep/wake regulation, orexin (ORX; also known as hypocretin)
and melanirconcentrating hormone (MCH) neuror@RX neuropeptigs are mainly
excitatory(De Lecea et al., 1998)RX neurons project widely throughout the brain and
play a crucial role in regulating various physiological processes, including wakefulness
(Hung & Yamanaka, 2023)The activation of ORX neurons promst@arousal and
wakefulness, while their inhibition leads to sleep oriSekurai,2007) Genetic studies
have revealed that the loss of ORX neurons or dysfunction of the ORX system results in
narcolepsy, a sleep disorder characterized by excessive dajgiepeness and cataplexy
(Chemelli et al., 1999)Multiple brain regionsproject to ORX neurons in support of
sleep/wake regulation, including the bed nucleus of the stria termeradibypothalamic
regionssuch ashe preoptic area, dorsomedial nucleus, lateral hypothalamus, and posterior
hypothalamugYoshida et al., 2006 Puring wakefulness, ORX neurons are highly active
and release the peptide orexin into target areas, promoting wakefulness and maintaining
arousal(R. J. Liu et al., 202; Takahashi et al., 2008; Tao et al., 20@&) sleep pressure
increases during prolonged wakefulness, the activity of ORX neurons gradually decreases,
facilitating the transition to sleg\damantidis et al., 2007; Briggs et al., 201Byring
sleep, ORX neurons are largely siléht. G. Lee et al., 2005)while sleeppromoting
neuronsincluding MCH neurons are active amdaintain sleegHassani et al., 2009;
Modirrousta et al., 2005)The reciprocal interaction betwe€®@RX and MCH neurons
forms a mutually inhibitory circuit that contributes to the stagke switch. Activation
of ORX neurons inhibits MCH neurons, promoting wakefulness, while activation of MCH
neurons inhibits ORX neurons, promoting sléépncetti & Burdakov, 2021; Konadhode
et al., 2015)



Sleepactive MCH neurons in the LH project widely throughout the brain, targeting
various regions involved in the regulation of sleep and wakefulness, including the-arousal
promoting regions in the brainstdiMong et al., 2011; Yoon & Lee, 201®)was reported
thatthe activation of MCH neurons promotes sleep and inhibits wakefulkesadhode
et al., 2013)A number of studies reported thaicewith elevated MCH signaling exhibit
increasedREM sleepbutdecrased NREM sleeflego & Adamantidis, 2013; Konadhode
et al., 2013; Tsunematsu et al., 20Xdynversely, the inhibition of MCH signaling results
in increased wakefulness and decrea®REM sleep (Tsunematsu et al., 2014)
Furthermore, intracerebroveitwlar injection of MCH increases REM and slovave
(i.e., NREM) sleeVerret et al., 2003)vhile subcutaneous injection of MCH receptor 1
inhibitor reduces REM sleep and increases active and passive waking (fh@sasu et
al., 2008) Overall, it 5 thought that MCH neurons are involved in both REM sleep and
NREM sleefFerreira et al., 201 8s well as energy metabolig/hl -Massadi et al., 2021)
Understanding the precise mechanisms by which MCH neurons interact with other sleep
regulatory system® modulate sleewill provide valuable insights into the neural circuits
underlying sleepwake behavior regulation.

1.1.4GABAergic Neurocircuits in Sleep/Wake Regulation

GABA is a crucial inhibitory neurotransmitter in the brain that plays a significant
role in regulating excitatory networks. In the context of sleep/wake regulation, GABAergic
neurocircuitsmainly promote sleep as paf a collection ofbrain systemsamplicated in
sleep and wakefulness. ORX neurons receive GABAergic inputs from several sleep
promoting brain regions, including the ventrolateral preoptic nucleus (VLPO), basal
forebrain, zona incerta, and the I(K. Liu et al., 2017; Saito et al., 2018; Sakurai et al.,
2005; Yoshida et al., 2006\dditionally, ORX neurons receive GABAergic inputs from
somatostatin neuronshich are presumably located withthe hypothalamusnd are
capable of releasing GABAToossi et al., 2012)These neuroniskely regulate sleep as
the peptide somatostatin has been shown to increase REM sleep and decrease NREM sleep
(Beranek et al., 1999; Danguir, 1988)CH neurons, on the other hand, receive indirect

inhibitory inputs from ORXneurons via local interneurons, as well as direct inhibitory
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inputs from local hypothalamic neurons and neurons in the central extended amygdala
(ApergisSchoute et al., 2015; Fujita et al., 2021; Kosse & Burdakov, 2019)

Only few studies have investigat the importance of GABAergic signalirig
directly regulating the wakpromoting network of ORX and MCH neurons
Immunohistochemical experiments in mice have demonstrated that follasuigSD,
the densities of ceBurface GABA receptors, includingopoth GABAA and GABAs
receptors, increaddn ORX neurons while &y decreasg in MCH neuronsgconsistent
with the homeostatic drive for sleep following SD as well asrélegorocal relationship
betwee ORX and MCH neuronal activiti€$oossi et al., 2016Furthermore, deletion of
the gene for GABA receptors specifically in ORX neurons has been shown to cause sleep
fragmentation(Matsuki et al., 2009)in addition to GABAergic sleepctive neuronsn
other brain regions as described aboveugs of GABAergic neurons have been found
within the LH that either fire maximally during sle@gassani et al., 201@r promote
arousal(Venner et al.,, 2016)Whether these particular GABAergic neuronsvile
reciprocal indirect inhibitory inputs between ORX and MCH neu(épgrgisSchoute et
al., 2015)is unknown.A group of GABAergic interneurons in the LH wdsund to be
glucose sensitive, however, this study did not investigiaep/wake regulatioby these
neurongKarnani et al., 2013)Although all these interesting findings suggest a role for
GABAergic transmission in sleep/wake regulation, our understanding of it is still sporadic

and further studies are needed.

1.2 Astrocytesin SleepgWake Regulation

Astrocytes are aroup of glial cells in the central nervous system that have
traditionally been considered as supportive cells for neurons. Howmaeeasing
evidence suggests that astrocytalso play active roles in modulating synapti
transmission and neuronal excitabilifiPerea et al., 2016; Perea & Araque, 2007)
Astrocytesexpressa wide range of receptors that allow them to sense changes in neuronal
activity and respond by releasing various signaling moleatddiedgliotransnitters such
as ATP, glutamate, and-gerine (Harada et al., 2016)These gliotransmitters can

modulate synaptic transmission, synaptic plasticity, and neuronal network gétraitye
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et al., 2014)Furthermore, through their transporters, astracgtay important roles in the
clearance of glutamate and GABA after synaptic release to prevent receptor
desensitization and excitotoxicity as well as tofimee synaptic transmissig¢Araque et

al., 2014)

Recent studies have revealed that astroatésely participate in the regulation
of sleep anavakefulness through adenosine signaliadenosinds an endogenous factor
that is directly releaselly astrocytegBjorness et al., 201&)r as a product of astrocytic
ATP releasefollowed by hydrolyzation to adenosingHalassaet al., 2009) During
wakefulness, extracellular adenosine concentrations increase, while they decrease upon
entering sleefPorkkaHeiskanen et al., 199.7)he activity of astrocytic adenosine kinase
connectsastrocytic cellular metabolism with the regulation of sleep homeostasis by
neurons(Greene et al., 2017Extracellular adenosine mainly activates adenosine Al
receptors on neurons to induce slé@peene et al., 2017Astrocytes also contribute to
brain homeostasis through their involvement in the glymphatic system, a waste clearance
pathway that becomes moefficient during sleep. The glymphatic system facilitates the
removal of metabolic waste produets well as toxinfrom the brainL. Xie et al., 2013)
Astrocytes play a critical role in supporting the function of the glymphatic system by
regulatingthe water flow from the pararterial space through astrocytic water channels
(aquaporird) andthus facilitating the clearance of waste produfitsm the interstitial
space(Verkhratsky & Nedergaard, 2018)

Finally, as discussed further belowstracytes have been shown to modulate
synaptic transmission and neuronal activityORX and MCH neurons in tHeH, which
influence the transition fromlsep and wakefulnegBriggs et al., 2018, 2019)

1.2.1Astrocyte-Neuron Interactions at Synapses Involvedin Sleep
Regulation
Astrocytes communicate bidirectionally with neurtayssensing neuronal activity

through receptors for neurotransmitters, and th&lrasinggliotransmiters such as
glutamate and Eeringe which can act on neurons toodulatetheir excitability and
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synaptic transmission, leading to changes in synaptic strength and neuronal network
activity (Araque et al., 2014)Changes imeuronal activity during sleep and wakefulness
can impact astrocytic calcium signalifiggiosi et al., 202Q)gliotransmitter release, and
other astrocytic processes involved in sleep reguléBetfiesi et al., 2015)

One wayfor astrocytes to moduia synaptic activity is through the regulation of
neurotransmitter concentrations at the synapse. For glutamate and GABA, which are not
enzymatically degraded after synaptic release, this is accomplished tkineegphression
of neurotransmitter transpers such as glutamate transporter 1 (GLT1) and GABA
transporters 1 or 3 (GAT1/3) at perisynaptic astrogytaxesses and, in some cases, at
neuronal terminalg§Zhou & Danbolt, 2013) GLT1 is predominantly expressed in
astrocytegDanbolt et al., 2016; Lehre & Danbolt, 1998Jhen GLT1 is knocked out in
astrocytes the consequences are more severe than neuronal knockout of GLT1, resulting
in seizures and increased mortal{Betr et al., 2015)Furthermore, GLT1 controls the
availability of glutamate tasynapses by reducing access to synaptic/extrasynaptic
glutamate receptors, which in tueads tasynaptic plasticitfOliet et al., 2001; Rusakov
& Kullmann, 1998; Zheng et al., 2008)herole of GLT1 in synaptic plasticity has been
observed in varies brain regions, including the hypothalamus for neuroendocrine
functions(Oliet et al., 2001)barrel cortex for sensorfynction (Genoud et al., 2006)
cerebellumMarcaggi et al., 2003and the hippocampybluang et al., 2004; Omrani et
al., 2009)

Recentstudiesrom our laboratories revealed that astrocytes interact differentially
with ORX and MCH neurons after 6 h of SD through GL(Btiggs et al., 2018)While
GLT1 appositions with ORX neurons decreagbdsewith MCH neurondncreasedIn
ORX neurons the etrease in GLT1 appositions actiatpresynaptic Group |lli
metabotropic glutamate receptors (MGluR®sumably as a result of greater diffusion of
glutamate,triggering a negative feedback loop and a reduction in release probability,
hence, presynaptiahibition. In MCH neurons, on the other haslbw EPSCs decreased,
presumably as a result of reduced glutamate concentration and less post&aiagiiEc

receptor activation, leading to less activation of MCH neu(Bniggs et al., 2018)The



presynapic inhibition in ORX neurongrimarily impactedveakersynaptic inputs while

high-frequency synaptimputs wereunaffectedBriggs et al., 2019)

Overall, accumulating evidence suggests that astrocytes play critical roles in the
regulation of sleep ahwakefulnesshrough various mechanismBurther research is,
however, needed to unravel the mechanisms by which astrocytes influence sleep/wake

particularly at synapses to sleep/wakgulatory neurons.

1.2.2Astrocytic GABA Transporters

GABA removal after gnaptic release is accomplished by GABA transporters
(GATs), with the main GATs being GAT1 and GAT3, which are both expressed
throughout the whole braifChiu et al., 2002; Minelli et al., 1995, 19963AT3 is
exclusively expressed by astrocytes andHigker prevalence in subcortical brain areas
(De Biasi et al., 1998; Minelli et al., 1996; Vitellakmiccarello et al., 2003jhile GAT1
is expressed in neuronal presynaptic boutons in cortical areas, but predominantly by
astrocytes in the thalamus and other subcortical brain @Cbasd al., 2002; De Biasi et
al., 1998; VitellareZuccarello et al., 2003)in the thalamusGAT1 was shown to be
localized closer to synaptic clefts and thus regulate mainly synaptic &A&%eptors,
while GAT3 is localized further away from synaptic clefts and thus is responsible for the
regulation of extrasynaptic GABA concentrations am@ptors, such as GABXeceptors
(Beenhakker & Huguenard, 2010)

GAT1 and GATS3 belong to the solute carrier 6 family of transpo(&csnemi,
2014b) Both GATs use energy from the dissipation of thé Nadient aided by the
presence of a Chradent, to translocate 1 GABA molecule across the membrane for 2
Na" and 1 CI (Scimemi, 2014b) The regulation of GABA concentration through
perisynaptic astrocytic processes is dynamic and adaptive. GATs can be concentrated or
removed from astrocytic presses and thus from synapses within minutes through
trafficking (Wang & Quick, 2005) The same change in GAT availability could be
accomplished through astrocytic process reconstrudiiteber et al., 208). GAT

availability at perisynaptic astrocytiprocesses can modulate GABAergic synaptic
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transmission, as shown for synapseshypothalamiccorticotropinreleasing hormone

neurongColmers & Bains, 2018)

1.2.3Perisynaptic Astrocytic ProcessRemodeling

Astrocyticprocesgemodelingis a common phenomenon that has been described
in various brain areg8ernardinelli, Muller, et al., 2014Astrocytic processes are present
at up to 7785% of all hippocampal synapses in the CAl at the &pime interface
(Lushnikova et al., 2009; Witcher et al., 200&) those synapses astrocytic processes
increase their contact with synapses after [(I&shnikova et al., 2009)resumably to
contain the increase in neurotransmitter concentration to relevant syrnpsestraction
of astrocyticprocesses or their absence at synapses is often associated with increased
ability for neurotransmitter spillovefVentura & Harris, 1999; Witcher et al., 2007)
Perisynaptic astrocyte restructuring has also been reported after sensory stimulation in the
somatosensory cortegGenoud et al.,, 2006and during hydration and lactation in
magnocellular  hypothalamic  neurons(Theodosis, 2002) Evidence from
immunohistochemical experiments suggests that astrocytes retract their processes from
ORX neurons afteé h of SD which allowed for extrasynaptic Group Ill mGIluRs to be

activated and reduce release probability in synapses on ORX neurons (Briggs et al., 2018).

1.3 Research Questions antiypotheses

Our understanding of sleep/wake regulation as wetha@d$unctions ofstrocytes
is constantly growinghowever, astrocytic involvement in sleep/wake regulation is still
ratherelusive.We areparticularly interested in expanding our knowledge of astriacyt
regulation of GABAergic synapséasvolved in sleep/wake regulation. Therefore, this
thesis sought to investigateow these inhibitory synapsesare modulated through
astrocytic GATsand morphological plasticity of astrocytic processes surrounding
synapseafteracuteSDthat mimic prolonged physiological wakefulneSpecifically,the

following research questiongere addressed this thesis:



1. Does GAT1 or GAT3 localization relative towvakepromoting ORX or sleep

promotingMCH neurons change aftérh of SD (Chapter 3?

Hypothesis: GAT and GAT3appositions change following SD in opposite

directions for ORX and MCHeurons

Chapter 2eports the automated apposition analysis method developed for this

study.

2. Do astrocyes alter their coverage sfnapses tORX neuronsn responseo SD
(Chapter ¥?

Hypothesis: Astrocytic processes withdraw from synapses on ORX neurons
after SD

3. Doesa change in GAT1 or GAT&ppositionhave an effect on inhibitorgynaptic

transmissiorunder rest or SD condition€lapter $?

Hypothesis: Changes in GATdpposition to ORX neurorefter SD modulae
inhibitory synaptictransmissionand changes in GAT®ill alter tonic GABA

currents.
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CHAPTER 2: DEVELOPMENT OF AN AUTOMATION SCRIPT
FOR APPOSITION  ANALYSIS USING THE PYTHON
PROGRAMMING LANGUAGE AND CELLPOSE

2.1 Introduction

In recent years, there has been a growing concern in biomsdieates about the
increasing complexity and ndaransparency of research methodologies, which has led to
a proliferation of unreproducible resear¢Begley & loannidis, 2015)One major
contributor to this issue is the manual analysis of images wiptone to bias and error
and is timeconsuming as well as difficult to reprodude Y. Lee & Kitaoka, 2018; Miura
& Ngrrelykke, 2021) Automating image analyses can help to eliminate these issues and

make research more reproducible and transparent.

A common microscopy image analysis to identify the interaction of two markers
is the apposition analysis which requires the overlay of the somatic outline of a cell of
interest with a marker of interest that might or might not be in contact with the soma
(Briggs et al., 2018; Linehan et al., 2020¥e planned to analyze the interaction of
astrocytic gammaminobutyric acid transporters (GATS), including GAT1 and GATS3,
with orexin (ORX) and melaninoncentrating hormone (MCH) neurons in the lateral

hypothaamus. With manual image processing, this task typically requires months.

