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ABSTRACT 

Sleep and wakefulness are regulated by numerous neuronal populations throughout 

the brain, including the wake-promoting orexin (ORX) and sleep-promoting melanin-

concentrating hormone (MCH) neurons in the lateral hypothalamus. Increasing evidence 

indicates the roles of astrocytes in regulating various behaviors, and astrocytes have been 

shown to modulate excitatory synaptic transmission to ORX and MCH neurons through 

glutamate transporter 1 (GLT1) depending on sleep history. However, it is unknown 

whether astrocytes regulate inhibitory synaptic transmission to 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 increases sleep need, 

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 neurons.  

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 astrocytic contact with 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 control (Rest) condition revealed 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, patch-clamp recordings were 

conducted in acute hypothalamic slices. Surprisingly, there were no differences in either 

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 wake-promoting ORX neurons in the lateral 

hypothalamus through retraction of perisynaptic astrocyte processes. 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 

1.1 Sleep 

Sleep, or a sleep-like state, is evolutionarily  conserved and has been observed in 

all the species that have been studied to date across the animal kingdom, indicating its 

biological importance (Cirelli, 2009; Siegel, 2008). Not only is sleep a vulnerable state as 

an organism can not fend off potential predators when asleep, but the time spent sleeping 

can also not be used for the gathering of food. Thus, the price animals pay to sleep is high, 

making its returns the more valuable. Although several studies have attempted to answer 

the question of why we sleep (Freiberg, 2020; Rechtschaffen, 1998), this debate is still 

ongoing, in part because sleep phenomenology varies widely across species (Cirelli & 

Tononi, 2008). However, the functions of sleep are proposed in multitude and include 

memory consolidation (Gais et al., 2007; Jenkins & Dallenbach, 1924), restoration of glial 

glycogen stores in certain brain areas (Franken et al., 2003), and metabolic clean up (Ding 

et al., 2016; L. Xie et al., 2013). The loss of sleep causes disruptions of these processes 

and can cause death in extreme cases (Montagna & Lugaresi, 2002). 

 

1.1.1 Sleep Stages 

Sleep is a complex physiological process that can be divided into two main phases 

in adult mammals as well as in some other species: non-rapid eye movement (NREM) 

sleep and rapid eye movement (REM) sleep. These sleep stages are typically identified by 

electroencephalogram (EEG) and electromyogram (EMG) recordings (Brown et al., 2012; 

Hobson & Pace-Schott, 2002). During wakefulness, there is strong wake-related muscle 

activity and high-frequency, low-amplitude EEG patterns indicating neuronal 

desynchrony. In NREM sleep, muscle activity is reduced while EEG amplitude is 

increased; the deepest stage of NREM sleep, i.e., the restorative stage of sleep, is 

characterized by the presence of continuous high-amplitude EEG delta (0.5 - 4 Hz) 

activity, indicating neuronal synchrony. REM sleep resembles wakefulness with high-

frequency, low-amplitude EEG patterns as in wakefulness, but is accompanied by muscle 

atonia except for occasional REMs and muscle twitches (Brown et al., 2012; Scammell et 
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al., 2017). The neuronal populations involved in sleep/wake regulation exhibit different 

activity patterns during sleep and wakefulness, and different groups of neurons have 

distinct roles in the sleep/wake cycle (Scammell et al., 2017). 

 

1.1.2 Sleep/Wake Regulation and Homeostasis: The Two-Process Model 

According to the two-process model, sleep-wake regulation involves the interplay 

of two fundamental processes: the circadian rhythm and homeostasis. While the circadian 

rhythm signals the timing for wakefulness particularly in the morning and promotes sleep 

at night, the homeostatic process keeps track of prior sleep-wake history and monitors the 

accumulation of sleep pressure (Deboer, 2018). The circadian process in mammals is 

regulated by the suprachiasmatic nucleus (SCN), often referred to as the master "clock" of 

the brain. The molecular clock in the SCN endogenously generates 24-hour rhythms, 

which are normally entrained by the light/dark cycle through retinal inputs, and controls 

the timing of various physiological and behavioral processes through the regulation of 

gene expression, transcription, and translation. The circadian signal from the SCN 

promotes wakefulness during the day (active period) and sleep during the night, primarily 

under the influence of ambient light but also other environmental stimuli such as social 

cues (Deboer, 2018). On the other hand, the homeostatic process regulates sleep and 

wakefulness based on recent sleep-wake behavior. The longer the previous wake period, 

the more sleep pressure accumulates, increasing the need for sleep (Borbély et al., 2016; 

Deboer, 2018). This process is regulated by endogenous factors such as adenosine, a 

signaling molecule that gradually increases its concentration in the extracellular space in 

the brain during wakefulness in parallel with the build-up of sleep pressure (Porkka-

Heiskanen et al., 2000). Both the circadian and homeostatic processes work together to 

determine the timing and duration of sleep and wakefulness to regulate sleep-wake cycles. 

The circadian and homeostatic processes can be overridden by environmental challenges 

(Saper et al., 2005). For instance, when food scarcity necessitates foraging at night or 

immediate danger requires staying awake, sleep can be reduced or suspended, and the 

sleep/wake cycle temporarily disrupted. Together, the circadian and homeostatic processes 
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determine the timing of sleep and wakefulness, while also allowing flexibility in response 

to environmental demands. 

 

1.1.3 The Two Main Sleep/Wake 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 melanin-concentrating hormone (MCH) neurons. ORX neuropeptides are mainly 

excitatory (De Lecea et al., 1998) ORX 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 promotes arousal and 

wakefulness, while their inhibition leads to sleep onset (Sakurai, 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 daytime sleepiness and cataplexy 

(Chemelli et al., 1999). Multiple brain regions project to ORX neurons in support of 

sleep/wake regulation, including the bed nucleus of the stria terminalis, and hypothalamic 

regions such as the preoptic area, dorsomedial nucleus, lateral hypothalamus, and posterior 

hypothalamus (Yoshida et al., 2006). During wakefulness, ORX neurons are highly active 

and release the peptide orexin into target areas, promoting wakefulness and maintaining 

arousal (R. J. Liu et al., 2002; Takahashi et al., 2008; Tao et al., 2006). As sleep pressure 

increases during prolonged wakefulness, the activity of ORX neurons gradually decreases, 

facilitating the transition to sleep (Adamantidis et al., 2007; Briggs et al., 2018). During 

sleep, ORX neurons are largely silent (M. G. Lee et al., 2005), while sleep-promoting 

neurons including MCH neurons are active and maintain sleep (Hassani et al., 2009; 

Modirrousta et al., 2005). The reciprocal interaction between ORX and MCH neurons 

forms a mutually inhibitory circuit that contributes to the sleep-wake switch. Activation 

of ORX neurons inhibits MCH neurons, promoting wakefulness, while activation of MCH 

neurons inhibits ORX neurons, promoting sleep (Concetti & Burdakov, 2021; Konadhode 

et al., 2015). 
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Sleep-active 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 brainstem (Hong et al., 2011; Yoon & Lee, 2013). It was reported 

that the activation of MCH neurons promotes sleep and inhibits wakefulness (Konadhode 

et al., 2013). A number of studies reported that mice with elevated MCH signaling exhibit 

increased REM sleep but decreased NREM sleep (Jego & Adamantidis, 2013; Konadhode 

et al., 2013; Tsunematsu et al., 2014). Conversely, the inhibition of MCH signaling results 

in increased wakefulness and decreased NREM sleep (Tsunematsu et al., 2014). 

Furthermore, intracerebroventricular injection of MCH increases REM and slow-wave 

(i.e., NREM) sleep (Verret et al., 2003) while subcutaneous injection of MCH receptor 1 

inhibitor reduces REM sleep and increases active and passive waking in rats (Ahnaou et 

al., 2008). Overall, it is thought that MCH neurons are involved in both REM sleep and 

NREM sleep (Ferreira et al., 2017) as well as energy metabolism (Al -Massadi et al., 2021). 

Understanding the precise mechanisms by which MCH neurons interact with other sleep-

regulatory systems to modulate sleep will provide valuable insights into the neural circuits 

underlying sleep-wake behavior regulation. 

 

1.1.4 GABAergic 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 

neurocircuits mainly promote sleep as part of a collection of brain systems implicated 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 LH (K. Liu et al., 2017; Saito et al., 2018; Sakurai et al., 

2005; Yoshida et al., 2006). Additionally, ORX neurons receive GABAergic inputs from 

somatostatin neurons which are presumably located within the hypothalamus and are 

capable of releasing GABA (Toossi et al., 2012). These neurons likely regulate sleep as 

the peptide somatostatin has been shown to increase REM sleep and decrease NREM sleep 

(Beranek et al., 1999; Danguir, 1986). MCH neurons, on the other hand, receive indirect 

inhibitory inputs from ORX neurons via local interneurons, as well as direct inhibitory 
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inputs from local hypothalamic neurons and neurons in the central extended amygdala 

(Apergis-Schoute et al., 2015; Fujita et al., 2021; Kosse & Burdakov, 2019). 

Only few studies have investigated the importance of GABAergic signaling in 

directly regulating the wake-promoting network of ORX and MCH neurons. 

Immunohistochemical experiments in mice have demonstrated that following acute SD, 

the densities of cell-surface GABA receptors, including both GABAA and GABAB 

receptors, increased in ORX neurons while they decreased in MCH neurons, consistent 

with the homeostatic drive for sleep following SD as well as the reciprocal relationship 

between ORX and MCH neuronal activities (Toossi et al., 2016). Furthermore, deletion of 

the gene for GABAB receptors specifically in ORX neurons has been shown to cause sleep 

fragmentation (Matsuki et al., 2009). In addition to GABAergic sleep-active neurons in 

other brain regions as described above, groups of GABAergic neurons have been found 

within the LH that either fire maximally during sleep (Hassani et al., 2010) or promote 

arousal (Venner et al., 2016). Whether these particular GABAergic neurons provide 

reciprocal indirect inhibitory inputs between ORX and MCH neurons (Apergis-Schoute et 

al., 2015) is unknown. A group of GABAergic interneurons in the LH was found to be 

glucose sensitive, however, this study did not investigate sleep/wake regulation by these 

neurons (Karnani 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 Astrocytes in Sleep/Wake Regulation 

Astrocytes are a group of glial cells in the central nervous system that have 

traditionally been considered as supportive cells for neurons. However, increasing 

evidence suggests that astrocytes also play active roles in modulating synaptic 

transmission and neuronal excitability (Perea et al., 2016; Perea & Araque, 2007). 

Astrocytes express a wide range of receptors that allow them to sense changes in neuronal 

activity and respond by releasing various signaling molecules, called gliotransmitters, such 

as ATP, glutamate, and D-serine (Harada et al., 2016). These gliotransmitters can 

modulate synaptic transmission, synaptic plasticity, and neuronal network activity (Araque 
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et al., 2014). Furthermore, through their transporters, astrocytes play important roles in the 

clearance of glutamate and GABA after synaptic release to prevent receptor 

desensitization and excitotoxicity as well as to fine-tune synaptic transmission (Araque et 

al., 2014).  

Recent studies have revealed that astrocytes actively participate in the regulation 

of sleep and wakefulness through adenosine signaling. Adenosine is an endogenous factor 

that is directly released by astrocytes (Bjorness et al., 2016) or as a product of astrocytic 

ATP release followed by hydrolyzation to adenosine (Halassa et al., 2009). During 

wakefulness, extracellular adenosine concentrations increase, while they decrease upon 

entering sleep (Porkka-Heiskanen et al., 1997). The activity of astrocytic adenosine kinase 

connects astrocytic cellular metabolism with the regulation of sleep homeostasis by 

neurons (Greene et al., 2017). Extracellular adenosine mainly activates adenosine A1 

receptors on neurons to induce sleep (Greene et al., 2017). Astrocytes also contribute to 

brain homeostasis through their involvement in the glymphatic system, a waste clearance 

pathway that becomes more efficient during sleep. The glymphatic system facilitates the 

removal of metabolic waste products as well as toxins from the brain (L. Xie et al., 2013). 

Astrocytes play a critical role in supporting the function of the glymphatic system by 

regulating the water flow from the para-arterial space through astrocytic water channels 

(aquaporin-4) and thus facilitating the clearance of waste products from the interstitial 

space  (Verkhratsky & Nedergaard, 2018). 

Finally, as discussed further below, astrocytes have been shown to modulate 

synaptic transmission and neuronal activity in ORX and MCH neurons in the LH, which 

influence the transition from sleep and wakefulness (Briggs et al., 2018, 2019).   

 

1.2.1 Astrocyte-Neuron Interactions at Synapses Involved in Sleep 

Regulation 

Astrocytes communicate bidirectionally with neurons by sensing neuronal activity 

through receptors for neurotransmitters, and then releasing gliotransmitters such as 

glutamate and D-serine, which can act on neurons to modulate their excitability and 
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synaptic transmission, leading to changes in synaptic strength and neuronal network 

activity (Araque et al., 2014). Changes in neuronal activity during sleep and wakefulness 

can impact astrocytic calcium signaling (Ingiosi et al., 2020), gliotransmitter release, and 

other astrocytic processes involved in sleep regulation (Bellesi et al., 2015). 