Here, wedevelopeda novel automaid image analysisnethod for quantifying
appositions between astrocytic processes and neuronal somata. We used the recently
published segmentationdicCellposgStringer et al., 2028s a foundatiorand developed
custom functions in Python to streamline the analysis and produce clean data. Cellpose is
a powerful tool that outperforms otheurrently availablesegmentation algorithms
(Stringer et al., 2029nd is able to recognize patterns in images, making itsumékd for
this type of analysis. Our approach demonstrates the utility of Cellpose in automating
image analyss and highlights the importance of transparency and reproducibilibyae
analysis inbiomedical researclOur workwill be usefulas a resource for researchers in
variousfields andwe hope it willinspire further development in the automation of image

analysis.
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2.2 Material and Methods

The following image processing pipelin@asvdeveloped on a computer with a 64
bit Windows 10 Pro operating system, 16 GB RAM, fmdI® CoreE i7-9700 CPU @
3.00GHzprocessor.

2.2.1lmages

We usedl024 x 1024 pixel16-bit confocal imageg¢as specified in Chapter 8§
a single plane for the channel of intereat{ocyticmarker) as well as the RGB-[#t)
image of the same plane containing all channels (somatic magkeX/MCH-
immungaoositive celly for segmentation with Cellpogsee Chapter 3for acquisition
details). Zstacks at times contained multiple cells with acceptable image quality at varying
depths in the same field of view, thus weqessed all planes of thestack to collect data

from as many cells as possible.

2.2.2Image ProcessingPipeline

Automatic cropping and image selectioncriteria. All cells were cropped
automatically using the Cellpose model to segment any potential cellpiares of a z
stack Details can be found in the autocrop.py scripAppendix A I n brief, th:
Cellpose model was selected to segment somata (rather than Rigileg 2.1A) and
allowed resampling to create a smoother soma ouffiigeie2.1A3 vs B3). The diameter
was set to 90 pixelshich was determineth a subset of images to be representative, and
the cellprob_threshold was set to 1.0 which allows for conservative (i.e., most accurate)
outlines. The resulting Cellpose masks were further filtered to exclude cells on the edge
of the frame (utilities.remove_edge_masksellpose function). As Cellpose
segmentation alone included many unsuitable cells that were either onlypbigsle
cells Figure2.1A1 7 3, yellow arrows) or parts of ORX/MCHpositive (green/cell type
channel) cells from suboptimal image planégre2.1A1 1 3, blue arrows), we wrote

custom functions to further filter masks for only green cells and set algmeam cell
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masks to zeroHjgure 2.1B). This removed all Nissbnly cells that were segmented by
Cellpose Figure 2.1B2). Each remaining mask/segmentation received a bounding box
(Figure2.2, yellow box) that was expanded by 50 pixels in each direction or until reaching
the border of the framd-{gure2.2, magenta box). Any additional masks included in this
resized frame (due to cells in close proximity) were dropped by deleting all but the central

mask, so that all data from one imageaunted for a single cell.

The coordinates of this region of interest (ROI) were written into a CSV file
(ROI_coordinates.csv) in case this step needed to be repeated without rerunning Cellpose
(using the crop_from_ROI_file.py script), as Cellpassgmentation can take hours
depending on the number of images and image size while the automatic cropping with
ROI coordinated fed into the script directly crops thousands of cells in just a few minutes.
The RGB images (somatic markers) and apposing mathkannel images (astrocyte
marker) are cropped in tandem within the same ROI and saved to separate Faduees (

2.2). Finally, manual screening ohages followed to include only single planes per cell

and only cells that showed nuclear structures to ensure somata were assessed in
comparable planes (criteria specific to our experiment). Examples of cells that were green
(hence segmented) but did meatss manual quality control are shown in the black box in

Figure2.2.

Cellpose segmentation for apposition analysi$he cropped and selected images
are processed in the main script (main.py) to acquire the apposition data. The now much
smaller image dimensions (compared to the original frame) contain only one cell resulting
in very fast Cellpose segmentation. The same Cellpose model settings were, &
described above for automatic cropping, to get the cell outhigeie2.3). The astrocytic
marker channel image was binarized using thei @tseshold (opencv package) as this
threshold tested as the most consistent and suitable for ouiQtata 1979) However,
many other thresholding algorithms are availahgewell as the option to write a custom
algorithm.
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To ensure that the correatitline and binarized astrocytic marker channel images
were overlayed to detect appositions, each image pair had a unique image size, as it
depended on the size of the cell in the image, preventing any false overlays to occur. For
each image pair severparameters are measured and saved with the image filename as
identifier to a CSV file Figure2.3). These parameters include mask outlines (i.e., Somat
perimeter lengths)average length of appositions per cell, total apposition length, and
number/counts of appositions per célengths are either measured with the skimage
package (measure.regionprops()  function) or the Cellpose function
(utilities.get mask_perimeters()), which also uses the skimage package, and produced
identical results. These are raw values and need to be adjusted to pixel size during
numerical data analysis. Each cell also contributed visual outputs including the RGB
image, apposibn channel image, thresholded image, cell outline, and resulting
appositions in one collage (similarfagyure2.3) as well as the Cellposaitputs that depict
the segmentation process in more defaifjre 2.4). This visual output, ergo the final
selection of images and resulting segmeoma overlays, and appositions were assessed
manually for quality control by an examiner who remained blinded to the treatment of the
cells as image names remained encrypted throughout the whole image processing and

analysis process.

2.3 Resultsand Discusion

In this study, we used Cellpose segmentation and refined the results by employing
custom functions to generate a clean segmentation of somata of interest while omitting
any other cells in the ROI that would typically be segmented with Cell(jpagare2.1).

This refined segmentation approach was then used to develop an automated cropping script
that can be used on its own to reduce manual |&bgure2.2). The script can be applied
to a variety of research questions and allows for the size of cropped images to be

standardized and the numbercbfannels cropped in tandem to be adjusted. Additionally,
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the saved ROI coordinates can be utilized for even faster cropping if this step needs to be

repeated.

Using the refined segmentation approach and automated cropping script, we were
able to significatly reduce the time and labor required for apposition analygjare2.3).
The reduction in image dimensions through automatic cropping decreagsededtfit takes
for Cellpose segmentation to a minimum, and the automated acquisition of appositions
eliminated the need for timensuming and errggrone hanedrawing of soma outlines
and appositions. The automation approach also takes care of all iraadkng steps
(opening, closing, labeling, renaming, saving) to further save time.

We compared the Cellpose segmentation with an array of different thresholding
approaches available in Fiji/lmagg&kthindelin et al., 2012jsing only the Nissl (cytosdli
marker) channglFigure2.5). The results showed that the Cellpose segmentation method
was more efficient than any of the thresholding methods available in Fiji/lmageJ, where
the best threshold (an adjusted Otsu thriegBhpyoduced grainy results, rendering this cell
unusable for segmentatidviioreover, the resulting perimeter segmentation compares very
well with previous, manually acquired measuremefts ORX and MCH neuron

perimetergBriggs et al., 2018)

Finally, in our experience manual apposition analysis takes in the order3tf 10
min/cell (without correction of errors). In contrast, our method, using a computer with
currently common specifications, took only 21.5 seconds for the 7 cells in the example
image inFigure2.1 and thus ~ 3 s/cell. This demonstrates the efficiency and superiority
of our method in comparison to manual apposition analysis and highlights the pofentia
our refined segmentation and automated cropping approach to improve the efficiency and

accuracy of image analysis of somata and appositions.
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2.4 Conclusion and Outlook

We successfully employed Cellpose and wrote custom functions for a clean
segmentatioroutput that outperforms manual apposition analysis in terms of accuracy,
error rate, and efficiency. While we optimized the Cellpoased segmentation for the
green channel, our functions can be adjusted for any channel. Due to the manageable
sample sizen our study, we did not develop any quality control algorithms which would
replace manual image selection of images that pass quality control. If this analysis is used
frequently and when working with muddrgerdata sets the development of a supervised

or selfsupervised learning algorithm should be considered.
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resampling = True

Figure 2.1. Segmentation Process. Raw Cellpose segmentation (AB) vs Cellpose
segmentation with custom filters (BI' 3) and with (B3) and without (A3) resampling
for smooth soma outlines. Yellow arrows point at Nissbnly cells that were also
segmented initiallywhen only using Cellpose and the blue arrow indicates a green
cell from a suboptimal zstack plane. The latter type of segmented cells was excluded

manually in later steps (sed-igure 2.2).
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Input Customized Cellpose
segemtation

For segmentation For appositions
Optimal
images

Nonoptimal z-plane
(images excluded)

Figure 2.2. Example of our customized segmentation and automatically cropped cells
of optimal quality (green frame) and nonoptimal cells that were excluded (black
frame). The input consists of an RGB image that is used for segmentation and the
astrocytic marker channel image (grayscale), both cropped at the coordinates of the
extended bounding box (example cell: in bounding box (yellow) and in an extended
bounding box (magenta)). These images were used to produce images of cells framed
in green and black that are the either used for apposition analysis (depicted in

Figure 2.3) or excluded (based on our experimental requiremenjsrespectively.
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RGB input Gray scale input

D)

binarized

(Otsu threshold)
e AT <

L

Numeric output (.csv)

file perimeter appo_count |appo_len_length [total_appos_length
a74GAT3Up3Rdmed2_bOvO0t0{ 396.7766953 22 89.28427125 4.0@‘
a74GAT3Up3Rdmed2_bOvOt0] 387.4213562 23 93.24873734 4.054292928
a74GAT3Up3Rdmed2_bOv0t0] 385.1614716) 11] 72.69848481 6.603953165|

Running time for 7 .cells/cropped images

(from example 1024x1024 image): 21.5 sec
Figure 2.3. Automated process of apposition acquisition. Input images (cropped RGB
and grayscale images) are processed to generate the soma outline using Cellpose with
custom filters and a binarized (Otsu threshold) image of the apposition channel,
respectively. Boh are overlayed to identify appositions (singkpixel lines) which are
defined as all pixels positive for both the soma outline and the binarized image.
Numerical output data for all seven of the example images (fronfigure 2.2) is
generated and stored in a CSV file in 21.5 s.
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original image predicted outlines predicted masks predicted cell pose

~

Figure 2.4. Optional generic Cellpose output when using the Cellpose function

io.save_to_png() and used as well for quality control.

20



Auto Threshold (Imagel)

Adjusted Otsu threshold
Bl (Image))

Conventional

C1

Cc2

Cellpose

Qutline with

Cellpose mask

outline
LR

Figure 2.5. Cellpose segmentation vastly outperforms conventional segmentation

approachessA) The AAuto Threshol

do

f uncassessimg i n

the quality of all readily available thresholding options in ImageJ which yielded no

satisfying results for our image. The Nissl channel was previously used to outline the

soma (Briggs et al, 2018) and was used here to demonstrate howraditional

segmentation using an adjusted Otsu threshol81-B2) performed against Cellpose

segmentation(C17 C2). Additionally, the script described here supplies all desirable

measurements, which previously required immensely timentensive manual tracng

of the segmented images in ImageJ with tools like Simple Neurite Tracer

(deprecated).
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CHAPTER 3: EFFECTS OF SLEEP DEPRIVATION ON
APPOSITIONS OF GABA TRANSPORTERS 1 AND 3 WITH
OREXIN AND MCH NEURONS

3.1 Introduction

Orexin (ORX) and melanisoncentrating hormone (@H) neurons, two neuronal
cell populations important for sleep/wake regulation, are both found in the lateral
hypothalamus (LHYScammell et al., 2017PDRX neurons express the wagk@moting
neuropeptide orexin and project throughout the brain to enskefulness. ORX neurons
have been shown to receive afferents from various brain areas, including inhibitory inputs
from ventrolateral preoptic area (VLPO) and zona incerta both of which contain sleep
active GABAergic neuronfAlam et al., 2005; Blanc@enturion et al., 2020; K. Liu et
al., 2017; Saito al., 2018; Sakurai et al., 2005; Yoshida et al., 2088epactive MCH
neurons, on the other hand, receive indirect inhibitory inputs from ORX neurons via
interneurons, as well as direct inhibitoryputs from local hypothalamic neurons and
neurons in the central extended amygdAjzergisSchoute et al., 2015; Fujita et al., 2021,
Kosse & Burdakov, 2019)0ptogenetic activation of ORX and MCH neurons promotes
wakefulness and sleep, respectivékdamantidis et al., 2007; Jego et al., 2013;
Konadhode et al., 2013)here is some evidence that astrocytes are involved in regulating
the activity of these neurons. Specificalygtrocytesnodulateexcitatory transmissioto
ORX and MCH neurons respons¢o sleep deprivation (S@pncurrent witlchanges in
astrocytic glutamate transporter 1 (GLT1) appositioren opposite manner between the
two neuronal typegBriggs et al., 2018)Although ORX and MCH neurons receive
GABAergic inputs from various brain areas mentioned aboydittle is known about
astrocytic involvement in the regulation of inhibitory transmission to ORX and MCH

neurons.

GABA is not enzymatically degraded after presynaptic release, and the termination
of its synaptic signaling requires GABA removal through GABA transporters (GATS).
GAT1 and GAT3 are the brainds main GATs
depending on the brain area. While GAT3 is consistently expressed by astrocytes, GAT1
is expressd by either astrocytes or neurqi® Biasi et al., 1998; Minelli et al., 1996;
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Vitellaro-Zuccarello et al.,, 2003)In the cortex GAT1 is expressed by neurons and
localized to presynaptic bouto(tSonti et al., 1998)while in the thalamus GAT1 is fad

in perisynaptic astrocytess iSGAT3 (De Biasi et al., 1998)The two transporters have
been linked to regulation of different GABA receptors in the thalamus, such that GAT1
mainly regulates synaptic GABA concentrations and thus GABA availabilit@ABAA
receptors(GABAARS) while GAT3 regulates extrasynaptic GABA and thus GABA
recepto{GABAgR) activation(Beenhakker & Huguenard, 2010)

To investigate the interaction of astrocytes with GABAergic terminals on ORX
and MCH neurons in the LH, first, we analyzed GAT1 and GAT3 expression in relation
to the inhibitory presynaptic bouton marker, vesicular GABA transporter (VGAT), in the
LH in comparison to the cortex in order to confirm the astrocytic expression of GAT1 and
GAT3 in the LH. Then, we analyzed GAT1 and GAT3 appositions with ORX and MCH
neurons after 6 h of SD through gentle handling compared to 6 h of sleep opportunity
(Rest). We fond that GAT1 and GAT3 are indeed localized to astrocytic processes rather
than presynaptic boutons in the LH and that GAT3 appositions with either neuron type
were unaltered, potentially suggesting no influence of SD on extrasynaptic GABA
concentrations. @the other hand, GAT1 appositions with ORX neurons decreased after
6 h of SD. These morphological data suggest a potential role for astrocytic modulation of
homeostatic sleep pressure and inhibitory synaptic transmission through GAT1
appositions on ORX neons. Surprisingly, GAT1 appositions with MCH neurons were
unaltered after SD, suggesting that regulation of inhibitory transmission in MCH and ORX
neurons is not regulated in a mutually reciprocal way, as is the case for astrocytic

regulation of excitaty transmissior{Briggs et al., 2018)
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3.2 Materials and Methods
3.2.1Animals

All experimentaprocedures and animal handling were conducted according to the
Canadian Council of Animal Care arapproved by the UniversitfCommittee of
Laboratory Animals aDalhousie University. Six male Wistar rats (Charles River, St.
Constant, QC Canada) were used groupfor a total ofl2 rats Rats(271-311 g in body
weight)werehoused in pairandera12:12 h lightdarkcycle(lights on atZ:00AM) in the
animal facility. After one week of acclimation, ratgereassigned randomly tone of the
two experimentalconditiors, 6 h of eitheRest orSD. Rats were providedd libitum

access to food and watdroughout acclimation and the experiment.