One way for astrocytes to modulate 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 through the expression 

of neurotransmitter transporters such as glutamate transporter 1 (GLT1) and GABA 

transporters 1 or 3 (GAT1/3) at perisynaptic astrocytic processes and, in some cases, at 

neuronal terminals (Zhou & Danbolt, 2013). GLT1 is predominantly expressed in 

astrocytes (Danbolt et al., 2016; Lehre & Danbolt, 1998). When GLT1 is knocked out in 

astrocytes the consequences are more severe than neuronal knockout of GLT1, resulting 

in seizures and increased mortality (Petr et al., 2015). Furthermore, GLT1 controls the 

availability of glutamate at synapses by reducing access to synaptic/extrasynaptic 

glutamate receptors, which in turn leads to synaptic plasticity (Oliet et al., 2001; Rusakov 

& Kullmann, 1998; Zheng et al., 2008). The role of GLT1 in synaptic plasticity has been 

observed in various brain regions, including the hypothalamus for neuroendocrine 

functions (Oliet et al., 2001), barrel cortex for sensory function (Genoud et al., 2006), 

cerebellum (Marcaggi et al., 2003), and the hippocampus (Huang et al., 2004; Omrani et 

al., 2009). 

Recent studies from our laboratories revealed that astrocytes interact differentially 

with ORX and MCH neurons after 6 h of SD through GLT1 (Briggs et al., 2018). While 

GLT1 appositions with ORX neurons decreased, those with MCH neurons increased. In 

ORX neurons the decrease in GLT1 appositions activates presynaptic Group III 

metabotropic glutamate receptors (mGluRs) presumably as a result of greater diffusion of 

glutamate, triggering a negative feedback loop and a reduction in release probability, 

hence, presynaptic inhibition. In MCH neurons, on the other hand, slow EPSCs decreased, 

presumably as a result of reduced glutamate concentration and less postsynaptic kainate 

receptor activation, leading to less activation of MCH neurons (Briggs et al., 2018). The 
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presynaptic inhibition in ORX neurons primarily impacted weaker synaptic inputs while 

high-frequency synaptic inputs were unaffected (Briggs et al., 2019).  

Overall, accumulating evidence suggests that astrocytes play critical roles in the 

regulation of sleep and wakefulness through various mechanisms. Further research is, 

however, needed to unravel the mechanisms by which astrocytes influence sleep/wake, 

particularly at synapses to sleep/wake-regulatory neurons. 

 

1.2.2 Astrocytic GABA Transporters  

GABA removal after synaptic release is accomplished by GABA transporters 

(GATs), with the main GATs being GAT1 and GAT3, which are both expressed 

throughout the whole brain (Chiu et al., 2002; Minelli et al., 1995, 1996). GAT3 is 

exclusively expressed by astrocytes and has higher prevalence in subcortical brain areas 

(De Biasi et al., 1998; Minelli et al., 1996; Vitellaro-Zuccarello et al., 2003), while GAT1 

is expressed in neuronal presynaptic boutons in cortical areas, but predominantly by 

astrocytes in the thalamus and other subcortical brain areas (Chiu et al., 2002; De Biasi et 

al., 1998; Vitellaro-Zuccarello et al., 2003). In the thalamus, GAT1 was shown to be 

localized closer to synaptic clefts and thus regulate mainly synaptic GABAA receptors, 

while GAT3 is localized further away from synaptic clefts and thus is responsible for the 

regulation of extrasynaptic GABA concentrations and receptors, such as GABAB receptors 

(Beenhakker & Huguenard, 2010).  

GAT1 and GAT3 belong to the solute carrier 6 family of transporters (Scimemi, 

2014b). Both GATs use energy from the dissipation of the Na+ gradient, aided by the 

presence of a Cl- gradient, to translocate 1 GABA molecule across the membrane for 2 

Na+ and 1 Cl- (Scimemi, 2014b). The regulation of GABA concentration through 

perisynaptic astrocytic processes is dynamic and adaptive. GATs can be concentrated or 

removed from astrocytic processes and thus from synapses within minutes through 

trafficking (Wang & Quick, 2005). The same change in GAT availability could be 

accomplished through astrocytic process reconstruction (Haber et al., 2006). GAT 

availability at perisynaptic astrocytic processes can modulate GABAergic synaptic 
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transmission, as shown for synapses to hypothalamic corticotropin-releasing hormone 

neurons (Colmers & Bains, 2018).  

 

1.2.3 Perisynaptic Astrocytic Process Remodeling 

Astrocytic process remodeling is a common phenomenon that has been described 

in various brain areas (Bernardinelli, Muller, et al., 2014). Astrocytic processes are present 

at up to 77-85% of all hippocampal synapses in the CA1 at the axon-spine interface 

(Lushnikova et al., 2009; Witcher et al., 2007). At those synapses astrocytic processes 

increase their contact with synapses after LTP (Lushnikova et al., 2009) presumably to 

contain the increase in neurotransmitter concentration to relevant synapses. The retraction 

of astrocytic processes or their absence at synapses is often associated with increased 

ability for neurotransmitter spillover (Ventura & Harris, 1999; Witcher et al., 2007). 

Perisynaptic astrocyte restructuring has also been reported after sensory stimulation in the 

somatosensory cortex (Genoud et al., 2006) and during hydration and lactation in 

magnocellular hypothalamic neurons (Theodosis, 2002). Evidence from 

immunohistochemical experiments suggests that astrocytes retract their processes from 

ORX neurons after 6 h of SD which allowed for extrasynaptic Group III mGluRs to be 

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

 

1.3 Research Questions and Hypotheses 

Our understanding of sleep/wake regulation as well as the functions of astrocytes 

is constantly growing; however, astrocytic involvement in sleep/wake regulation is still 

rather elusive. We are particularly interested in expanding our knowledge of astrocytic 

regulation of GABAergic synapses involved in sleep/wake regulation. Therefore, this 

thesis sought to investigate how these inhibitory synapses are modulated through 

astrocytic GATs and morphological plasticity of astrocytic processes surrounding 

synapses after acute SD that mimic prolonged physiological wakefulness. Specifically, the 

following research questions were addressed in this thesis: 



10 

 

1. Does GAT1 or GAT3 localization relative to wake-promoting ORX or sleep-

promoting MCH neurons change after 6 h of SD (Chapter 3)? 

Hypothesis: GAT1 and GAT3 appositions change following SD in opposite 

directions for ORX and MCH neurons. 

Chapter 2 reports the automated apposition analysis method developed for this 

study.  

2. Do astrocytes alter their coverage of synapses to ORX neurons in response to SD 

(Chapter 4)?  

Hypothesis: Astrocytic processes withdraw from synapses on ORX neurons 

after SD. 

3. Does a change in GAT1 or GAT3 apposition have an effect on inhibitory synaptic 

transmission under rest or SD conditions (Chapter 5)? 

Hypothesis: Changes in GAT1 apposition to ORX neurons after SD modulate 

inhibitory synaptic transmission, and changes in GAT3 will 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 biomedical sciences about the 

increasing complexity and non-transparency of research methodologies, which has led to 

a proliferation of unreproducible research (Begley & Ioannidis, 2015). One major 

contributor to this issue is the manual analysis of images which is prone to bias and error 

and is time-consuming as well as difficult to reproduce (J. Y. Lee & Kitaoka, 2018; Miura 

& Nørrelykke, 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). We planned to analyze the interaction of 

astrocytic gamma-aminobutyric acid transporters (GATs), including GAT1 and GAT3, 

with orexin (ORX) and melanin-concentrating hormone (MCH) neurons in the lateral 

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

Here, we developed a novel automated image analysis method for quantifying 

appositions between astrocytic processes and neuronal somata. We used the recently 

published segmentation tool Cellpose (Stringer et al., 2021) as a foundation, and developed 

custom functions in Python to streamline the analysis and produce clean data. Cellpose is 

a powerful tool that outperforms other currently available segmentation algorithms 

(Stringer et al., 2021) and is able to recognize patterns in images, making it well-suited for 

this type of analysis. Our approach demonstrates the utility of Cellpose in automating 

image analyses and highlights the importance of transparency and reproducibility in image 

analysis in biomedical research. Our work will be useful as a resource for researchers in 

various fields and we hope it will inspire further development in the automation of image 

analysis. 
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2.2 Material and Methods 

The following image processing pipeline was developed on a computer with a 64-

bit Windows 10 Pro operating system, 16 GB RAM, and Intel® CoreÊ  i7-9700 CPU @ 

3.00GHz processor. 

 

2.2.1 Images 

We used 1024 x 1024 pixel, 16-bit confocal images (as specified in Chapter 3) of 

a single plane for the channel of interest (astrocytic marker) as well as the RGB (8-bit) 

image of the same plane containing all channels (somatic marker, ORX/MCH- 

immunopositive cells) for segmentation with Cellpose (see Chapter 3 for acquisition 

details). Z-stacks at times contained multiple cells with acceptable image quality at varying 

depths in the same field of view, thus we processed all planes of the z-stack to collect data 

from as many cells as possible. 

 

2.2.2 Image Processing Pipeline 

Automatic cropping and image selection criteria . All cells were cropped 

automatically using the Cellpose model to segment any potential cells in all planes of a z-

stack. Details can be found in the autocrop.py script in Appendix A. In brief, the ñcytoò 

Cellpose model was selected to segment somata (rather than nuclei, Figure 2.1A) and 

allowed resampling to create a smoother soma outline (Figure 2.1A3 vs B3). The diameter 

was set to 90 pixels which was determined in 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_masks(); Cellpose function). As Cellpose 

segmentation alone included many unsuitable cells that were either only Nissl-positive 

cells (Figure 2.1A1 ï 3, yellow arrows) or parts of ORX/MCH- positive (green/cell type 

channel) cells from suboptimal image planes (Figure 2.1A1 ï 3, blue arrows), we wrote 

custom functions to further filter masks for only green cells and set all non-green cell 
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masks to zero (Figure 2.1B). This removed all Nissl-only cells that were segmented by 

Cellpose (Figure 2.1B2). Each remaining mask/segmentation received a bounding box 

(Figure 2.2, yellow box) that was expanded by 50 pixels in each direction or until reaching 

the border of the frame (Figure 2.2, 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 image accounted 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 Cellpose segmentation 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 marker channel images (astrocyte 

marker) are cropped in tandem within the same ROI and saved to separate folders (Figure 

2.2). Finally, manual screening of images 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 not pass manual quality control are shown in the black box in 

Figure 2.2.  

 

Cellpose segmentation for apposition analysis. The 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 applied, as 

described above for automatic cropping, to get the cell outline (Figure 2.3). The astrocytic 

marker channel image was binarized using the Otsu threshold (opencv package) as this 

threshold tested as the most consistent and suitable for our data (Otsu, 1979). However, 

many other thresholding algorithms are available, as well as the option to write a custom 

algorithm.  
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To ensure that the correct outline 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 several parameters are measured and saved with the image filename as 

identifier to a CSV file (Figure 2.3). These parameters include mask outlines (i.e., somatic 

perimeter lengths), average length of appositions per cell, total apposition length, and 

number/counts of appositions per cell. Lengths 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, apposition channel image, thresholded image, cell outline, and resulting 

appositions in one collage (similar to Figure 2.3) as well as the Cellpose outputs that depict 

the segmentation process in more detail (Figure 2.4). This visual output, ergo the final 

selection of images and resulting segmentation, 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 Results and Discussion 

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 Cellpose (Figure 2.1). 

This refined segmentation approach was then used to develop an automated cropping script 

that can be used on its own to reduce manual labor (Figure 2.2). The script can be applied 

to a variety of research questions and allows for the size of cropped images to be 

standardized and the number of channels 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 significantly reduce the time and labor required for apposition analysis (Figure 2.3). 

The reduction in image dimensions through automatic cropping decreased the time it takes 

for Cellpose segmentation to a minimum, and the automated acquisition of appositions 

eliminated the need for time-consuming and error-prone hand-drawing of soma outlines 

and appositions. The automation approach also takes care of all image handling 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/ImageJ (Schindelin et al., 2012) using only the Nissl (cytosolic 

marker) channel (Figure 2.5). The results showed that the Cellpose segmentation method 

was more efficient than any of the thresholding methods available in Fiji/ImageJ, where 

the best threshold (an adjusted Otsu threshold) produced grainy results, rendering this cell 

unusable for segmentation. Moreover, the resulting perimeter segmentation compares very 

well with previous, manually acquired measurements for ORX and MCH neuron 

perimeters (Briggs et al., 2018). 

Finally, in our experience manual apposition analysis takes in the order of 10-30 

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 in Figure 2.1 and thus ~ 3 s/cell. This demonstrates the efficiency and superiority 

of our method in comparison to manual apposition analysis and highlights the potential of 

our refined segmentation and automated cropping approach to improve the efficiency and 

accuracy of image analysis of somata and appositions. 

 

 



16 

 

2.4 Conclusion and Outlook 

We successfully employed Cellpose and wrote custom functions for a clean 

segmentation output that outperforms manual apposition analysis in terms of accuracy, 

error rate, and efficiency. While we optimized the Cellpose-based segmentation for the 

green channel, our functions can be adjusted for any channel. Due to the manageable 

sample size in 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 much larger data sets the development of a supervised 

or self-supervised learning algorithm should be considered.  
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Figure 2.1. Segmentation Process. Raw Cellpose segmentation (A1 ï 3) vs Cellpose 

segmentation with custom filters (B1 ï 3) and with (B3) and without (A3) resampling 

for smooth soma outlines. Yellow arrows point at Nissl-only cells that were also 

segmented initially when only using Cellpose and the blue arrow indicates a green 

cell from a suboptimal z-stack plane. The latter type of segmented cells was excluded 

manually in later steps (see Figure 2.2). 
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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 then either used for apposition analysis (depicted in 

Figure 2.3) or excluded (based on our experimental requirements), respectively. 
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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. Both are overlayed to identify appositions (single-pixel 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 (from Figure 2.2) is 

generated and stored in a CSV file in 21.5 s. 