3.2.2SleepDeprivation, Perfusion, and Brain Sectioning

On the day of experimente SD group was kept awake forl6starting at 7:00
AMusingnh gent | e (Dearveithéretralg 2008, 2011; Gross et al., 2Q%n the
rats appeared to fall asledp brief, rats weré&ept awake througthe presentation of toys
and changes in cage posn while avoiding physical handling of the animalhis
commonly used SD method is thought to be least stressful and causes little or no increase
in plasma corticosterone levé(sross et al., 2015Puring the same 6 h period, tbentrol
(Rest)group was left undisturbetb have6 h of sleep opportunityAt 13:00,all the rats
were deeply anesthetized wiZ®8 mg/kg ketamine, 9.6 mg/kg xylazine, and 1.8 mg/kg
acepromazine i.pand perfused intracardially with 100 ml of 0.1 M phosphate buffered
saline followed by 400 ml of 4% paraformaldehyde in 0.1 M phosphate buffer. The brains
were postfixed in the same fixative for 2h and placed in 30% sucrose in 0.01 M phosphate
buffer at 2C for at least 4&. Coronal brain section80 pum)through theLH from 2.1
mm to 4.1 mm posterior tdoregma(Paxinos & Watson, 2008yere cuton a freezing
microtome collectedin 4 serial setsand stored in 0.05 M Trbuffered salindTBS) at

4°C until immunostaining
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3.2.3Immunohistochemistry

GAT1/GAT3 and VGAT double labeling. One series ofH sectionseach from
4 control (Rest)ratswere washed 3 x 10 min 0.05 M TBS and incubated witkithera
polyclonal rabbit antiGAT1 antibody (1:1000Synaptic Systems;at# 274103 or a
polyclonal rabbit antiGAT3 antibody (1:500Abcam, cat# ab43), and a polyclonal
mouse antVGAT -antibody (1:400, Synaptic Systenest#131011 in primary antibody
diluent (2% normal donkey serum, 0.3% Trit&nand0.01% sodium azidén 0.05 M
TBS) overnighbn a shakeatroom temperaturéAfter 3 x 10 min washes in 0.05 M TBS,
sections were incubated with donkey aatibitlgG conjugated witlCy 3 (1:200,Jackson
Immunoresearch Laboratoriest#711-165152) and damkey anttimouselgG conjugated
with Alexa 488 (1:200cat# 715545151) in secondary antibody diluen2% normal
donkey serum, 0.3% TriteX in 0.05 M TBS) for 90 min in the dark at RT. Sections were
washed 3x10 minn 0.05 M TBS and incubated witfluorescent Nissl stain (1:75
NeuroTrace 640/660 Dedped,cat#N21483)in secondary antibody diluent for 20 min.
After 3 x 5 min washes, sections were mounted on gelatosed glass slides
coverslipped with Piloong Gold (nvitrogen, Thermo Fishecat#P3693), cured for 48

h atroom temperatura the dark, seale@nd stored at 4°C until imaging.

GAT1/GAT3 and ORX/MCH double labeling. One series oEH sectionseach
from 6 animals per groufRest and SDyere immunostained as described abowth the
polyclonal rabbit antGAT1 antibody or polyclonal rabbit anBAT3 antibodyas above,
in combinationwith a polyclonal goaanti orexin A antibody (1:300, Santa Cruz
Biotechnology, cat#c¢8070 or a polycbnal goat antpro-MCH antibody (1:50, Santa
Cruz Biotechnology,cat# se€14509. Secondary antibodies were donkey -aalibit IgG
conjugated withCy3 as aboveand donkey angjoat IgG conjugated withAlexa 488
(1:20Q Jackson Immunoresearch Laboratoreeg# 705-545147). Nisslstainwas again
used as cytoplasmic markes orexin and MCH stains did not always delineate the

perimeter of respective neuronal som@gaggs et al., 2018)
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Table 3.1. Primary antibodies used for immunohistochemistry.

Antigen | Host | Source Immunogen Specificity
ORX-A | Goat |Santa Cruz Peptide from the| Western blot analysis confirme
Biotechnology, | C-terminus of specificity for rat, mouse, an
cat#sc8070 human orexin human orexin A
Al residues 48 | Pre-absorption with the
66 of the immunogen peptide (s2070P)
precursor peptid¢ (Henny & Jones, 200@y orexin
(Henny & A (Phoenix) (Glavas et al., 2008
Jones, 2006) | abolished all immunostaining.
Pro- Goat | Santa Cruz Epitope mapping Elimination of immunolabeling ir
MCH Biotechnology, | near Cterminus| preadsorption assgipeurveilher et
cat# se14509 of human pre| al., 2006)
MCH precursot
GAT1 Rabbit | Synaptic Synthetic peptidd Reacts with rat and mouse GAT1
Systems, catf corresponding tq No labeling on tissues from knog
274102 AA 585 to 599| downmice(Y. Lin et al., 2021)

from
GAT1!

mouse

26



Antigen Host | Source Immunogen Specificity
GAT3 Rabbit | abcam, 15 residue C- | Reacts with 74 kDa protein frof
cat# ab431 | terminal CNS samples of rat and chicken
synthetic peptide No labeling in negative WB contrg
(rat)* for GAT3 (Gosselin et al., 2013)
VGAT Mouse | Synaptic Synthetic peptid¢g Reacts with human, rat, mousg
Systems, corresponding tq guinea pig, and monkéy

cat# 131011

residues near th
amino terminug
of rat VGAT*

Reduced labeling of VGAT i
conditional knockdown tissuéT.
W. Lin et al., 2018)

Manufactureros

nf ormat.i
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3.2.4Imaging and I mageAnalysis

GAT1/GAT3-VGAT colocalization analysis. Deconvolved mages were
acquiredona LeicaTCS SP8 Lightning laser confocal microscopging the LeichASX
acquisition software. The fluorophore Alexa 488 was excited at 48&y8at 548 nm
andNissl NeurdraceDeepRed at 638 nm with solid statdases. Images were captured
at 12-bit depth and 1936 x 1936 pix€x047 x 0.04um/pixel). After locating the fornix
in the LH, zstacls (0.5 um steps) were acquired the neuropil in the area ditgc
dorsomedial to the fornix (part of tlaeeas containing ORXICH neurongDate et al.,
1999; Peyron et al., 1998)ith a100x 1.4 NA oil-immersionobjective One frame per
animal (n = 4, Rest) was selected for analysis based on staining qualitgrandeneity
of the staining across the field of view. Colocalization of GAT1/GAT3 with VGAT was
anal ysed with the JaCoP plugin in Fiji/lim
settingg(Bolte & Cordeliéres, 2006)

GAT1/GAT3 apposition analysison ORX and MCH neurons Confocal mages
were acquireen a Zeiss LSM880Airyscan microscopesing the ZEN Blue acquisition
software. The fluorophore Alexa 488 was excited with an argon laser at 488hile
Cy3 andNissl NeurdraceDeepRedwereexcited with aHeNelaser at 51 nm and 633
nm, respectively. Images were captured abit@epth and 1024 x 102xxels(0.135um
x 0.135 um/pixel) After locating the fornix, stacks (0.5 um steps) were acquired with a
63x 1.4 NA oil-immersion objective in the LH dorsomedialto the fornix of areas
containing ORX/MCH neurons (~ 20 cétsll type/animgl while being blind to the
experimental conditior{Rest/SD) Cells were located using the ORX/MCH channels
(Alexa 488). The upper and lower boundariesztstacks depended on the quality of the
GAT1/GATS3 staining in the imaged area as these were the least tissue penetrating
antibodies. We used only 1 frame pestack for each cell (the best quality frame that
contained the nucleus and no dendritic extams)i for analysis hence thestacks were
used to acquire images of as many ORX/MCH cells simultane@sslgossibleOn
average, 13.6 5.5 cells were acquired per neuron type per animal.

We used the composite (RGB) image of all three markers for segroanté

ORX/MCH neuronal somata with Cellpose and the matched grayscale GAT marker
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channel image for apposition detectidingure3.2). Cells were included for analysis if the
soma contained the nucleus and the GAT signal was homogeneous in the field of view.
Images that contained segmented dendritic structures were excluded to assure consistency
when assessing somatic perimeters. qilality control of images and the data analysis
were conducted while being blind to the experimental conditionspiideedureof the
automated apposition analysiedescribed in detail i€hapter 2In short, the image pairs

were automatically cropped based on their somatic segmentation (Cellpose) outlines and
a 50pixel extension along the-xand yaxes at the same coordinates for both RGB and
grayscale image§.he RGB image was segmented to produce a soma outline consisting
of a singlepixel layer, while the grayscale image (GAT marker) was thresholded with an
Otsu threshold to a binarized ima@gtsu, 1979) The soma outline and thresholded GAT
marker were werlayed and pixels positive for both soma outline and GAT marker
constituted appositions. Metrics were collected for gshmatic perimeter length € m)
apposition count per soma, average apposition length persema) , and t ot al
length per som( & mApposition counts per soma were then normalized to apposition
count per 10 um of perimeter, and the total apposition lengths per soma was divided by

the somatic perimeter to obtain the percen{&g)eof apposed perimeter.

3.2.5Statistics

Data were processed and analyzed witthon 3(van Rossum & Drake, 2009)
The measured parameters were compared bet®Reshand SD conditionswith an
independentwo-tailed We | ¢ kestsif the sample distributions approximately fit a
normal distribubn, respectively,which was estimated with -Q plots. Data wre
transformed (log) as requiredo fulfill the normality assumptio (Delacre et al., 2017;
Ghasemi & Zahediasl, 2012Where indicated outliers were removed outside tRe 3
standard deviatior? < 0.05 was considered statistically significant. Statistical results are
reported in the figure captions. Aggregate data were visualized as mean + standard error
of the meanFor the results that showed statistical significance, aleutated the power
(1- Type Il error) post hoc to assess if 80% power was reached and thus accepting the
alternative hypothesis was appropriate.
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3.3Results
3.3.1GAT1 and GAT3 Do Not Colocalize with VGAT in the LH

We first examined whethdroth GAT1 and GAT3 areotalized innon-neuronal
and presumablgstrocytic processan the LH as has been reported fibvalamc nuclei
(De Biasi et al., 1998; Vitellarduccarello et al., 2003Yheir non-neuronalocalization
would assure that we study potential astrocytittigoutions to synaptic transmissidn
the cortex,neuronaland astrocyti€lGAT1 expressior{Conti et al., 1998and astrocytic
GAT3 expression(Minelli et al., 1996)have been reportechence weadditionally
examinedhe cortexfor comparisonVGAT was used as a marker for GABAergic axon
terminals.The neuropil in th@readorsomediato the fornix was examinddr GAT1 and
VGAT as well as GAT3 and VGAT ewmnmunostaining. The corte (primary

somatosensory cortex) was examined instie sections as the LH.

Co-staining of GAT1 and VGAT as well as GAT3 and VGAT indicated distinct
localization of GAT1/GATS relative to VGAT in the LH-{gure3.1A, B, respectively).
In the cortex, on the other har@GAT1 andVGAT considerablycolocalized while GAT3
was distinct fromVGAT (Figure3.1C, D, respectively)

Consistent with these observations, the colocalization coefficient for GAT1 and
VGAT was 0.007 = 0.039 in the LH and significantly higher in the cortex at 0.339 + 0.058.
The low colocalization coefficient for GAT3 and VGAT did not differ significantly
between LH (0.028 + 0.018) and cortex (<@.&06<0.0QL) (Figure3.1E). These results are
consistent with previous reports on a neuronal component for GBati et al., 1998)
but not GAT3(Minelli et al., 1996)in the cortex andsupportastrocytic expression of
GATL1 and GAT3 in the LH as reported previously in theaimaus (De Biasi et al., 1998;

Vitellaro-Zuccarello et al., 2003)

Interestingly, we observed both transpertand regiordependent differences in
the pattern of GAT staining. In the LH, GATL1 staining showed a granular patigurd
3.1A1), while GAT3 staining was shekbke (Figure3.1B1). In the cortex, GAT1 staining
was more punctate and fibrousigure3.1C1) than in the LH, and GAT3 staining showed
a granular patternF{gure 3.1D1) that is distinct from the shelg#te staining in the LH
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(Figure 3.1A1). These dferences in the pattern of staining might reflect regional
differences in the functions of the two GATs as well as astrocytes between the LH and

cortex.

3.3.2GAT1 but Not GAT3 Appositionson ORX neuronsDecreased with
SD

We imagedORX and MCH neurons ithe LH to investigate whether astrocytic
GAT1 and/or GAT3 appositions witARX and/or MCH neuronal somata change with 6h
of SD (Figure3.2). Somatic perimeters dDRX neurongthat were examined for GAT3,
but not for GAT1jncreasd with SD (Figure3.3A), despite the fact that tleells used for
the GAT1 and GAT3 apposition analyses came from the same an8mais.we did not
expect to seerneffect of SD orthe perimeter of ORX neurons based on publishexk
(Briggs et al., 2018)we did a post hoc power analysis and found that the probability of
accepting the alternative hypothesis for this parameter was6#tyand thus below the
acceptable statistical power@3% (see.2.5under Material and Method&figure3.3A).
All other significantly different results for allleér parameters reported below had a power
of 80% or higher.

The number ofppositios per 10 um perimetesf ORX neuronsvasunchanged
after SDfor both GAT1 and GAT3Rigure3.3B). However, nean apposition length and
percenage ofapposition per perimeterf the somalecreased with SD for GAT™hile the
same parametersmained unchanged for GATBigure3.3C, D). These resultmdicate
that the reduction of GAT1 apposition per perimeter was driven by a reduction in
apposition length rather thahe number of appositionean ORX neurons. In contrast to
the results with ORX neurong)d same parameters weotally unchangedifter SDfor
MCH neurons for both GAT1 and GATBifure3.3E 1 H). Correlation analyses further
supported the notion that the percentage of perimeter apposed to GAT1 was not correlated
with somatic perimeter or apposition number per 10 um of perimeter but vathehe
mean apposition length for both ORX and MCH neurokig(re3.3I i K and Li N,

respectively). GAT3 apposition parameters showed similar correlaticgrqefior both
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cell types underlininghat mean apposition length is the main driving fdorevariation
in the percentage of GAT8pposdperimeter(Figure3.4), even though SD had no effect
on this parameter with GATS3 for either cell typegure3.3A T H).

3.4 Discussion

In the presenstudy, wefirst confirmed that GAT1 and GAT3 in the LH are both
expressed by neneuronal and presumably astrocytic cells, consistent with previously
repored astrocytic localization of these GATSs in thalamic nude Biasi et al., 1998;
Vitellaro-Zuccarello et al., 2003We then showed that after SBAT1 apposition on
ORX neurons decreasges a result of decrease in length but not number of appositions
while GAT3 apposition remained unaffect@tie discrepancy between an effect on GAT1
and lack thereof for GAT® likely related to the different expression patterns and thus
localization of the two transporters in astrocy®srprisingly, appositionsf@GAT1 and
GAT3 on MCH neuronsvere completely unaffectedith SD. These findings suggest that
although inhibitory transmission is expected to modulate both ORX and MCH neurons
during sleep/wake cycles, its modulation by astrocytes after SD might ocgun @R X

neurons and not in MCH neurons.

ORX neurons receive GABAergic inputs from various brain aseaage ofwhich
are important for sleep regulation, including the VLPO and zona in@dam et al., 2005;
BlancoCenturion et al., 2020; K. Liu et al., 2017; Sakust al., 2005; Yoshida et al.,
2006) In order to investigate how astrocytic processes might interact with inhibitory
synapses on ORX and MCH neurons during sleep/wake regulation, we analyzed
anatomical interactions of astrocytes witRXand MCH neuron somata in the form of
GAT1 and GAT3 appositions after Rest or SD. Only GAT1 appositions on ORX neurons
showed any change, i.e., decrease with SD, while there were no changes in GAT3
appositions on ORX neurons or in GAT1 and GAT3 appasstion MCH neurons. This
GAT1 apposition decrease on ORX neurons, as expressed as percent apposition per

perimeter, was driven by a shortening of mean apposition length rather than a decrease in
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apposition numbeince GATL1 is associated with perisynapistrocytegDe Biasi et al.,
1998; VitellareZuccarello et al., 2003}hese resultsuggest thathe number osomatic
synapsson ORX neurons did not change but that astrocyteged away from the surface

of ORX somata, thugotentially retraghg therr processes fromynapsesrThis reduction

in GAT1 appositions on ORX neurons could affect GABA clearance and therefore
modulate GABAergic synaptic transmission including tonic inhibi{©almers & Bains,
2018) or synaptic plasticityas was shown for gtamatergic transmission and GLT1
appositions reductiofBriggs et al., 2018)Since GABAergic innervation of ORX neurons
has been shown to suppress ORX neuron activity during @sap et al., 2005)changes

in inhibitory transmission could affectegp/wake regulation. We investigated these

possibilities inChapter 5

While the role of ORX neurons in sleep/wake regulation has been studied
extensively(Hung & Yamanaka, 2023; Inutsuka & Yamanaka, 2013; Ohno & Sakurai,
2008; Scammell et al., 201 7he role of MCH neurons is less clear. Gain of function
studies of MCH neurons revealed that optogenetic activation of MCH neurons increases
either both REM and NREMIleep(Konadhode et al., 2013; Tsunematsu et al., 2014)
REM sleep alon€Jego et al., 2013However, the loss of MCH neurons does not change
REM sleep amounts while increasing wakefulness and decreasing NREM sleep
(Tsunematsu et al., 2014)jence, the role of MCH neurons in sleep/wake regulation is
more complicated than for ORX neurons amguiees further investigation. In the present
study, we anticipated a potential change in GAT appositions on MCH neurons after SD
that is reciprocal to the change in ORX neurons, as was the case for GLT1 appositions
(Briggs et al., 2018)The increase ilGLT1 appositions after SD was associated with
smaller slow EPSCs in MCH neurons, presumably as a result of reduced glutamate spill
over, leading to less activation of MCH neurdisiggs et al., 2018)The lack of SD
effects reported here on GAT appamis on MCH neurons suggests that GABAergic
transmission of MCH neurons is not altered, if any, through astrocytic GAT modulations.
Although MCH neurons are silent during wakefulness and receive inhibitory inputs
indirectly from ORX neurongApergisSchoute et al., 2015nd directly fromlocal
GABAergic neurongKosse & Burdakov, 2019pas well as from GABAergic neurons in

the central extended amygd#faijita et al., 2021 )these inputs need yet to be investigated
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in relation to sleep/wake regulatioh is also possible that further reduction of MCH
activity through modulation of GABAergic inputs during SD is not necessary as the tight
regulation of glutamatergic inputs through GLT1 already modulates MCH neuron activity
So as to permit wake stadaring SD(Briggs et al., 2018)Further functional studies need
to be conducted to explore GABAergic involvement in sleep/wake regulation of MCH

neurons.