20 

 

 

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

io.save_to_png() and used as well for quality control. 
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Figure 2.5. Cellpose segmentation vastly outperforms conventional segmentation 

approaches. A) The ñAuto Thresholdò function in ImageJ/Fiji allows for assessing 

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 how traditional 

segmentation using an adjusted Otsu threshold B1-B2) performed against Cellpose 

segmentation (C1 ï C2). Additionally, the script described here supplies all desirable 

measurements, which previously required immensely time-intensive manual tracing 

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 melanin-concentrating hormone (MCH) neurons, two neuronal 

cell populations important for sleep/wake regulation, are both found in the lateral 

hypothalamus (LH) (Scammell et al., 2017). ORX neurons express the wake-promoting 

neuropeptide orexin and project throughout the brain to ensure wakefulness. 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 neurons (Alam et al., 2005; Blanco-Centurion et al., 2020; K. Liu et 

al., 2017; Saito et al., 2018; Sakurai et al., 2005; Yoshida et al., 2006). Sleep-active MCH 

neurons, on the other hand, receive indirect inhibitory inputs from ORX neurons via 

interneurons, as well as direct inhibitory inputs from local hypothalamic neurons and 

neurons in the central extended amygdala (Apergis-Schoute et al., 2015; Fujita et al., 2021; 

Kosse & Burdakov, 2019). Optogenetic activation of ORX and MCH neurons promotes 

wakefulness and sleep, respectively (Adamantidis et al., 2007; Jego et al., 2013; 

Konadhode et al., 2013). There is some evidence that astrocytes are involved in regulating 

the activity of these neurons. Specifically, astrocytes modulate excitatory transmission to 

ORX and MCH neurons in response to sleep deprivation (SD) concurrent with changes in 

astrocytic glutamate transporter 1 (GLT1) appositions in an opposite manner between the 

two neuronal types (Briggs et al., 2018). Although ORX and MCH neurons receive 

GABAergic inputs from various brain areas as mentioned above, little 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 brainôs main GATs and have varying expression patterns 

depending on the brain area. While GAT3 is consistently expressed by astrocytes, GAT1 

is expressed by either astrocytes or neurons (De 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 boutons (Conti et al., 1998), while in the thalamus GAT1 is found 

in perisynaptic astrocytes as is GAT3 (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 availability for GABAA 

receptors (GABAARs) while GAT3 regulates extrasynaptic GABA and thus GABAB 

receptor (GABABR) 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 found 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. On 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 neurons. 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 excitatory transmission (Briggs et al., 2018).  
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3.2 Materials and Methods 

3.2.1 Animals  

All experimental procedures and animal handling were conducted according to the 

Canadian Council of Animal Care and approved by the University Committee of 

Laboratory Animals at Dalhousie University. Six male Wistar rats (Charles River, St. 

Constant, QC Canada) were used per group for a total of 12 rats. Rats (271-311 g in body 

weight) were housed in pairs under a 12:12 h light:dark cycle (lights on at 7:00 AM) in the 

animal facility. After one week of acclimation, rats were assigned randomly to one of the 

two experimental conditions, 6 h of either Rest or SD. Rats were provided ad libitum 

access to food and water throughout acclimation and the experiment. 

 

3.2.2 Sleep Deprivation, Perfusion, and Brain Sectioning 

On the day of experiment, the SD group was kept awake for 6 h starting at 7:00 

AM using ñgentle handlingò (Deurveilher et al., 2008, 2011; Gross et al., 2015) when the 

rats appeared to fall asleep. In brief, rats were kept awake through the presentation of toys 

and changes in cage position while avoiding physical handling of the animals. This 

commonly used SD method is thought to be least stressful and causes little or no increase 

in plasma corticosterone levels (Gross et al., 2015). During the same 6 h period, the control 

(Rest) group was left undisturbed to have 6 h of sleep opportunity. At 13:00, all the rats 

were deeply anesthetized with 208 mg/kg ketamine, 9.6 mg/kg xylazine, and 1.8 mg/kg 

acepromazine i.p. and 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 4°C for at least 48 h. Coronal brain sections (30 µm) through the LH from 2.1 

mm to 4.1 mm posterior to bregma (Paxinos & Watson, 2006) were cut on a freezing 

microtome, collected in 4 serial sets, and stored in 0.05 M Tris-buffered saline (TBS) at 

4°C until immunostaining.  
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3.2.3 Immunohistochemistry 

 GAT1/GAT3 and VGAT double labeling. One series of LH sections each from 

4 control (Rest) rats were washed 3 x 10 min in 0.05 M TBS and incubated with either a 

polyclonal rabbit anti-GAT1 antibody (1:1000, Synaptic Systems, cat# 274102) or a 

polyclonal rabbit anti-GAT3 antibody (1:500, Abcam, cat# ab431), and a polyclonal 

mouse anti-VGAT-antibody (1:400, Synaptic Systems, cat# 131011) in primary antibody 

diluent (2% normal donkey serum, 0.3% Triton-X, and 0.01% sodium azide in 0.05 M 

TBS) overnight on a shaker at room temperature. After 3 x 10 min washes in 0.05 M TBS, 

sections were incubated with donkey anti-rabbit IgG conjugated with Cy 3 (1:200, Jackson 

Immunoresearch Laboratories, cat# 711-165-152) and donkey anti-mouse IgG conjugated 

with Alexa 488 (1:200, cat# 715-545-151) in secondary antibody diluent (2% normal 

donkey serum, 0.3% Triton-X in 0.05 M TBS) for 90 min in the dark at RT. Sections were 

washed 3x10 min in 0.05 M TBS and incubated with fluorescent Nissl stain (1:75, 

NeuroTrace 640/660 Deep-Red, cat# N21483) in secondary antibody diluent for 20 min. 

After 3 x 5 min washes, sections were mounted on gelatine-coated glass slides, 

coverslipped with ProLong Gold (Invitrogen, Thermo Fisher, cat# P36930), cured for 48 

h at room temperature in the dark, sealed, and stored at 4°C until imaging. 