Possible mechanisms for the reduction of GAT1 appositions on ORX neurons
could involve trafficking of GAT1 (Cai et al., 2005; Vaz et al., 201d) physical
reconstruction of astrocytic procesgBernardinelli, Randall, et al., 2014; Haber et al.,
2006; Pannasch et al., 2014or excitatory synapsesoth trafficking of glutamate
transporterdBenediktsson et al., 2012; Genbat al., 2006; MartineYillarreal et al.,
2012; MurphyRoyal et al., 2015nd astrocytic process remodeling at excitatory synapses
have been described in various brain af8&asnt Martin & Goda, 2023; Theodosis et al.,
2008) At excitatory synapses, signaling pathways through mGIuR3, mGIuR5, and ezrin
as shown for hippocampéPerezAlvarez et al., 2014and suprachiasmatic synapses
(Lavialle et al., 2011 )or neuroliginsneurexins as reported for cortical synagStegsdill
et al., 2017were identified to modulate astrocytic process remodeGagl1 trafficking
and astrocytic process interactions with inhibitory synapses are less well understood.
However, postranslational modifications of GAT1, such asglycosylaton (Cai et al.,
2005) could be responsible for changes in GATL1 trafficking. Since the timescale of either
physiological turnover rate of GAT1 (~ZA minutes(Gonzales et al., 200/pr physical
remodeling of astrocytic process@saber et al., 2006are fairly fast, both are equally
likely to be involved in the observed change in GAT1 apposition on ORX neurons and

further investigation is needed.

If the changes in GAT1 appositions accompany changes in inhibitory synaptic
transmission, it woulahot be surprising for GAT3 to remain unchanged, since GAT1 is
known to tightly regulate GABARs and thus fast synaptic transmission (phasic currents),
and GATS3 to mostly regulat&ABAgRSs and thus slow transmissiotofic currents)
(Beenhakker & Huguenard, 201@AT3 appositions might also remain unchanged to

provide compensation for the loss in GAT1 at inhibitory synapsesaintain GABA
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clearance after releasseeChapter %. The different patterns of immunostaninig between
GAT1 (punctate) and GAT3 (sheldte) in the LH support the likelihood of differential
distribution of these GATg:uture experiments could aim at revealing the distribution
GAT1 and GAT3 in cammunolabeling experiments to analyze any overlap in the
territory of the two transporters in the LNotably, astrocytic GAT3 staining in the LH
(sheetlike) differed from the staining patterns in the cortex (granular), which igigfisli
the welldescribed heterogeneity of astrocytes in different brain afilasyash &
Kettenmann, 2010and likely results from the different functionalities that astrocytes

provideto synapses within different neuronal circuits.

The present study wédscused on the physical apposition of GATs with ORX and
MCH neurons, and it is possible that SD also causes functional or molecular changes in

the GATSs. This possibility was partially investigated in Chapter 5.

3.5Conclusions

These data confirm the nareuronal and presumably astrocytic expression of
GAT1 and GAT3 in the LH, and further show that GAT1 appositions with ORX neuron
somata in the LH decreased upon 6 h of SD. The consequences of this reduction were
explored in elecophysiological experiments i@hapter 5 and the possible astrocytic
process reconstruction that led to this reduction was further explo@thpter 4
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Figure 3.1. Non-neuronal and presumably astrocytic localization of GAT1 and GAT3
in the LH (in the Rest condition). A1T B4) Nonoverlapping expression of
GAT1/GAT3 with VGAT in the LH. C1i D4) Considerable colocalization of GAT1
with VGAT and little or no colocalization of GAT3 and VGAT in the cortex. E)
Quantification of colocalization of GAT1/GAT3 and VGAT shown in AT D using
Costesd col-efciant (i nde pende otest, We 4 rath ges group;
GAT1: t(5) = 4.75, **P = 0.004, GAT3: t(3) .52, P = 0.225 Scale bars5 pm.
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Cellpose iti
P GAT marker GAT binarized Appositions

outline (overlay)

P
by

MCH-GAT1 ORX-GAT3 ORX-GAT1

MCH-GAT3

Figure 3.2. Examples of somatic segmentation an@AT1/GAT3 apposition detection
in ORX and MCH neurons. Each horizontal panel (AD) shows, from left to right: 1)
RGB image (green: ORX/MCH,; gray: Nissl; red: GAT1/GAT3) used in Cellpose for
somatic segmentatiorto obtain the soma outline (blue); 2) gray scale image of the
GAT1/GAT3 channel; 3) binary image of GAT1/GAT3 after applying the Otsu
threshold; and 4) appositions of the binary image in Column 3vith the somatic
outline (blue) in Column 1.
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Figure 3.3. SDreduced GAT1 apposition on ORX neurons by decreasing the length
but not the number of appositions. A) Somatic perimeters were unchanged in the
ORX-GAT1group (i nd e p e nd e rdst, t\ve} 1c36, Rest nt= 89, SD n32,P
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= 0.178 but increased in the ORX GAT3 group after SD compared to Rest

(i ndepende ntast, t{/@3)=2.65 Resttn = 80, SD 178, P = 0.009; post hoc
power analysis, 75% poweeven though the same animals providesections to all the
groups under either Rest or SD condition. B) There was no change in apposition
numbers normalized to 10 um perimeter length in ORX neurons(independent
We | ¢ he8tsGAT1: t(177)= 1.52, Rest n = 89, SD 82 P = 0.131, GAT3: t(15)=
0.22, Rest n = 80, SD n 73, P = 0.827. Average lengths of GAT1 appositiongC,;

i ndepend e itest, GAELl t({@ *13)8301, Restn =89, SD n92,P =0.003, GAT3:
t(155) =-0.59, Rest n = 80, SD n#8,P = 0.559 and percent apposition per peimeter

on ORX neurons decreased with SDIY;i nd e p e n d e rdst, GK&1l: t(1R0p=s t
2.79, Rest n =89, SD n32,P = 0.006, GAT3: t(154)=0.80, Rest n = 80, SD n#3,P

= 0.42). There were no changes in MCH neurons for any of thearameters

(i ndepende AestsBNBATE: {184 =-0.22, Restn=74,SDn=77, P =0.825,
GAT3: t(150) = 0.77, Restn =88, SD n =76, P = 0.#4@AT1: t(131) =1.57, Rest n
=74,SDn=77,P =0.119, GAT3: t(155}%k11, Rest n = 88, SD=76, P = 0.271(;
GAT1: t(148) = 0.7, Restn = 73, SD n = 77, P = 0.487; GAT3: t(162) = 0.82, Rest n = 88,
SDn=76,P=0.41%; GAT1: t(149) =0.35, Restn =74, SD n =77, P = 0.730; GAT3:
t(158) = 0.05, Rest n = 88, SD n = 76, P = 0)9%¢hile the somatic perimeter (I) and
normalized apposition number (J) had no influence on percent apposition per
perimeter, the mean apposition length strongly influenced percent apposition per
perimeter (K) on ORX neurons. LT N) MCH-GAT1 correlations showed simiar
relationships as GAT1 with ORX. One outlier outside of the 8 standard deviation
was removed from the MCHGAT1 Rest group in G and N (Rest GAT1 group).
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Figure 3.4. GAT3 apposition length per somatic perimeter correlates with mean

apposition length.Percentage of pposition per somatic perimeter de@snot correlate

with somatic perimeter (A, D) or normalized apposition number (B, E) for ORX or

MCH neurons, but show correlation with mean appositn length (C, D) for both

neuron types.
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CHAPTER 4: ANATOMICAL CHARACTERIZATION OF
INTERACTIONS OF ASTROCYTIC PROCESSES WITH
SYNAPSES TO OREXIN NEURONS AND EFFECTS OF SLEEP
DEPRIVATION USING SERIAL ELECTRON MICROSCOPY
RECONSTRUCTION

This study was conducted aollaboration with Dr. Yoshiyuki Kubota at National
Institute for Physiological Sciences, Okazaki, Japan for electron microscopy and image
acquisition. The me mber s of Dr . Kazue Se
deprivation experiment, immunohistochistry, confocal image acquisition, correlative
light-electron microscopy (CLEM), and the majority of segmentation, and | contributed to

segmentation and performed the data analyses.

4.1 Introduction

Wakeactive orexin (ORX) neurons in the lateral hypothalamus (LH) play a critical
role in the regulation of sleep and wakefulness by promoting and stabilizing wakefulness
through their projections to key sleep/wake centers in the Bammmell et al., 2017)
Despite their importance, the ultrastructure and synaptic inputs of ORX neurons remain
poorly understood. A previous study using immunoconfocal microscopy showed that the
ratio of vesicular GABA transporte(VGAT)- and vesicular glutamateransporter 2
(VGIuT?2)-positive synaptic inputs to ORX neurons varies between day and night, but the
overall synaptic density remained the saiin@perchia et al., 2017Dn the other hand,
findings from an electron microscopy (EM) study L. Horvath & Gao, 2005)evealed
a higher proportion of asymmetric (presumably excitatory) versus symmetric (presumably
inhibitory) synapses on ORX neurons and much lower overall synaptic densities compared
to the more recent resulté Laperchia et a(2017) Beddes these discrepancies, it is also
unclear if synaptic densities on ORX neurons change with increased homeostatic sleep

pressure.
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Astrocytes are known to play an important role in providing metabolic and
homeostatic support for neurons, as well as inlegipg the function of neuronal circuits,
in particular synaptic plasticity, thereby modulating various behaviours such as perception,
emotion, feeding, and sle¢Nagai et al., 2021)Astrocytes modulate excitatory synaptic
transmission to ORX neurorterough GLT1 and presynaptic inhibition depending on
sleep history (Briggs et al., 2018)Astrocytesynapse interactions have been studied in
several brain areas, such as the hippocampus, where perisynaptic astrocytic processes
completely surrounded m®g fiber synapse¢Rollenhagen et al., 2007and in the
somatosensory cortex, where astrocytic processes wrap arou®OP&®f synapses
depending on the layer@d.anjakornsiripan et al., 2018 However, EM analyses of
astrocytic processes interactingtiwsynapses are typically limited to ppestsynaptic
interface perimeter measurements or single astradgte distance measurements per

synapsdLanjakornsiripan etlg 2018; Pannasch et al., 2014)

The objective of this study is to provide a contmesive understanding of the
ultrastructural interactions of astrocytic processes with synapses on ORX neurons and how
these interactions are affected by sleep deprivation (SD). By usiB@ 8t thick serial
sections, we aimed to provide a detailed urtdading of ORX neuron input densities. We
used serial electron microscopy reconstructions to analyse the ultrastructure of ORX
neurons and their synaptic inputs. This approach enabled us to characterize the
ultrastructuralrelationshipof astrocytic proceses with synapses on ORX neurons and
investigate whether reduced GLT{Briggs et al., 2018and GAT1 appositionsChapter
3) with ORX neurons was due to astrocytic process withdrawal from the synapse with SD.
Furthermore, this study compared VGAand VGIluT2positive synapses at the Rest
condition, as the GLT1 studriggs et al., 20183nd theChapter 3howed a decrease in
appositions on ORX neurons for both transporters. Thus, we hypothesise that astrocytic

interactions with those two synapse types might be similar.

In summary, tts study aims to contribute to our understanding of the role of
astrocytes in the mechanisms underlying sleep/wake regulation with respect to ORX
neurons. We used electron microscopy and correlative light and electron microscopy to

provide a comprehensivearphological understanding of ORX neuron inputs and the role
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of astrocytic processes in the regulation of synaptic actiWiiie. hypothesze that
perisynaptic astrocyteemodeling occurs at synapses to ORX neurons after SD, through
retraction of astrocytiqorocessesrom synapses on ORX neuronSuch structural
remodeling associated with an increase in sleep need vepuksent a cellular mechanism

for sleep homeostasis

4.2 Materials and Methods
4.2.1Animals

Six male Wistar rats (Charles River Canada, St. Cahs@gC; 339357 g) were
housed in pairs for 13 days unbiéingtransferred to an experimental room for the SD
experiment (see below). The rats were kept under a 12 h light: 12 h dark cycle with lights
on at 7:00 AM, with food and water available lddtum throughout acclimation and the
SD experiment (see below). All animal handling was conducted in accordance with the
Canadian Council on Animal Care and approved by the Dalhousie University Committee

on Laboratory Animals.

4.2.2SleepDeprivation Experiment and Histological Preparation

Four days before the SD experiment the animals were transferred to an
experimental room to be individually housed and randomly assigned to SD and Rest
groups (n= 2 per group). On the day of the experiment, SD staate8:00 AM and
continuedfor 6 huntil 2:00 PM. SD was conducted using gentle handling to minimize
stress as in our previous stu@riggs et al., 2018)The Rest group was left undisturbed
and their behavior was videotaped. Behavioral scoring (lastd 0f every 10 min) of the
recording indicated that thevo Rest animals were asleégr 75% and81% of the time,
respectively, during the 6 h period, as expected of nocturnal rats during the first half of the

light phase.
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Immediately after the SD exparent, rats were deeply anesthetized with isoflurane
(5% at 0.8 I/min 100% oxygen) and transcardially perfused with® ml| noM 250
sucrose and M MgCl>in 0.02M phosphate buffer (PB; pH 7
of 4% paraformaldehyde, 0.5% glutaralj¢ga nd 0. 2% pi cric acid in
temperature. Brains were removed immediately and cut into two hemisperes
hemisphere from each brain was kept in.PB at 4°Covernight anctut into 50um-
thick coronal sections from 235 mm posterioto bregma on a vibrating microtome.
Sections were collected in 0.08 tris-buffered saline (TBf and either immediately
processed for immunohistochemistry or stored in cryoprotectant solution (30% glycerol
and 30% ethylene glycol in 0.04 phosphatdb u f f er ed 0. 9% 3®Cauhtii ne) a

use.

4.2.3Immunohistochemistry

For information on the primary antibodies used, &aade4.1. After awash in 0.05
M TBS, the sections were incubated for 1 week ashaker at 4°C with a go@RX-A
antibody(1:300) alone, or in combination wigninea pig antVGIluT2 (1:400) and mouse
ant-tVGAT (1:400) antibodiesin 0.05M TBS containing 0.05% Triton X.00, 10%
normal donkey serum, 2% bovine serum albumin (BSA, Serva cat #11930) and 0.2%
sodium azide. AfteR-3 washes in 0.05M TBS, the sections were incubateal straker
for 3 hours at room temperature (or overnight°C for triple labeling with secondary
antibodies (all raised in donkey and used at 1:200; Jackson ImmunoResearch
Laboratories), including A&lxa Fluor 48&onjugated artgoat 1gG (Cat # 70545147)
alone, or in combination with Cy&njugated antguinea pig IgG (Cat # 70665-148)
and Cy5conjugated artmouse 1gG (Cat # 71575151), in the same diluent as for the
primary antibody incubatiobut without sodium azide.