GAT1/GAT3 and ORX/MCH double labeling. One series of LH sections each 

from 6 animals per group (Rest and SD) were immunostained as described above, with the 

polyclonal rabbit anti-GAT1 antibody or polyclonal rabbit anti-GAT3 antibody as above, 

in combination with a polyclonal goat-anti orexin A antibody (1:300, Santa Cruz 

Biotechnology, cat# sc-8070) or a polyclonal goat anti-pro-MCH antibody (1:50, Santa 

Cruz Biotechnology, cat# sc-14509). Secondary antibodies were donkey anti-rabbit IgG 

conjugated with Cy3 as above, and donkey anti-goat IgG conjugated with Alexa 488 

(1:200, Jackson Immunoresearch Laboratories, cat# 705-545-147). Nissl stain was again 

used as cytoplasmic marker as orexin and MCH stains did not always delineate the 

perimeter of respective neuronal somata (Briggs 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 

Biotechnology, 

cat# sc-8070 

Peptide from the 

C-terminus of 

human orexin 

A1; residues 48ï

66 of the 

precursor peptide 

(Henny & 

Jones, 2006) 

Western blot analysis confirmed 

specificity for rat, mouse, and 

human orexin A1; 

Pre-absorption with the 

immunogen peptide (sc-8070P) 

(Henny & Jones, 2006) or orexin 

A (Phoenix) (Glavas et al., 2008) 

abolished all immunostaining. 

Pro-

MCH 

Goat Santa Cruz 

Biotechnology, 

cat# sc-14509 

Epitope mapping 

near C-terminus 

of human pro-

MCH precursor1 

Elimination of immunolabeling in 

preadsorption assay (Deurveilher et 

al., 2006) 

GAT1 Rabbit Synaptic 

Systems, cat# 

274102 

Synthetic peptide 

corresponding to 

AA 585 to 599 

from mouse 

GAT11 

Reacts with rat and mouse GAT11. 

No labeling on tissues from knock 

down mice (Y. Lin et al., 2021). 
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Antigen Host Source Immunogen Specificity 

GAT3 Rabbit abcam,  

cat# ab431 

15 residue C-

terminal 

synthetic peptide 

(rat)1 

Reacts with 74 kDa protein from 

CNS samples of rat and chicken1; 

No labeling in negative WB control 

for GAT3 (Gosselin et al., 2013) 

VGAT Mouse Synaptic 

Systems,  

cat# 131011 

Synthetic peptide 

corresponding to 

residues near the 

amino terminus 

of rat VGAT1 

Reacts with human, rat, mouse, 

guinea pig, and monkey1; 

Reduced labeling of VGAT in 

conditional knockdown tissue (T. 

W. Lin et al., 2018) 

1Manufacturerôs information 
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3.2.4 Imaging and Image Analysis 

GAT1/GAT3-VGAT colocalization analysis. Deconvolved images were 

acquired on a Leica TCS SP8 Lightning laser confocal microscope, using the Leica LASX 

acquisition software. The fluorophore Alexa 488 was excited at 488 nm, Cy3 at 548 nm, 

and Nissl NeuroTrace Deep Red at 638 nm with solid state lasers. Images were captured 

at 12-bit depth and 1936 x 1936 pixels (0.047 x 0.047 µm/pixel). After locating the fornix 

in the LH, z-stacks (0.5 µm steps) were acquired of the neuropil in the area directly 

dorsomedial to the fornix (part of the areas containing ORX/ MCH neurons (Date et al., 

1999; Peyron et al., 1998)) with a 100x 1.4 NA oil-immersion objective. One frame per 

animal (n = 4, Rest) was selected for analysis based on staining quality and homogeneity 

of the staining across the field of view. Colocalization of GAT1/GAT3 with VGAT was 

analysed with the JaCoP plugin in Fiji/imageJ using Costesô colocalization coefficient 

settings (Bolte & Cordelières, 2006). 

GAT1/GAT3 apposition analysis on ORX and MCH neurons. Confocal images 

were acquired on a Zeiss LSM880 Airyscan microscope using the ZEN Blue acquisition 

software. The fluorophore Alexa 488 was excited with an argon laser at 488 nm, while 

Cy3 and Nissl NeuroTrace Deep Red were excited with a HeNe laser at 561 nm and 633 

nm, respectively. Images were captured at 16-bit depth and 1024 x 1024 pixels (0.135 µm 

x 0.135 µm/pixel). After locating the fornix, z-stacks (0.5 µm steps) were acquired with a 

63x 1.4 NA oil-immersion objective in the LH dorsomedial to the fornix of areas 

containing ORX/MCH neurons (~ 20 cells/cell type/animal) while being blind to the 

experimental condition (Rest/SD). Cells were located using the ORX/MCH channels 

(Alexa 488). The upper and lower boundaries for z-stacks depended on the quality of the 

GAT1/GAT3 staining in the imaged area as these were the least tissue penetrating 

antibodies. We used only 1 frame per z-stack for each cell (the best quality frame that 

contained the nucleus and no dendritic extensions) for analysis hence the z-stacks were 

used to acquire images of as many ORX/MCH cells simultaneously as possible. On 

average, 13.6 ±  5.5 cells were acquired per neuron type per animal. 

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

ORX/MCH neuronal somata with Cellpose and the matched grayscale GAT marker 
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channel image for apposition detection (Figure 3.2). 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. All quality control of images and the data analysis 

were conducted while being blind to the experimental conditions. The procedures of the 

automated apposition analysis are described in detail in Chapter 2. In short, the image pairs 

were automatically cropped based on their somatic segmentation (Cellpose) outlines and 

a 50-pixel extension along the x- and y-axes at the same coordinates for both RGB and 

grayscale images. The RGB image was segmented to produce a soma outline consisting 

of a single-pixel layer, while the grayscale image (GAT marker) was thresholded with an 

Otsu threshold to a binarized image (Otsu, 1979). The soma outline and thresholded GAT 

marker were overlayed and pixels positive for both soma outline and GAT marker 

constituted appositions. Metrics were collected for the somatic perimeter length (ɛm), 

apposition count per soma, average apposition length per soma (ɛm), and total apposition 

length per soma (ɛm). Apposition counts per soma were then normalized to apposition 

count per 10 µm of perimeter, and the total apposition lengths per soma was divided by 

the somatic perimeter to obtain the percentage (%) of apposed perimeter. 

 

3.2.5 Statistics 

Data were processed and analyzed with Python 3 (van Rossum & Drake, 2009). 

The measured parameters were compared between Rest and SD conditions with an 

independent two-tailed Welchôs t-test if the sample distributions approximately fit a 

normal distribution, respectively, which was estimated with Q-Q plots. Data were 

transformed (log10) as required to fulfill the normality assumption (Delacre et al., 2017; 

Ghasemi & Zahediasl, 2012). Where indicated outliers were removed outside the 3rd 

standard deviation. P < 0.05 was considered statistically significant. Statistical results are 

reported in the figure captions. Aggregate data were visualized as mean ± standard error 

of the mean. For the results that showed statistical significance, we calculated the power 

(1- Type II error) post hoc to assess if 80% power was reached and thus accepting the 

alternative hypothesis was appropriate. 
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3.3 Results 

3.3.1 GAT1 and GAT3 Do Not Colocalize with VGAT in the LH  

We first examined whether both GAT1 and GAT3 are localized in non-neuronal 

and presumably astrocytic processes in the LH as has been reported for thalamic nuclei 

(De Biasi et al., 1998; Vitellaro-Zuccarello et al., 2003). Their non-neuronal localization 

would assure that we study potential astrocytic contributions to synaptic transmission. In 

the cortex, neuronal and astrocytic GAT1 expression (Conti et al., 1998) and astrocytic 

GAT3 expression (Minelli et al., 1996) have been reported, hence we additionally 

examined the cortex for comparison. VGAT was used as a marker for GABAergic axon 

terminals. The neuropil in the area dorsomedial to the fornix was examined for GAT1 and 

VGAT as well as GAT3 and VGAT co-immunostaining. The cortex (primary 

somatosensory cortex) was examined in the same sections as the LH. 

Co-staining of GAT1 and VGAT as well as GAT3 and VGAT indicated distinct 

localization of GAT1/GAT3 relative to VGAT in the LH (Figure 3.1A, B, respectively). 

In the cortex, on the other hand, GAT1 and VGAT considerably colocalized, while GAT3 

was distinct from VGAT (Figure 3.1C, 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 (<0.001 ± <0.001) (Figure 3.1E). These results are 

consistent with previous reports on a neuronal component for GAT1 (Conti et al., 1998) 

but not GAT3 (Minelli et al., 1996) in the cortex, and support astrocytic expression of 

GAT1 and GAT3 in the LH as reported previously in the thalamus  (De Biasi et al., 1998; 

Vitellaro-Zuccarello et al., 2003).  

Interestingly, we observed both transporter- and region-dependent differences in 

the pattern of GAT staining. In the LH, GAT1 staining showed a granular pattern (Figure 

3.1A1), while GAT3 staining was sheet-like (Figure 3.1B1). In the cortex, GAT1 staining 

was more punctate and fibrous (Figure 3.1C1) than in the LH, and GAT3 staining showed 

a granular pattern (Figure 3.1D1) that is distinct from the sheet-like staining in the LH 
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(Figure 3.1A1). These differences 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. 

 

3.3.2 GAT1 but Not GAT3 Appositions on ORX neurons Decreased with 

SD 

We imaged ORX and MCH neurons in the LH to investigate whether astrocytic 

GAT1 and/or GAT3 appositions with ORX and/or MCH neuronal somata change with 6h 

of SD (Figure 3.2). Somatic perimeters of ORX neurons that were examined for GAT3, 

but not for GAT1, increased with SD (Figure 3.3A), despite the fact that the cells used for 

the GAT1 and GAT3 apposition analyses came from the same animals. Since we did not 

expect to see an effect of SD on the perimeter of ORX neurons based on published work 

(Briggs et al., 2018), we did a post hoc power analysis and found that the probability of 

accepting the alternative hypothesis for this parameter was only 75%, and thus below the 

acceptable statistical power of 80% (see 3.2.5 under Material and Methods) (Figure 3.3A). 

All other significantly different results for all other parameters reported below had a power 

of 80% or higher.  

The number of appositions per 10 µm perimeter of ORX neurons was unchanged 

after SD for both GAT1 and GAT3 (Figure 3.3B). However, mean apposition length and 

percentage of apposition per perimeter of the soma decreased with SD for GAT1 while the 

same parameters remained unchanged for GAT3 (Figure 3.3C, D). These results indicate 

that the reduction of GAT1 apposition per perimeter was driven by a reduction in 

apposition length rather than the number of appositions on ORX neurons. In contrast to 

the results with ORX neurons, the same parameters were totally unchanged after SD for 

MCH neurons for both GAT1 and GAT3 (Figure 3.3E ï 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 µm of perimeter but rather with the 

mean apposition length for both ORX and MCH neurons (Figure 3.3I ï K and L ï N, 

respectively). GAT3 apposition parameters showed similar correlation patterns for both 



32 

 

cell types underlining that mean apposition length is the main driving force for variation 

in the percentage of GAT3-apposed perimeter (Figure 3.4), even though SD had no effect 

on this parameter with GAT3 for either cell type (Figure 3.3A ï H). 

 

 

3.4 Discussion 

In the present study, we first confirmed that GAT1 and GAT3 in the LH are both 

expressed by non-neuronal and presumably astrocytic cells, consistent with previously 

reported astrocytic localization of these GATs in thalamic nuclei (De Biasi et al., 1998; 

Vitellaro-Zuccarello et al., 2003). We then showed that after SD, GAT1 apposition on 

ORX neurons decreased as a result of decrease in length but not number of appositions, 

while GAT3 apposition remained unaffected. The discrepancy between an effect on GAT1 

and lack thereof for GAT3 is likely related to the different expression patterns and thus 

localization of the two transporters in astrocytes. Surprisingly, appositions of GAT1 and 

GAT3 on MCH neurons were completely unaffected with 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 occur only in ORX 

neurons and not in MCH neurons.  

ORX neurons receive GABAergic inputs from various brain areas, some of which 

are important for sleep regulation, including the VLPO and zona incerta (Alam et al., 2005; 

Blanco-Centurion et al., 2020; K. Liu et al., 2017; Sakurai et 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 with ORX and 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 appositions on 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 



33 

 

apposition number. Since GAT1 is associated with perisynaptic astrocytes (De Biasi et al., 

1998; Vitellaro-Zuccarello et al., 2003), these results suggest that the number of somatic 

synapses on ORX neurons did not change but that astrocytes moved away from the surface 

of ORX somata, thus, potentially retracting their processes from synapses. This reduction 

in GAT1 appositions on ORX neurons could affect GABA clearance and therefore 

modulate GABAergic synaptic transmission including tonic inhibition (Colmers & Bains, 

2018) or synaptic plasticity as was shown for glutamatergic transmission and GLT1 

appositions reduction (Briggs et al., 2018). Since GABAergic innervation of ORX neurons 

has been shown to suppress ORX neuron activity during sleep (Alam et al., 2005), changes 

in inhibitory transmission could affect sleep/wake regulation. We investigated these 

possibilities in Chapter 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., 2017), the 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 NREM sleep (Konadhode et al., 2013; Tsunematsu et al., 2014) or 

REM sleep alone (Jego et al., 2013). However, the loss of MCH neurons does not change 

REM sleep amounts while increasing wakefulness and decreasing NREM sleep 

(Tsunematsu et al., 2014). Hence, the role of MCH neurons in sleep/wake regulation is 

more complicated than for ORX neurons and requires 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 in GLT1 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 neurons (Briggs et al., 2018). The lack of SD 

effects reported here on GAT appositions 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 neurons (Apergis-Schoute et al., 2015) and directly from local 