Following another wash, sections stained only for ORX were incubated in
Lycopersicon Esculentum (tomato) | ectin co
Laboratories, Burlingame, CA, BDL178) and 1% bovine serum albumirS{) in 0.05 M
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TBS for 2 h on a shaker at room temperature, followed by washes. Lectin was used to stain

blood vessels as landmarks for subsequent correlativegigtiron microscopy (CLEM).

Brain sections stained for ORX and blood vessels were mourteetiunally on a
glass slide for image acquisition of ORX neurons and blood vessels with a laser scanning
confocal microscope (Zeiss LSM 510 Meta). ORX neurons located dorsomedial to the
fornix in the perifornical region of tHeH were randomly selected dsscribed previously
(Briggs et al., 2018) ORX neurons with the nucleus and clear somatic immunostaining
were selected and the images of these neurons along withd&tied blood vessels were
acquired using the ZEN software package (RRID:SCR_013672; Carl Zeiss Meditec).
Labeling was sampled throng each neur onal soma by-takin

stack) of 1024 x 1024 pixel images. Each pixel measured 130 nm x 130 nm.

Similarly, brain sections stained for ORX as well as VGIuT2 and VGAT were
coverslippedwith TBS, and ORX neuronswere imaged wtter an Olympudg-V-1000
confocal microscopdmage stacks were obtained using a 25x wiatenersion objective
lens (HCX IRAPO L25x, NA = 0.95) with the pinhole at 1.0 Airy disk unit (diameter of
48.1 ym) and zoom factor at 0.75 (620 x 620 um, 2048 x 2048spi0.303 x 0.303
um?/pixel in the X and Y directions; 0.52n interval in the Z directionplexa488, Cy3

and Cy5 signals were excited with 488, 552 and 633 nns|asspectively.

4.2.4Serial Electron Microscopy

After confocal microscopy, théissue was processed for EM observation as
previously reportedKubota et al., 2018yith minor modifications. All the procedures
were performed at room temperature unless otherwise stated. The sections were washed
with 0.1 M PB an potagsions ferfocyaniele 2% osmiuin. t&réixide
(OsQ) in 0.1 M cacodylate buffer at 4°C for 1 h. Ttesue was washed in ultrapure water
(Milli -Q® Reference water purification system, Merck Millipore, Burlington, MA), and
stained with 1% thiocarbohydrazidar 20 min, followed by washes with ultrapure water.
The sections were again postfixed in 2% @&®30 min and, afteawash with ultrapure

water, stainedvith 1% uranyl acetatevernight at 4°C. The tissue washed with ultrapure
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water was processed withomdi f i ed Waltonds en bl oc |

eacdc

aspartate solution was prepared by dissol v

aspartic acid, pH adjusted to 5.0 witiN1potassium hydroxide and kept 22°C until
dissolved; the tissue wasained with the lead aspartate solution at 50°C fo(Rua et

al., 2015) followed by washes with ultrapure watdihe fixation protocol with heavy
metals was modified for some sections accordi@tdn et al., 2022)hesections were

then dehydated in graded dilutions of ethanol and embedded in epoxy resin (Durcupan
ACM; SigmaAldrich, St. Louis, MO) on silicoitoated glass slides. The samples were

polymerized at 70°C for 3 days.

The embedded tissue was serialhseetioned into 30, 45, or §@n-thick ultrathin
sections which were collected using an automated tape collecting ultramicrotome
(ATUMtome; Boeckeler Instruments Inc., Tucson, AZ) on a plabgthophilized carbon
nanotubecoated polyethylene terephthalate tape (GMHT tape)Kubota et al., 2018)
Serial electron microscopy was conducted as described previgusipta et al., 2018)
Briefly, tapes with serial ultrathin sections on them were cut into strips and these strips,
with sections attached, were mounted in serial orderiocksilicon wafers with double
sided adhesive conductive tape. The conductive surface of thePENTtape was
grounded to the wafer with copper foil tape. Serial EM images were obtained using a
backscattere@lectron detector of field emission scanningcln microscope (Sigma,
CarlZeiss Microscopy, Oberkochen, Germany) with a guide of Atlas 5 (Fibics
Incorporated, Ottawa, Canada). EM images were captured at a resolliérx#.52.7
X 2.7,4.5x 4.5, or 5 x 5 nApixel in the X and Y directions.

We obtained EM image stacks of3 adjacent regions of theH that were
dorsomedial to the fornix in each aninaalin Briggs et al(2018) Each stack contained
usually one but occasionally two ORX neurons. Tiled images in a single plane were
stitched and serial mosaic images were alignéle Fiji pluginTrakEM2(Cardona et al.,
2012) The 3D EM images were imported to the segmentatétware Reconstru¢Fiala,

2005) Thus, a total of 10837 serial images per ORX neuron were obtained.

ORX neuros in EM image stacks were readily and unambiguously identified
based on the laser confocal imagésmmunolabeledORX neurons fluorescentlectin

47



labeledor unlabeledlood vesselsand othelmnatomical landmarks such as neuronal cell

bodies.

4.2.5CLEM for VGAT and VGIuT2

To carelate VGAT and VGIuT2 immunoreactivity with axon terminals
presynaptic to ORX neurons, EM images were selecteddhtdined synapsedentified
on ORX neurons. Typically, several clefts were identified on each EM image of an ORX
neuron. Each EM image was then compared to the stack of immunoconfocal images of the
same ORX neuron imported into ImageJ, and a confocgleamas chosen that contained
the same ORX neurat a comparable level and location, as well as VGAT and VGIuT2
labels. This confocal image was then used to superimpose onto the EM image with Adobe
Photoshop to determine whether either VGAT or VGIuT2 iagetooccurred on the
presynaptic boutons identified in the EM image.
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Table 4.1. Primary antibodies used for immunohistochemistry.

Antigen | Host | Supplier Immunogen | Specificity
ORX-A Goat Santa Cruz A peptide from| Western blot analysis confirmed
Biotechnology | the Gterminus | specificity of rat, mouse, and
of human human ORXA (MTI).
sc_8070 (MTD)
ORX-A (MTI) . _
Preabsorption with immunogen
peptide (seBO70P)(Henny &
Jones, 2006)r ORX-A
(Phoenix)(Glavas et al., 2008)
abolished all immunostaining
VGIUT2 Guinea | Frontier Mouse A single band at 60 kDa on
pig Institute VGIuT2, G immunoblot; Stains glutamatergi
HAf810: RRID: terminal 559 | axonterminals (climbing
2 rminals in th rebellum an
AB_ 2571621 582 aa terminals in the cerebellum and
(BC038375) thalamostriatal axon terminals)
(MTI).
VGAT Mouse | Synaptic Synthetic The epitope confirmed to be the
Systems peptide whole antigen; specific to
corresponding | mammalian VGAT; knock out
#131 011,
to AA75-87 verified (MTI).
Clone 117G4
from rat
VGAT
(UniProt Id:
035458)
MT 1 : Manufacturerds technical i nformati on
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4.2.6Ilmage Analysis andTracing

ORX neuron somata and/or dendrites, synaptic clefts, surrounding astrocytes, and
astrocytecleft distances (ACDs) were traced in Reconstfieigure4.1, Figure4.2, Figure
4.3) (Fiala, 2005) A total of 11 ORX neurons (Tabl1.2), previously identified
immunohistochemically with lighticroscopy(Figure4.1), were traced manually in 12
datases and serially reconstructed using Reconstruct while being blind to the treatment

condition Figure4.3).

Synaptic clefts were identifiedy the preence ofsynaptic vesiclesn the
presynaptic terminal, dense material between the cell membranes at the synaptic interface,
anddensitiesatthe pre and postsynaptic membran@eters et al., 1991Figure4.1C, D;
Figure4.2A, B). The postsyaptic densities were typically not sufficiently prominent in
our imagego identify symmetricvs. asymmetric synaps€Bigure4.1D, E) as previously
shown in cortical areg$ray, 1959a, 1959bYhis might be related to our tissue fixation
method(see sectiod.2.2), or possibleabsence of those characteristicsymapse# the
LH. Synaptic cleft locationeelative to the postsynaptic ORX neunware categorized as
either fisomatA col eofft Awlesndadnnsicdber ed fAsomat i
convex portion of theneuron and as dendritic wheit was locatedbeyond this point

(exampleshownin Figure4.3 for RC1).

Astrocytes at or near synapses were identified using the criteria of translucent, fine
processes with irregular shapes and without syngpsgsrs et al., 1991igure4.2A).
Adjacent sections were examined for confirmation. Glycogen granules observed in
astrocytes in the corté€Bellesi et al., 2018)ere not readily identifiable in the astrocytes
of the LH in our material. The distance betweesn skinaptic cleft and, when present, the
nearest astrocytic process was measured as ACD, using the line tool in Reconstruct
(Aopeno traces, i . eFigurea2, C}ibeachisarial gettionrokas a v a
synaptic cleft ACD was measured by following the natural curvature of p@ned
postsynaptic profiles. When other structures obstructed the nearest astrocytic process or
astrocytic processasere absent, no ACD line was drawn and ACD was not measured
(Figure4.2).
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4.2.7Data Analyses andtatistics

All data processing, analysis, and statistiesre performedin Python 3 (van
Rossum & Drake, 2009).ength measurements for cleft and A€&Eymentatiotraces per
section and total surface area measurenfensachORX neurorstructure(soma and/or
dendritg per datasetvere exported froniReconstruct. Synaptic clefts were traced with
closedloop traces to allow for 3D reconstruction. In order to calculate the 2D rather than
3D surface area of synaptic clefts, half trace lengths for synaptic clefts were used and cleft

surface areas were réoalatedas inEq.4-1in pnm?.

YOI "QRIOQO 01 CXOAEQQH Qo odUBREQE Qi i Eq.4-1

Astrocytic coverage of synaps(%) was calculatetbr each synapsas the total
count of ACDs divided by twice the numbersactions containing the/naptic cleft, as
ACDs were measured on both sideshaf synaptic cleftEg. 4-2).
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The normality of data was assessed with quanqti@ntile plots, and data were
transformedusing logio as requiredo fulfill the normality assumption for hypothesis
testing.For data withnormal distributions,he i nd e p e n dteshand twedy c h 6 s
amalysis of variancANOVA) followed by post hoc multiple comparisons with Helm
Sidak correction weresed. Ier data with nomormal distributionsthe ManaWhitney U
test and KruskaWal | i s test foll owed by post hoc
Holm-Sidak correctiorwere used. AChi? testwas useddr contingency data. Standard
boxplots were used with an interquartile rantf@R) from the 25th to 75th percentile, the
median in black, and the whiskers marking the outer boundaries freih5®IDR to
Q3+1.5*IQR with outliers outside the whiskers. The m@amed)was addedio boxplots.

The results of statistical tests are reported in the captiaespéctivdigures.

51



4.3 Results
4.3.1Density of Synapses is Higher on Dendrites than on Somata of ORX

Neurons

Of the 11 serially reconstructed ORX neuragightcontained the soma with one
or two dendrites while three contained only the sofable 4.2 Figure4.3). Ten ORX
neurons were captured either in a single dataset or as pairs in the sameklgtasdt3;
cellsRC3 and RC4, as well as SDC7 and SDCS8, wachpaired inonedataset).The
remainingORX neuron consietlof somaandtwo dendrite one of which extended more
than 100um from the somaRigure4.3, RC5) Thus, this ORX neurowas captured in
four datasetsincludingone for the sma and proximal parts of the dendrites, and three for

three consecutive segments of the more distal part of the longer dendrite

Table 4.2summarizes the basic morphological measures of the 11 ORX neurons
studied, including the designation of soma and dendrites, surface area stuthecuid
the number (count) and dens{igount/unt) of synapticclefts as well as cleft densities
per animal orcondition When all the neuronal structures were pooled under the Rest or
SD condition,cleft densities were not significantly different between the two conditions
(Table 4.2. However, cleft densities weref8ld higher in thehree dendriteonly datasets
(RC5 dendrites) than irhé threesomaonly datasets (RC3, RC4, and SDC9), with the
three hybrid structuredaasets (RC¥H, SDC#8, SDC1011) in an intermediate range,
without overlap between the three catego(iable 4.2 somaonly: 0.076-0.100/um?,
soma and dendrite(s): 0.100.208/unt; dendriteonly: 0.2800.302(um?). Furthermore,
in ORX neuron RC3he separate analysis déndrites(three datasetsgnd soma with
proximal dendrite¢one dataset) revealed higloéeft densities for the threbstaldendriic
segmentshan for the soma plus proximal dendrit€algle 4.2. These results indicate that
the density of synaptic clefts is higleer dendrites thaon somata in ORX neuroiiBigure
4.4).
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4.3.2Astrocytic Processes Withdraw from Somatic and Dendritic

Synapsesafter SD

The number of sections per synaptic cleft ranged ftota 78.Under the Rest
condition, at nearly all synapses98.5%), astrocytic processes wepeesent at the
pre/postsynaptic interfacevithout obstructiorfrom the cleftjn at least one section tife
synaptic clefiFigure4.5A). The percentage of astrocytentacted synapses was similar
for somatic and dendritic synapses at Rest (91.4% and 96.4%, respectively; Figure 1.4A).
After SD, the percentage markedly decreased from 93.5% to 8ar®¥oled datéFigure
4.5A left), from 91.4% to 83.0%or somatic synapsesigure 4.5A middle), and from
96.4%to 80.6%for dendritic synapses-{gure4.5A right).

ACD is a measure of the distance|{m) betweeraperisynaptic astrocytic process
and the synapt cleft for synapses where astrocytes are present at the pre/postsynaptic
interface ina 2D section ACDs on either side of the synapse across all sections were
averaged per synapsEidure 4.2). Figure 4.5B shows the distributions of mean ACD
length per synapse under SD and Rest conditions with somatic and dendritic synapses
combined. The synapses that had no astrocytic conkagts€4.5A, in gray) are indicated
at A30Omo for t he mevasnConsitént wittetmegverall decrease in e X
astrocytecontacted synapses with SBiqure4.5A), the frequency of synapses without
astrocytic wasimdreased aftef 8[Bigura4.5B). In addition, however,
the peak frequency of the mean measurable ACD length per synapse shifted towards
shorter ACD lengths after SD compared with REgj{re4.5B).

The median percentage of astrocytic coverage per synapse greatly decreased from
75.0% to 50.0% after SD for the pooled data of sonattt dendritic synapsebigure
4.5C). When analyzed separately, the astrocytic coverage decreased from 69.7% to 50.0%
for somatic synapses, and frofn % to 50.0% for dendritic synaps&sgjure4.5F). After
SD, mean ACD lengtlper synapsealecreasedy 11.3% for combined somatic and
dendritic synapss Figure4.5D). This shortening of ACD length was mainly accounted
for by somatic synapses, since significant reduction after SD was observedoonly f
somatic synapseby 18.3%) with no effectof SD on dendritic synapse&igure4.5G).
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Interestingly ACD length was longer at somatignapses compareddendritic synapses
at Rest but not after SFigure4.5G).

The physical relationship between thygnaptic cleft and perisynaptic astrocytes
could change as a result of plasticity of surrounding structures, such as presynaptic
terminals and postsynaptic structures, rather than astrocytic processes
invading/withdrawing As a way of assessing this pod#§y we analyzed the cleft areas
of individual synapses. We found that the cleft area did not differ between Rest and SD
when the data were pooled for somatic and dendritic clefgsi(e4.5E). However, when
somatic and dendritic clefts were analyzed separately, the cleft area of somatic synapses
decreased by 17.9% after SD, while dendritic cleft area remained unchaigere (
4.5H). Interestingly, at Resbut not after SDsomatic cleft arewaslarger than dendritic
cleft area Figure 4.5H). This anatomical difference might be an indicator of a higher
potential for plastic changes at somatic synapses.

The mean length of ACD per synapse did not correlate with astrocytic coverage at
Rest orSD at either somati@=igure4.51) or dendritic synapse$igure4.5J). Mean ACD
length did show slight correlation with cleft area for somatic synapses at Rest but not SD
(Figure4.5K), and slidnt correlations at Rest and SD for dendritic synafiSigsire4.5L).

4.3.3Astrocyte-Cleft Relationships at VGAT - and VGIuT2-Positive
Synapsedo Not Differ at Rest

In order to further examine any differences in the astredgtit association among
synaptic subtypes, we identified inhibitory and excitatory synapses to ORX neurons in
Rest animals by ctabeling VGAT and VGluT2with ORX in CLEM (Figure4.6A, B,
respectively. Of a total of 281 axon terminals presynaptic to three ORX neurons
examined, 34.5% were VGAfositiveand 24.2% were VGIuTFRositive. The remaining
axon terminals (41.3%) were unidentifiable due to technical reagoieh prevented us
from comprehensively identifying VGATand VGIuT2positive synapses on dendrites
and somataHowever we believe that thiproblem occurred randomly with respect to the
synapse type. Thus, we found thia¢ proportions ofdendritic and somatic synajssat
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Restwere comparablbetween VGAT andVGIluT2-positivesynapseg¢dendritic: VGAT
60%, VGIuT2 40%, somatic: VGAT 59%, VGIuEA%).

We found no differences between synapses formed by VGl VGIuT2
positive boutons for astrocytic coverage per synapgpife4.6C) or mean ACD length
(Figure 4.6D), which indicates that at Rest astrocytes interanilarly with the two
synapse types. Neither did cleft areas differ between VG&Id VGluT2positive
synapses at ResFifure 4.6E), suggesting thatlefts of GABAergic and VGIuT2
expressingglutamatergic synapses to ORX neurons are similar in Sipailar to our
analysis of all somatic and dendritic synapdegure 4.5I, J), mean ACD length and
astrocytic coverage per synapse did not correlate for either VEAVGIUT2-positive
synapses at Rest eith@figure 4.6F). With only relatively small numbers of dendritic
clefts for both VGATpositive (dendrite: 18 vs. soma: 79) and VGlyddsitive (dendrite:
12 vs. soma: 56) clefts, we did not conduct separate analyses for somatic and dendritic

synapses.

4.4 Discussion

This study is the first to show 3D reconstructions of ORX neurackiding
dendritesbased on serial electron microsco@nd to report structural plasticity of
perisynaptic astrocytes associated with sleep/weagglatory neurons in respongeSD.
We found that overall synaptic density did not change between Rest and SD conditions
but that synaptic densities (count/area) were higher on dendrites than on somata of ORX
neurons. The vast majority (94%) of the synapses on ORX neurons were agswiiat
astrocytic processes at Rest. However, the number of synapses contacted by astrocytes
decreased substantially (to 82%) with SD. This decrease in number of synapses contacted
by astrocytes was accompanied by reduced astrocytic coverage per syibpS®.w
Astrocytic coverage per synapse, however, was not correlated with the distance between
astrocytic processes and the synaptic cleft, which only decreased at somatic synapses after

SD. Collectively, our findings indicate that astrocytes can regsyaiaptic inputs to ORX
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neurons according to homeostatic sleep pressure through structural remodeling of their

perisynaptic processes associated with ORX neurons.

ORX neurons promote and stabilize wakefuln@&smammell et al., 201 4nd their
excitatory nputs are regulated through presynaptic inhibition by astrocytes according to
sleep history(Briggs et al., 2018)ORX neurons receive GABAergic and glutamatergic
inputs from a variety of brain areas, most notably for sleep/wake regulation from the
ventolateral preoptic nucleus, basal forebrain, zona incerta, and the LHiKsélu et
al., 2017; Saito et al., 2018; Sakurai et al., 2005; Yoshida et al.,.Z006)esults on
synapticdensitiesarealsoin agreement with previous confocal microscopyadonthe
presence oGABAergic and glutamatergic inputs to somata of ORX neufbaperchia
et al, 2017)andextend them to include dendritic synapgdthoughdendritic and somatic
portionswere not separately analyzed fofbrid structures, thpresent dataonetheless
indicatethat ORX somata have lower synaptic densities compared to deradritdbat
synaptic densities of hybrid structures of soma with dendrite(s) fall in between those o
the purely somatic and dendritic structudéss worth noting that cleft areas of dendritic
synapses are smaller than somsyicapsesit Rest and that somatic clefts decrease to the
size of dendritic clefts with SCspace limitations might be the reasfor the smaller cleft
areas on dendritest Rest Dendritic cleft areas might represent the minimal cleft area
possible at ORX neurons, suggesting higher plasticity of somatic efiiting intheir
shrinkage to the size of dendritic cleftgh SD. Although technical issues prevented us
from comprehensively identifying VGATand VGIluT2positive synapses on both
dendrites and somata, thliendritic and somatic synapse proportiats Restwere
comparabldetween VGATandVGIuT2-positivesynapsesThus,the differencédetween
somatic and dendritic cleft areas was neither related to a higher prevalence of MGAT
VGIuT2-positive synapses on somata or dendrites, nor did V@Ad VGIuT2positive
synapses differ in their cleft aregtsRestsuggesting thdoth synapse types were affected
similarly by SD.

We did not detect a difference in synapse densities between the Rest and SD
conditions.Thisfinding is in alignment with previous findings on the lack of difference in

the numbers of presynaptic appasits on ORX neuron somata between the light (day)
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and dark (night) phasékaperchia et al., 2017).aperchia et al.(2017)alsoshowed that

the ratio of VGAT- and VGIuT2positive somatic synapsesversedbetween light and
dark phases with ¥GAT/VGIuUTZ2 ratio of ~4:1 during the light phase shifting to ~1:4
during the dark phasé@lthough we were unable to determine comprehensive densities of
VGAT- or VGIuT2-positive synapses due to technical difficultitsee 4.33), we
nonetheless founthe VGAT:VGIUT2 ratio (soma: 1.4:1) inhe Rest conditionwhich
occurred in the light phase, to [a,least ints direction, in agreement with findiady
Laperchia et al(2017)

Our results are in contrast with a report of much higher proportions of asymmetric
(presumably excitatory) compared to symmetric (presumably inhibitory) synapses on
ORX somatdhat were confirmed qualitatively with VGIuT2 and GAD immunoreactivity
in some presynaptic terminals but without quantificadnL. Horvath & Gao, 2005)
Although the time of tissue collectiomas not reported in that studyis likely thatthe
animals were sacrificed during the light phase and theis resultsshould be comparable
with the present study aride lightphase resultsy Laperchia et al(2017) In our hands,
the classification of synapsesMpBnagesway mmet r
not feasible as we could not confidently detect prominent postsynaptic densities as
reported for examplefor the cortex (Santuy et al., 2018 he difference in thetilized
GABAergic markersi.e.,VGAT (current study(Laperchia et al., 201%)ersusglutamic
acid decarboxylase (GART. L. Horvath & Gao, 2005xould be a source of discrepancy
as well. Although both VGAT and GAD are commonly used markers for GABAergic
synapses, ctabeling studies of VGAT and GAD suggest that VGAT &WwD do not
always colocalize at GABAergic synapgédarvie & Hentges, 2012; Martens et al., 2008;
Root et al., 2018)which might explain the discrepancy between our results ar{d.the
Horvath & Gao, 20053tudy but the consistency with reportslaperchia et al(2017)

Furthermore, a subset of glutamatergic afferents projecting from cortical brain
areas to ORX neurong’oshida et al., 20063upposedly expresgesicular glutamate
transporter 1\(GIuT1) instead of VGIuT2 which is typically associated with subcortical
afferents(Fremeau et al., 2Q0. Thus, another source for the discrepancy in excitatory

inhibitory synapse numbers might be related to the VGleXdressing inputs that went
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unaccounted foin our study but weighed into the quantification of asymmetric synapses
in theT. L. Horvath & Gao(2005)study.

The main goal of this study was to examinedinacturalrelationship of astrocytic
processes with synapses to ORX neurons, and thet e&feSD on this relationship.
Astrocytes interact with neurons to regulate behaviors in various s{blzigai et al.,

2021) and perisynaptic astrocytes astrocytdike glia have been demonstrated to
regulate synapses involved in sleep induction imatedes and fruit fliegKatz et al.,

2018; Vanderheyden et al., 2018grial EMreconstructions allowed us to describe and
guantify astrocytic interactions with synapses on ORX neurons in detail. Previous studies
mainly used the astrocytmntacted perimeter of the axepine interface to describe
astrocytic coverage of synapses ia thouse cortefBellesi et al., 2015; Lanjakornsiripan

et al., 2018pr by measuring single, shortest ACD per synapse in the mouse hippocampus
(Pannasch et al., 2014)ere wemeasured the exact distance from astrocytic processes
surroundinghe synapt cleftin each serial section of a clefiditionally to thepercentage

of astrocytic coverage of each synapse.

We showed that 6h of SD caused changes in the structural relationship of astrocytic
processes with synapses on ORX neurons. Specificallgcgistrprocesses retracted from
synapses with SD, which resulted in a higher number of synapses without any astrocytic
process contacts, as well as a dramatic reduction in astrocytic coverage per synapse. While
the reduction of ACD lengthfter SD of the atrocytic processes that remained near the
cleft was unexpected, separate anedysf somatic and dendritic synapses revealed that
this change was selective somatic synapsedhe concurrentreduction of cleft area
(17.9%)that occurred specifically faomatic synapses likegontributed tdhe reduction
in ACD length (18.3% at somatic synapse®/e did notsegmenfresynaptic boutons;
however,it is possible thathe reduction in ACD length at somatic synapses was related
to reduced presynaptic boutonlyme with SD, apresynaptic bouton volume and cleft
areastrongly correlate at central synapégshikorski & Stevens, 1997; Yeow & Peterson,
1991) Since astrocytic coverage at somatic synapses also indicated a retraction of
astrocytic processewith SD, shorter ACD lengths were unlikelp be the result of

protruding astrocytic processdaurthermore, the lack of substantial correlation of mean
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ACD length with cleft area for somatic synapses at Rest suggests that the reduction of
mean ACD length atomatic synapses was likely the result of smaller presynaptic boutons
that allowed for the remaining astrocytic processes to move closer to aliftaigh the
possibility exists for the remaining astrocytic processes to shorten, i.e., move closer to

synatic clefts, to compensate ftire general retraction of astrocytic processes

In contrast to somatic synapses, dendritic synapses showed a marked reduction in
astrocytic coverage per synapséhout changes irtleft area,strongly supporting the
notion ofastrocytic retraction from those synapses. Wthigerelevance ahe reduction
in cleft areaof somatic synapsemplicates the interpretation of the results (see above)
it is nonetheless remarkable that somatic and dendyitiapseshoweddifferentpatterns
of plasticity. Somatic cleft areas were larger than dendritic cleft anealer the Rest
condition and reduced with SD to the size of dendritic cleft afdass, dendritic clefts
might represent the minimal cleft area needed for this neuronatygets inputs. fie
smaller surfacearea of dendritescompared to somata might be the reason for this
difference in cleft area/GAT- and VGIluT2positive synapses showed comparable cleft
areas under the Rest condition, suggesting that these two synagsdaynot account for
this difference in cleft area seen between dendritic and somatic clefts.

Interestingly, astrocytic retraction from synapses on ORX neurons as we have
observed in the present study contrasts previous reports on asspegfese intections
in the prefrontal cortex of mice upon SD, where astrocytic processes invaded dendritic
synapses increasingly with severity of sleep deprivatie® l{Gacute SD or chronic sleep
restriction for 4 days (Bellesi et al., 2015)This dissimilarity most likely reflects
functional differences of these synapse types, where synapses on ORX neurons regulate
sleep/wake states, while cortical synapses are likely related to neuronal synchronization
and the function of sleep such as memory consolidéBefiesi et al., 2015; Kol et al.,
2020; Rasch & Born, 2013)

The time course of the retraction of astrocytic processes with SD is unclear, but it
is a dynamic process that we observed afteo63D and which could be reversible with
subsequent recoveryegp (Briggs et al., 2018)It is also important to note that sleep
pressure increases gradually, rather than discretely, overAipawential mechanism for
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the retraction of astrocytic processes could involve glutamatergic signaling via mGIluR3
andmGlIuRS5 for initiation and for structural remodeling the plasma membaatia linker

protein ezrin, which is expressed in astrocytic processas has been shown to be
responsible for astrocytic process motilfigim et al., 2010; Lavialle et al., 2011)
Furthermore, in the hippocampi of mice, connexin 30 has been shown to negatively
regulate synaptic invasion by astrocytic processes and might be responsible for astrocytic

retraction at synapses on ORX neur(fd@nnasic et al., 2014)

The structural remaeling of perisynaptic astrocytes at ORX neurprvides a
mechanistic explanation fayur previous findings from apposition analyses of GLT
(Briggs et al., 2018and GAT1 (Chapter 3 with ORX neuronshighlighting reduced
appositionsfor both transporterafter SD.The present dataupport the viewthat this
reduction in astrocytidransporterapposition is caused by phgal remodeling of
astrocytic processealthough lateral diffusion of GLT1 and GAT1 remains a possibility,
the physical retraction of astrocytic processes might be more significant. Physical
retraction of astrocytic processes would result in both grphtesical extracellular space
and reduction in transporter presence to allow for increase glutamate diffusion after
synaptic release, which concurs with the notion that activating presynaptic metabotropic
glutamate receptors induces presynaptic inhibitioglwtamatergic transmission to ORX
neurongBriggs et al., 2018)As a result, this process could promote the transition to sleep

after experiencing sleep loss.

4.5 Conclusions

The present studgemonstrateshat astrocytic processes at synapses to wake
promoting ORX neurons show dynamic structural remodelmith some variation for
somatic and dendritic synapsisrat following 6 hours ofSD. This may explain the
reduction in astrocytic GAT1 (Chapt&) and GLT1 apposition with ORX neurons
induced by the same SD procediBriggs et al., 2018)We propose that structural
remodeling of perisynaptic astrocytes represents a cellular mechanism for sleep

homeostasis.
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Table 4.2. Basic morphological measures of ORX neurons and their synapses studied

underRest and SD conditions. ASoma onl yo
highlighted.
Condi- Rat Cell ID ORX neuron ORX neuron Cleft  Cleft density  Cleft density/ animal Cleft
tion structures per surface area count (count/pm?)? Mean + SEM density/
dataset (pm?) condition
Mean +
SEM
RC1 soma + dendrite 1026.3 124 0.121
. RC2 soma + dendrites 968.9 104 0.107 0.101
RC3 soma only 539.1 41 0.076 + 0.008
RC4 soma only 652.2 65 0.100
0.174
Rest RCS dendrite only 146.6 41 0.280
+ 0.027
RCS dendrite only 894 27 0.302
0.233
2 RCS dendrite only 59.0 15 0.254
+ 0.029
RC5 soma + dendrites 356.6 74 0.208
RCo soma + dendrite 263.2 32 0.122
SDC7 soma + dendrites 1883.5 301 0.160
SDCS8 soma + dendrites 1828.1 268 0.147 0.130
3 0.145
SD SDC9 soma only 7339 65 0.089 + 0.013 0,017
+ 0.
SDC10 soma + dendrite 358.4 45 0.126
4 SDC11 soma + dendrites 980.9 203 0.207 0.207

Cleft density is defined as cleft count divided by ORX nesunfiace areaen?). Independent
We | c Heétg(12) =0.83, Restn =9, SD n5 P = 0.425.
Cell IDs correspond tBigure4.3.
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ORX-A
VGAT
VGIluT2

Figure 4.1. Example EM and confocal images of an ORX neuron soma and input
synapses positive for VGAT and VGIuT2. A) ORX soma witmucleus (Nc), nucleolus

(Ncl), and proximal dendrite. B) Confocal image of the same ORX neuron (green) as

in A, and VGAT (blue) and VGIuT2 (red) immunolabels used for CLEM analysis.

Example EM images of synapses identified in CLEM analysis to be positiverf

VGAT (C) and VGIuT2 (D) with their cleft borders indicated (black open triangles).

Note the | ack of <c¢clear Aasymmetricodo charac
1 um (C, D).
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Presynapse

00
%00

cleft

Astrocyte

Postsynapse 3_
=== Astrocyte-Cleft Distance (ACD)
4 section with 7 ACDs j
(7/(4%2))*100 = 87.5 % Astrocytic coverage of synapse \// Astrocyte

Figure 4.2. Examples of traced synaptic structures associated with ORX neurons,
measurement of AstrocyteCleft Distance (ACD), and calculation of astrocytic
coverage of a synapse. A, B) Presynaptic bouton (red), postsynaptic ORX neuron
(green), synaptic cleft (yellow), and astrocytic processes (pink; A) were traced in each
section of a cleft. When an astrocytic process had uninterrupted access to the cleft
through the pre/postsynapse interface (A), an ACD (blue) was traced from the
astrocytic process to the cleft following the natural curvature of the prgoostsynaptic
interface. If an obstacle (shown in gray in A; a cellular element that is not astrocytic,
such as a noFORX dendrite or axon) blocked the way or if there was no astrocytic
process present at the pre/postsynapse interface (B), no ACD was traced. Scale bar:
500 nm. C) Schematic representation of ACD measurement in a single section of a
cleft (left) and astrocytic coverage of the whole cleft from the view of the postsynaptic
compartment showing how an obstacle denies access of an astrocytic process to the
cleft (right).
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dendritic
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Soma only Dendrites only
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Figure 4.3. 3D reconstructions of ORX neuron structures (somata, somata with
dendrite(s), dendrites). In 12separate datasets, six cells under Rest condition and five
under SD condition were traced to examine their synapses, including eight somata
with dendrite(s), three somata only, and three separate dendrites from the same cell.
Cell identifiers next to 3D reconstructions, with RC# (black) referring to Rest cells,
SDCH# (red) referring to SD cell{Table 42 for surface areas of celktructures). Scale

bars 5 pm.
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Figure 4.4. Example 3D reconstruction of ORX neuron soma and dendrite (light

green) with clefts (yellow). Scale bar 5 pm.
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Figure 4.5. Astrocytic processes withdraw from synaptic clefts after SD compared

with the Rest condition. A) Synapses with any presence of ACDs significantly
decreased from 93.5% at Rest to 81.5% after SD for pooled daf€hi? indepenénce,

G Z38.1,df =1P<0.0001)and to a higher degree at dendritic cleft§Rest: 96.4% to

SD: 80.6% at SD; Chindependences 2 30.0, df = 1P < 0.0001)compared tosomatic

clefts (Rest: 91.4% to SD: 83.0%; Chindependence; 2 9.2, df = 1,P = 0.002) B)

While the peak of ACD lengths in a relative frequency histogram shifted towards
shorter ACDs with SD, simultaneously the
increased with SD(two-sample Kolmogorossmirnov test, D =0.115, p =2, n = 523

each, SD down sampled from 882 to Rest data size with random sampling without
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replacement)C) Astrocytic coverage per synapse showed a significant decrease with
SD (MWU test, U = 302909, Rest n = 523, SD n = 882, P < 0.00iYigse changes
occurred similarly at somatic and dendritic clefts (F, KruskalWallis test, H = 105.08,

P < 0.0001, post hoc Dunn éSsdakrmoarection Rdstevs ¢ 0 mp ¢
SD, soma: P < 0.0001, dendrite: P < 0.000hile the measurable mean ACD length
decreased significantly with SD (Di nd e p e n d e rdst, R&&:In ¢ #88,SD:ih =
719, t(940) =3.87, P < 0.0001his cannot be attributed to changes in cleft area in
the pooleddata (Ei nd e p e nd e +iest, t(Ma7)=d.670 Rest h =523, SD n882,

P = 0.116)suggesting physical retraction of astrocytic processes from clefts. Separate
analysis of somatic and dendric mean ACD length and cleft area, however, showed
that mean ACD length (G two-way ANOVA, interaction F(1, 1204) = 15.77, P <0.0001,
treatment: P = 0.005, synapse location: P < 0.0001, post hoc multiple comparison with
Holm-Sidak correction Rest vs SD, soma: P < 0.0001, dendrite: P = @dé6)eft area

(H; two-way ANOVA, interaction F(1, 1401) = 5.80, P = 0.016, treatment: P = 0.232
synapse location: P = 0.058, post hoc multiple comparison with 43adiak correction
Rest vs SD, soma: P = 0.035, dendrite: P = 0.d&@yeased significantly only for
somatic but not dendritic synapses. Moreover, additional comparisons of somatic vs
dendritic mean ACD length (G; post hoc multiple comparison with Hol8idak
correction at Rest soma vs dendrite: P < 0.0@01) cleft area (H post hoc multiple
comparison with HolrBidak correction Rest soma vs dendrite: P = 0.069¢aled
significantly larger values for both measures for somatic synapses at Rest. Mean
ACD length did not correlate or showed very low correlations with astrocytic
coverage per synapse for somatic (I) or dendritic synapses (J) at Rest or SD. Mean
ACD length correlated slightly with cleft area at Rest but not SD at somatic synapses

(K), and slightly higher at dendritic synapses (L) at Rest and SD.

67



C D E
100 =1.25¢ ¢ .
" € o 1.5
3 —
= 80 = | o
O < 1.00 3 c
U~ = =i
> o =
gg 60 £075 . T Lo <
v @© o =
= c 40 0 | g ©
S5 Q050 £0s
2+ 20 = [@]
% 8 §0.25 ©
n o Y-
< 0 > Y = &5 00 =
VGAT VGIuT2 VGAT VGIuT2 VGAT VGIuT2
o VGAT: R2=0.04, p=0.058, n=94
F o VGIuT2: R2=0.00, p=0.960, n=67

©
o

Logl0(Mean ACD
length (um))
S
(9]

-1.0

50 100

Astrocytic coverage per synapse (%)
Figure 4.6. At Rest astrocytic parameters did not differ between VGATpositive and
VGIuT2-positive synapses. Examples of confocal plane and EM section overlays for
CLEM analysis of VGAT- (A, blue) and VGIluT2-positive (B, red) synapses on an
ORX neuron (green). Scale Ar 1 um. No significant difference was found between
VGAT - and VGIuT2-positive synapses for astrocytic coverage of the synapge;
MWU test, VGAT: n = 97, VGIuT2: n = 68, U = 3013, P = 0.R4@easurable mean
ACD length (D;i nde pend e nadst, WBAT rc=08, ¥GIUT2: n = 67, t(159) =
0.48, P=0.630andcleftarea(E;i nd e p e n d e rest, WSBAT: rt=h9a,&/GluT2:
n = 68, t(131) = 0.07, P = 0.94F) Mean ACD length showed no dependency on

astrocytic coverage per synapse for VGAJpositive or VGIuT2-positive synapses.
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CHAPTER 5: ELECTROPHYSIOLOGICAL ANALYSIS OF
INHIBITORY TRANSMISSION IN OREXIN NEURONS AFTER
SLEEP DEPRIVATION AND GABA TRANSPORT BLOCKAGE

5.1 Introduction

Orexin (ORX) neurons, located in the lateral hypothalamus (LH), are a crucial
componenbf the neural circuitry that regulates wakefulness and ar@Atsadandre et al.,
2013) ORX neurons promote wakefulness by activating other regions of the brain,
including the cortex and brainstem, and are regulated by various neurotransmitters,

including glutamate and gamraaninobutyric acid (GABAYScammell et al., 2017)

Sleep deprivabn (SD) can be used as a tool to understand the regulation of
homeostatic sleep pressiBziggs et al., 2018; Deurveilher et al., 20113ing a rat model
of SD, a previous study in our laboratories demonstrated glutamatexgitatory
transmission ciw ORX neurons to be inhibited throughesynaptic autoinhibitiowith a
rise in sleep pressure (Briggs et al. 20I8)e inhibitory systenrmediated by GABAalso
plays an important role in regulating homeosta@sponseof ORX neurons tcsleep
pressure. fis has been observed through the upregulationGABAA receptors
(GABAARS) andGABAR receptors GABAgRS) in ORX neurons witlSD (Matsuki et al.,
2015; Toossi et al., 201@hdsleep fragmentation causedtby deletion of th6ABAsR
gene inORX neurong(Matsuki et al., 2009)Furthermore, several groups of sleep/wake
regulatory GABAergic neurons within the LH and other brain areas innervate ORX
neurongAlam et al., 2005; Ferrari et.aP018)

Additionally, astrocytes respond @ sleep pressure e.g., through the
gliotransmission of adenosir{Bjorness et al., 2016and the regulation of glutamatergic
excitatory synaptic transmission to ORX neurons through the glutamate transporter GLT1
(Briggs et al., 2018 However, therés a lack of understanding tfe astrocytic regulation
of GABA transmissiorto ORX neurons in the LH and its implications for sleep/wake
regulation One potential way for astrocytes to modulate GABAergic transmission would
be through GABA transporters (GA). GATs are responsible for clearing GABA from

the synapsand extrasynaptic space as welr@gulating itsextracellularconcentration.
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There aretwo main types of GATs found in the brain, GAT1 and GAIhZhalamocortical
neurons of the ventrobasabthmic nucleusiGAT1 is known topredominantly modulate
synaptic GABA concentrations, while GAT3 is responsible for regulating tonic inhibition
through extrasynaptic GABA receptdBeenhakker & Huguenard, 2010)

We found thailGAT1 and GAT3 areexpressed on astrocytes in the BHd that
GAT1 appositions on ORX neurons decrease &itlsD, while GAT3 appositions remain
unchanged Ghapter 3. In the presemn chapter, weaimed to investigate the functional
implications of SDrelated reduction in GAT1 appositions with ORX neurons on
inhibitory transmissionWe compared the electrophysiological profiles of ORX neurons
after 6 h of SD or sleep opportunity (Reat)d found that SD did not affect baseline
inhibitory postsynaptic current (IPSC). In alignment with these findings, inhibition of
GAT1 with NNC711 did not affect IPSCs under the Rest condition. Similarly, inhibition
of GAT3 with SNAP5114 did not affect ORneurons under Rest. The-application of
NNC711 and SNAP5114, however, caused a reduction in evoked IPSC amplitude
indicating a mutually compensatory mechanism of GAT1 and GAMGs, although SD
decreases GAT1 appositions on ORX neurons, GAT3 comgsfeatthe reduced ability
to clear GABA. This may be important for maintaining inhibitory transmission to ORX

neurons, allowing for buildip of sleep pressure during prolonged wakefulness.

5.2 Materials and Methods
5.2.1Animals

All animal procedures were condect according to the Canadian Council of
Animal Care and the Memaorial University Institutional Animal Care Commi&dalt (7
T 11 weeks old)male Wistar rats (Charles River, St. Constant, QC, Canada) were
individually housed under 12:12 light-dark conditions l{ghts on from7:00 to 19:00)
with ad libitum access to food and water. Each was assigned randomly to an

experimental conditio(see5.2.2below).
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5.2.2Sleep Deprivation and Acute Brain Sectioning

Animals were eitheleft undisturbed andllowed tosleep for 6 {Res) or were
sleep deprivedSD) for 6 h using gentle handlirggartingat lights on (7:00§Deurveilher
et al., 2011)At 13:0Q rats were deeply anesthetized with isoflurane and decapitated. After
quick removal, brains were transferred to-aoéd artificial cerebrospinal fluid (ACSF;
126 mM NacCl, 2.5mM KCI, 1.2 mM NaHPQ;, 1.2 mM MgCh, 18 mM NaHCQ, 2.5 mM
glucose, 2 mMCaCt), constantly bubbled with carbogé?o CQ, 95% Q). 30Gum thick
brain slices were cutwith a Leica VT1000S or Campdeninstruments7000smz2
Vibratomein ice-cold ACSF. Brain slices wer@nmediately transferred into 32°C ASE

for 30 min andhenkep atroom temperaturantil the start of recording.

5.2.3IPSC Recordings

Brain hemisphereslices containing theLH were transferred into a recording
chamber, perfused with ACSF at 30°&hd visualized with alifferential interference
contrast microscopeléica Microsystems, DM LFSA). Huronswith relatively large
somata were initially identified visually based on tHeiration dorsomedial from the
fornix. Theseneurons were patched with a glass pipetitd tip resistance of-3 Mq
when filled witha high KClinternalsolution (23 mM KCI, 10 mM HEPES, 2 mM Mgg&l
0.2 mM EGTA, 4 mM ATP, 0.3 mM GTP, 2.7 mM biocytin, pH Y &®nnected to a
MultiClamp 700B amplifier. The signal wagitizedwith aDigidata 1550Rligitizer and
recorded withthe pClamp 10 software (Molecular Devic&nnyvale, CA, USA
Initially, a series 0600 mslong current stepnjections were applied in current clamp
mode (-200 pA to 200 pA in incrementalsteps) thatrevealedelectrophysiological
characteristis of ORX neuronsas previously described in detaiBriggs et al., 2019;
Eggermann et al., 2003)n brief, typical characteristicsnclude spontaneous action
potential firing, & H-current and rebound depolarization durirand after a
hyperpolarizing current njection, respectively. Furthermore, ORX neurons display

monophasic afterhyperpolarization pastion potential firingdFigure5.3A).
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Once aputative ORX neuron was identifiedyvierted IPSCs were recorded in
voltage clamp mode with a holding potentiat@® mV. All IPSCs were recorded in ACSF
that contained.01 mM 6, 7-dinitroquinoxaline2,3-dione (DNQX) and.05 mMD-(-)-2-
Amino-5-phosphonoentanoic acid (DAPS5)p block glutamatergic transmissidévoked
IPSCs (elPSCs) were elicitedth a glassstimulating electroddilled with ACSF and
located ~100 um dorsomedial from the soma of the patched ndtitber paired pulses
(at25 Hz) wereappledevery 15 sor atrain stimubtion of 5 pulses (&0 Hz) wasapplied
every 30 sThe seriesAccess resistan¢®-20 MOhm) was monitoredas the capacitive
current duringa 100ms,-10 mV squarepulse throughout the experiment (recordings with
>20% chage in access resistance were exclud@dd-min baselinewas recorded for
every neuron prior to GATinhibitor application. The duration of GAT inhibitor
application was based ona previous report(Beenhakker & Huguenard, 2010)
Specifically, NNC711 (GATIinhibitor; 10 M, Santa CruBiotechnology, Inc., USA
was applied for 10 min, SNAP5114 (GATrdhibitor; 100nM Santa CruBiotechnology,
Inc., USA for 15 min and bothnhibitorstogether for 15 min.

5.2.4Drugs and Reagents

All drugs and reagents were purchased from Sigma Aldrich, Canada, unless
otherwise stated. Drugs were applied via bath perfusion during electrophysiological

recordings.

5.2.5Data Analysis and Statistics

Data wereanalyzed using Clampfit 11 (Molecular Devic8snnyvale, CA, USA),
Easy Hectrophysiology (Easy Electrophysiology Ltd., RRID:SCR_021190), Microsoft
Excel (Microsoft Corporation, & mond, WA, USA)and Bithon 3(van Rossum & Drake,
2009) The cell and animal numbers used in this stwdgre based on imilar
electrophysiological experiments and a minimum of 5 cells/group wergBeedhakker
& Huguenard, 2010; Overstreet et al., 2000; X. Xie et al., 20B&3eline values were
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measuredand analyzedat least 2 min prior tahe inhibitor application.The effect of

NNC711 was expected foeakafter 5 min of applicatiomnd remain stable thereafter
(Beenhakker & Huguenard, 20180d thus the last 2 min of the-tfin application period

were analyzed SNAP5114 and botlinhibitors combined wvere applied for 15 min
(Beenhakker & Huguenard, 201&nd the last 2 min dheapplication were used to assess

drug effects.The paired pulse ratio (PPR) was calculated by dividing awerage

amplitude of IPSCBy the average amplitude of IPSC1. Amydies were measured using

the respective baseline of each IPSC. The inverse coefficient of variaiici ¢f IPSC1

was calculated for the range of the analysis window (e.g., the time range of the baseline or
inhibitor application) for each cell. Evoked3Bdecay rate (U) was meas

single exponential curve to the decay slope of each elPSC2 trace and averaged per time range.

Synaptic responses to a train stimulation (5 pulses at 50 Hz) were analyzed using
Clampfit 11. A single exponential ore was fitted to the decay of IPSC5. Cumulative
IPSC amplitudes and areas were measured using the baseline of IPSC1 as reference for all
5 IPSCs as an indirect measure of synaptic GABA that accumulates with repetitive

synaptic activity.

Spontaneous IPSEsIPSCs)hat appeared in the absence of synaptic stimulation
were analyzefbr thesametime rangeselative to the drug application as described above.
To avoid the influence of synaptic stimulation, the Eatsof each 15 sweep hamely
48 s of eaclrecorded minwere analged Two event templates were fitted with Easy
Electrophysiology to account for the maximal fitting ratel to allow for comprehensive
event detectiorOne template was determined empirically based on the present data (rise
time: 1 ms, decay: 14 ms), while a second template was previously shown taelork
for the detection of fast events (rise time: 2 ms, decay: §@h=snents & Bekkers, 1997)
10-90% rise time was detected from baseline to peak and the ddeayas measured by
fitting a single exponential curve to the decay of sIFFSse detection and resulting poor
fitting (e.g., due to a wavy baseline immediately before the event, or noiseaeeunted

for by filtering theresults with R> 0.5.

The asumption of normality for parametric testas evaluated with Q&plots

(Ghasemi & Zahediasl, 2012)ata veretransformed to approximately meet the normality
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assumption (log or square trarisrmationg when appropriatéVhere indicategoutliers

that fell outside the "8 standard deviatiowere removedo fit the normality assumption
Variance was assumed to beunequals ed on expl oratory dat a
independent-testwasused b comparebasalparameters between Rest and @2lacre

et al., 2017)

To test the effects ahhibitors thevalues measured during inhibitapplication
werecompared with the respective baseline (contrsifiga pairedtest or a Wilcoxoé s
signedranktest forvaluesthatnot normally distributedA repeated measuréRM) two-
way analysis of variancANOVA) (GraphPadPrism v GraphPadSoftware Inc.La
Jolla, CA, USA was used to assess the effects of the train stimulation protocol on IPSC
amplitudes and compare Rest with SBx @.05 was regarded asatisticallydifferent. All
statistical results are reported in the figure captiDaga are presented aneant S.E.M
in the figures.

5.3 Results
5.3.1Acute Sleep DeprivationDoes Not Affect Evokedor Spontaneous

Inhibitory Synaptic Transmission to ORX Neurons

Baseline inhibitory transmission

We recorded from ORX neurons in thelLH and analyzed several
electrophysiological parameters tovestigate whether 6 h d&D affects inhibitory
synaptic transmissiofFigure 5.1, Figure 5.2). A reduction in GAT1 activity with SD
based on diminished GAT1 appositiddh@pter 3 may result in higher levels of ambient
GABA, which could be detected as a tonic current influencing the resting membrane
potential (RMP) or the holding current at constant membrane potéRigre 5.1).
However, we saw no differences in these parameters between Rest andi&ing no
influence of SD on ambiei@ABA.
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Synaptic plasticit as a result of qgsynaptic changes can afféoe PPRandCV-2
of evoked IPSCs. While PPR is an inverse measure of release probabiliGy thef
IPSC amplitude correlates with release probability and the number of release sites
(Dobrunz et al., 1997; van Huijstee & Kessels, 2020¢ found no change in these
parameters after SO0Figure 5.2B, C, respectively) Additionally, parameters of
spontanens GABA transmissiorcan, similar to evokedynaptic transmissigrprovide
information about the locatioof synapticchangesPre and postsynaptic plasticity thus
can be assessed by analyzing sIPSC frequency and amplitude, respéttiwelyer,SD
did not affecthese paramete(Bigure5.2E, F). Since both PPR and sIPSC frequency are
influenced by presynaptic release probability, we explored if PPR was negatively
correlated with sIPSC frequendyowever, the two parameters did not correlate in Rest or
SD (Figure5.2G). Taken together, these results suggest that SD had no effect overall on

inhibitory transmission to ORX neurons.

D- vs H-type ORX neurons

ORX neurons havbkeen classified into two main types; &d Htype, based on
distinct electrophysiological characteristics. In particular, after a hyperpolarization, a D
type ORX neuron starts firing action potentials immediately, whitggé ORX neurons
exhibit an Atype current that causes a delay in the generation of action pot¢Btiglys
et al., 2019; Schone et al., 20XE)gure5.3A). D- and Htype ORX neurons have been
shown to respond differently to SD through an intrinsic mecha(isiggs et al., 2019)
The results shown ifrigure 5.2 appeared to distribute over a wide range for some
parameters, which may be becausaid Htype ORX neurons were poolééigure5.2).
Therefore, we analyzed the above parameters for the two ORX types separat@ynd/
again noeffect of SD onholding currentRMP, PPR,or CV-2 of IPSC h eitherORX
neurontype (Figure 5.3B i E). Furthermore, no differencaa any of the measured
parametes were detected betweentipe neurons and Hpe neurons at RegFigure
5.3B17 E).
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GABA clearance

Reduced GAT1 appositions at ORX neurdbkgpter 3would suggest a reduction
in GABA uptake from the extracellular space surrounding these cells. This may be
observed as prolonged decay rates of IPSCs particafser repetitive synaptic activation
when synaptic GABA accumulation and spill over may occur. We analyzed the decay rates
of the second pulse of the paired stimulation as well as utilized a train stimulation protocol
with 5 pulses at 50 HZA(gure5.4A, B, respectively) to promote GABA accumulation at
the synapse which may reveal potential differences in GABA uptake ability. The IPSC
decay after a &in stimulation (5 pulses at 50 Hz) was longer relative to paired stimulation,
as expected. However, neither stimulation protocol revealed differences between Rest and
SD (Figure5.4C). Furthermore, analyzing the decays of pailR8Csseparately for B
and Htype neurons did not reveal differences between Rest andD8fng train
stimulation, each IPSC did not completely decay back to baseline before the next
stimulation occurred, causing the cumulative IPSC amplitudes to increase progressively
with repeated stimulatior-{gure5.4E). However, IPSC amplitudes relative to their own
baselines, cumulative IPSC amplitudes (relative to the baseline of IPSC1), and the total
IPSC area were not different between Rest andFsgure5.4F 1 H, respectively). Thus,
our data suggest that GABA clearance following synaptic activity is not significantly
affected by SD.

5.3.2Co-Inhibition of GAT1 and GAT3 Affected Evoked but Not
SpontaneoudPSC Amplitudes under Rest

To our knowledge, there has been no report on the ro@Adfl or GAT3 in
inhibitory transmission t&ORX neuronsTherefore we testedhe role oiGAT1and GAT3
using sgecific inhibitors in the Rest condition. The GAT1 inhibitor NNC711 did not induce
any changein elPSCamplitudeor decayrate Figure’5.5A1, B1, C, F) Similarly, the
GATS3 inhibitor SNAP5114 did not affect these parameters of evoked transmission on its
own (Figure 5.5A2, B2, C, F).NNC711 and SNAP5114#ogether, on the other hand,

significantlyreduced elPSC amplitugehich was irreversible within the timeframe of our
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experimentabprotocol (Figure 5.5A3, B3, C). This inhibitory effect did not accompany
any change in elPSC decakidure 5.5F). Furthermore, there waso effectof the
inhibitors, either alone or in combinatioan the presynaptic measur®PR or CV2
(Figure 5.5D, E). Similarly, there was a lack of effect of these inhibitors, either
individually or in combination, on sIPSC amplitude, frequency, rise time, and decay rate
(Figure 5.6B 1 E, respectively).These results suggest that GAT1 and GAT3 act in a
compensatory manngy promote elPSGnasking potential effects of the absence of either

one transporter alone.

5.3.3GAT1 Inhibitor Reduces sIPSC Frequency i®D

As GAT1 appositions on ORX neurons decreased with SBajjter 3, we
expected that SD would occlude any effects of the GATL1 inhibitowever, blocking
GAT1 with NNC711 after SD showed no difference in the amplitude, PPR, @\decay
rate of elPSCRigure5.7C 1 F). This was notlifferent from the Rest conditiorrigure
5.8A T D). Furthermore, NNC711 did not significantly affect sSIPSC amplitude, decay, or
rise time Figure5.7H, J, K, respectively). However, NNC711 decreased sIPSC frequency
in the SD groupKigure5.71). Nevertheless, this effect was not statistically different from
what we have seen in the Rest grobjgre5.8F). Overall, SD did not appear to affect
inhibitory transmission to ORX neurodsspite the observed change in GAT1 apposition
(Chapter 3 Our data on the GAT1 and GATS3 inhibitors either individually or in
combination in Rest conditiorFigure 5.5C) indicate that GAT3 likely compensates for
the reduction in GAT hppositionafter SD.
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5.4 Discussion

We found that basal evoked and spontaneous inhibitory transmission in either
subtype (D and Htype) of ORX neurons in the LH was unaffected by the SD tiondi
In accordance with these data, the inhibition of GAT1 WIkC711in the Rest condition,
which would mimic the SBnduced reduction in GAT1 apposition to ORX neurons, had
no effect on inhibitory transmission. These contrasting results (decrease in GAT1
apposition but no functional change) of prolonged waking (Shi &y explained bya
compensatory mechanisbetween GAT1 anGAT3. Indeed,inhibition of GAT1 alone
or GAT3 alondlid not affect evoketPSCsor sIPSCsat Rest, and only the @pplication
of NNC711 and SNAP5114 resulted in a reduction in elPSC amplitSaheilar
compensatory effects of GAT1 a@®AT3 have been reported for striatal output neurons
where neither inhibitor alone affected evoked or miniature IPSCs (mIPSCs), while co
application reduced the frequency of mIPS@thout affectingthe amplitude or dier
mIPSC kineticgKirmse et al., 2009)

In order to investigate potentiahangesn GABA clearance following SD, we
analyzed the decay rates of the last IPSC of a paired pulse stimulation as wefiidsea 5
train stimulation protocolWe foundan ncrease in GABA accumulation and clearance
time with greater consecutive stimulus number and frequency of synaptic stimulation, as
an increase in decay rates was seen in both Rest and SD befi{esn5? pulses.
However, the Rest and SD conditions werd different from each other, further
supporting the idea that GAT3 might be compensdongnd preventing disturbance of
GABA clearance in SD.

The reduction of elPSC amplitude upon complete inhibition of GABA reujigke
co-application of NNC711 and SNP5114is possibly the result of desensitization of
GABA receptors due to the increased availability of GA&Ahe synaps@Overstreet et
al., 2000) sIPSC amplitudes were not affected in the same way, which could be related to
low and thusinsufficient GABA concentrations reached with asynchronous quantal
release for receptor desensitization to occur as compared to higher concentrations achieved
with evoked stimulationAnother possibility ighatevoked and spontaneotransmission
could beregulateddifferentialy (P. M. Horvath et al., 2020voked and spontaneous
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excitatory transmission have been shown to be segregatiffierent sets of synapses or
to different sets of postsynaptic receptors at the same syf#gpsey et al., 2008; Melom
etal., 2013; Peled et al., 2014; Reese & Kavalali, 2@Ré)ently evoked and spontaneous
inhibitory transmissiorwere also revealedto be partially segregated in hippocampal
neurons, potentially accounting fibreir different roles in neuronalommunicatior(P. M.
Horvath et al., 2020)

A limitation of our study is that we did not distill GABR- and GABAsR-specific
components of IPSCs and how they may be influenced by SD or GAT inhibitors. There is
a possibility that we missed changes reldateeither one receptor. If spillexver GABA-
activated extrasynaptic GABRS, we would havebserveda change in tonic current
and/or elPSC decaBeenhakker & Huguenard, 201®pwever, we did not see changes
in either parameter with SD. Furthermore, the decay of elPSC to baseline did not reveal
overshooting outward currents that would indicate GARActivation.

Arguably,theb r a toleransefor increasecextracellularGABA levels is higher
thanfor its counterpart glutamate, whicanrapidly become pathological at higher levels
Contrary to an increase in extracellular glutamate concentrations that can result in
devastating seizures and eventual cell déathing & Spencer, 1993)ncreased GABA
levels are not of the same concern. Anticonvulsant drugs, sgetibagentin, lamotrigine
or topiramate increase GABA levels in the brain by up to 4@tizniecky et al., 2002)
Similarly, the antidepressant monoamine oxidasgbitor, phenelzine, increases GABA
levels, highlighting thenmedicinal properties of GABABaker et al., 1991)Only when
more severe impairments of GABA signaling occur due to mutations of GAT1 and the
resulting impairments of GAT1 surface traffickiagd radical interference with GABA
clearance, do pathologies such as epilepsy, cognitive impairments, and-ldgism

dysfunctions develoffischer et al., 2022)

Nonetheless, the compensatory interplay between GAT1 and GAT3 suggests that
tight regulaton of GABA signaling is necessary for ORX neurdas/en that GABAergic
signaling plays a crucial role as a negative regulator of excitatory transn{iGgioard et
al., 2018)increasingheinhibitory toneon ORX neuronsluringSD might not be desirable
in case ofan emergencyrequiring fight or flight. SD already causes a reduction of
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excitatorytransmissiorthrough a negative feedback mechanism mediated by presynaptic
group Il metabotropic glutamate recept@siggs et al., 2018)Thus,additionalincrease

in GABAergic signaling directly inhibiting ORX neurons or indirectly by modulation of
excitatory inputs might be undesirable. On the other hand, the reduction of GABAergic
signaling might not be ideal either as homeostagiespressure is steadily increasing with
SD to which GABAergic inputs contribut@-errari et al., 2018; Matsuki et al., 2015;
Toossi et al., 2016)highlighting the importance of the GATGRAT3 compensatory

mechanism.

Interestingly the GAT1 inhibitor NNC@11 decreased sIPSC frequency in the SD
condition, during which GAT1 appositions to ORX neurons are decre@begbter 3 but
had no effecon sIPSCsit Rest Here meneeds to acknowledge thelPSCs includeot
only spontaneous release but alstion potentiadriven transmissionHence, firing
activity of ypstream neurons synapsing to ORX neurons might have been affected by SD
through a reduction in excitability of those upstream neumshigh might have been the
reason fothe NNC7L1-induceddecrease in sIPSC frequenEyrthermore, GAT3 appears
to compenate for the inhibited GAT1 in SD when NNC711 was applied, as was the case
for the Rest condition, since elPSC amplitude was not significantly reduced. Future studies
could investigate if blocking GAT3 in SD would abolish this compensation and, as in the
Rest condition upon capplication of NNC711 and SNAP5114, reduce elPSC amplitude.

SD has been shown to alt€ABA receptor expression in ORX neurons of the LH
in mice (Toossi et al., 2016)This morphological study using immunohistochemistry
found that there is a@BD-inducedincrease irbothGABAaARsand GABAsR (Toossi et al.,
2016) however, functional changes related to this increased receptor expression were not
assessedn increase irreceptor expression does not mean that the receptors are present
at the synapse, as the expression of GAB#In particular was only detectable in the
cytoplasm and not on the plasma membrane in that §tuassi et al., 2016 he lack of
changes irslPSCamplitudewith SD and NNC711 applicatiosuggests that the synaptic
receptors may not have been altered in our study andiltea¢d activity ofupstream

neurons might havieeen the reason for reduced sIPSC frequency.
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5.5 Conclusion

Taken togetherpur results suggest th& h SD does notaffed inhibitory
transmission tovakeactive ORX neuronsdespite the decrease in GAT1 appositions
compared to ORX neurons from rested anin(@bapter 3. This is likely due to a
compensatory action of GAT3, which does not show any changes in appositions with ORX
neurons after SD. Only the concurrent inhibition of both GAT1 and GAT3, butthet ei
one alone, showed a decrease in evoked IPSC amplitude. Thus, both transporters appear
to compensate for each other.

SD may inducechangesn upstream neurorthatinput to ORXneuronswhich
likely caused thedecrease irslPSC frequencyafter SD when GAT1 was blocked.
However, further investigation (such as mIPSC analysis) would be needed to confirm this

possibility.

Six hours of SD has been shown to downregulate excitatory transmission through
a negative feedback lodpriggs et al., 2018)Thus, the lack of an effect on inhibitory
transmission with acute SD is not as surprising, since inhibitory inputs often act as negative
regulators of excitatory transmission. The net effect of SD on synaptic inputs to ORX
neurons would be a redumt in excitability. Future studies could investigate how the
regulatory role of the GABAergic system on wak®moting ORX neurons changes with
prolonged SD.
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Figure 5.1. Resting membranepotential (RMP) and holding current of ORX neurons

was unaffected by SDA) Example traces ofbaseline activityfor Rest (black) and SD

(red) conditions. SD did not cause tonic inhibitionsinceRMP (B;
t-test, Rest n/N = 34/22, SN = 17/9, t(37) = 0.27, P = 0.78&nd holding current (C;
i ndepend e fiest, Ras n/N=h38/AL, SD n/N = 16/9, t(22P=85, P = 0.406, one

outlier outside the "8 standard deviatiowasremovedn each groupwere unchanged
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@ Rest, R?=0.03, p=0.318, n/N=33/22
@ SD, R?=0.00, p=0.905, n/N=17/9

Figure 5.2. Presynaptic release probability atinhibitory synapseso ORX neurons

was unaffected by SDA) Example traces of paired pulses for Rest and SD conditions
scaled to the first IPSC (IPSC1). Shiid not affect probability of transmitter release

as measured bypaired pulse ratio (PPR)(B; I ndepend-tsttResiWéN =t h 6 s
34/22, SD n/N = 17/9, t(45) =1.95, P = 0.0580r coefficient of variation (CV?) (C;

i ndepend e fest, Ra& h/N=-h38/232, SN = 16/9, t(42) = 0.47, P = 0.63%e

outlier outside the 8 standard deviation was removiedSD group). D) Example traces

of sIPSCs for Rest and SD conditionsSimilarly unchanged were sIPSC amplitude

(E; 1 ndepen dtesh RestWdl BHU3d,&B n/N =18/17, t1(43) =0.85, P =0.402
and frequency (F; i ndepen dtesh RestWwi = 8734, SD rt/N = 18/17, t(31) =

1.54, P = 0.13B There was no correlation between PPR and sIPSC frequenc§).
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