GABAergic neurons (Kosse & Burdakov, 2019), as well as from GABAergic neurons in 

the central extended amygdala (Fujita et al., 2021), these inputs need yet to be investigated 
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in relation to sleep/wake regulation. It 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 state during 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., 2011) or physical 

reconstruction of astrocytic processes (Bernardinelli, Randall, et al., 2014; Haber et al., 

2006; Pannasch et al., 2014). For excitatory synapses, both trafficking of glutamate 

transporters (Benediktsson et al., 2012; Genoud et al., 2006; Martínez-Villarreal et al., 

2012; Murphy-Royal et al., 2015) and astrocytic process remodeling at excitatory synapses 

have been described in various brain areas (SaintMartin & Goda, 2023; Theodosis et al., 

2008). At excitatory synapses, signaling pathways through mGluR3, mGluR5, and ezrin 

as shown for hippocampal (Perez-Alvarez et al., 2014) and suprachiasmatic synapses 

(Lavialle et al., 2011), or neuroligins-neurexins as reported for cortical synapses (Stogsdill 

et al., 2017) were identified to modulate astrocytic process remodeling. GAT1 trafficking 

and astrocytic process interactions with inhibitory synapses are less well understood. 

However, post-translational modifications of GAT1, such as N-glycosylation (Cai et al., 

2005), could be responsible for changes in GAT1 trafficking. Since the timescale of either 

physiological turnover rate of GAT1 (~ 1-2 minutes (Gonzales et al., 2007)) or physical 

remodeling of astrocytic processes (Haber et al., 2006) are 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 would not be surprising for GAT3 to remain unchanged, since GAT1 is 

known to tightly regulate GABAARs and thus fast synaptic transmission (phasic currents), 

and GAT3 to mostly regulate GABABRs and thus slow transmission (tonic currents) 

(Beenhakker & Huguenard, 2010). GAT3 appositions might also remain unchanged to 

provide compensation for the loss in GAT1 at inhibitory synapses to maintain GABA 
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clearance after release (see Chapter 5). The different patterns of immunostaninig between 

GAT1 (punctate) and GAT3 (sheet-like) in the LH support the likelihood of differential 

distribution of these GATs. Future experiments could aim at revealing the distribution of 

GAT1 and GAT3 in co-immunolabeling experiments to analyze any overlap in the 

territory of the two transporters in the LH. Notably, astrocytic GAT3 staining in the LH 

(sheet-like) differed from the staining patterns in the cortex (granular), which highlights 

the well-described heterogeneity of astrocytes in different brain areas (Matyash & 

Kettenmann, 2010) and likely results from the different functionalities that astrocytes 

provide to synapses within different neuronal circuits. 

The present study was focused 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 GATs. This possibility was partially investigated in Chapter 5.  

 

 

3.5 Conclusions 

These data confirm the non-neuronal 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 electrophysiological experiments in Chapter 5, and the possible astrocytic 

process reconstruction that led to this reduction was further explored in Chapter 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). A1 ï B4) Non-overlapping expression of 

GAT1/GAT3 with VGAT in the LH . C1 ï 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 A ï D using 

Costesô colocalization co-efficient (independent Welchôs t-test, n = 4 rats per group; 

GAT1: t(5) = 4.75, **P = 0.004, GAT3: t(3) = -1.52, P = 0.225). Scale bars 5 µm. 
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Figure 3.2. Examples of somatic segmentation and GAT1/GAT3 apposition detection 

in ORX and MCH neurons. Each horizontal panel (A-D) shows, from left to right: 1)  

RGB image (green: ORX/MCH; gray: Nissl; red: GAT1/GAT3) used in Cellpose for 

somatic segmentation to 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 3 with the somatic 

outline (blue) in Column 1.  

  



39 

 

 

Figure 3.3. SD reduced GAT1 apposition on ORX neurons by decreasing the length 

but not the number of appositions. A) Somatic perimeters were unchanged in the 

ORX-GAT1 group (independent Welchôs t-test, t(178)= 1.35, Rest n = 89, SD n = 92, P 
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= 0.178) but increased in the ORX GAT3 group after SD compared to Rest 

(independent Welchôs t-test, t(133)= 2.65, Rest n = 80, SD n = 78, P = 0.009; post hoc 

power analysis, 75% power), even though the same animals provided sections to all the 

groups under either Rest or SD condition.  B) There was no change in apposition 

numbers normalized to 10 µm perimeter length in ORX neurons (independent 

Welchôs t-test, GAT1: t(177)= 1.52, Rest n = 89, SD n = 92, P = 0.131, GAT3: t(155)= 

0.22, Rest n = 80, SD n = 78, P = 0.827). Average lengths of GAT1 appositions (C; 

independent Welchôs t-test, GAT1: t(173)=-3.01, Rest n = 89, SD n = 92, P = 0.003, GAT3: 

t(155) = -0.59, Rest n = 80, SD n = 78, P = 0.559) and percent apposition per perimeter 

on ORX neurons decreased with SD (D; independent Welchôs t-test, GAT1: t(170) = -

2.79, Rest n = 89, SD n = 92, P = 0.006, GAT3: t(154)= -0.80, Rest n = 80, SD n = 78, P 

= 0.422). There were no changes in MCH neurons for any of the parameters 

(independent Welchôs t-tests: E; GAT1: t(137) = -0.22, Rest n = 74, SD n = 77, P = 0.825, 

GAT3: t(150) = 0.77, Rest n = 88, SD n = 76, P = 0.440; F; GAT1: t(131) = -1.57, Rest n 

= 74, SD n = 77, P = 0.119, GAT3: t(155) = -1.11, Rest n = 88, SD n = 76, P = 0.271; G; 

GAT1: t(148) = 0.7, Rest n = 73, SD n = 77, P = 0.487; GAT3: t(162) = 0.82, Rest n = 88, 

SD n = 76, P = 0.415; H; GAT1: t(149) = -0.35, Rest n = 74, SD n = 77, P = 0.730; GAT3: 

t(158) = 0.05, Rest n = 88, SD n = 76, P = 0.959). While 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. L ï N) MCH -GAT1 correlations showed similar 

relationships as GAT1 with ORX. One outlier outside of the 3rd standard deviation 

was removed from the MCH-GAT1 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 apposition per somatic perimeter does not correlate 

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

MCH neurons, but show correlation with mean apposition 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 in collaboration with Dr. Yoshiyuki Kubota at National 

Institute for Physiological Sciences, Okazaki, Japan for electron microscopy and image 

acquisition. The members of Dr. Kazue Sembaôs laboratory performed the sleep 

deprivation experiment, immunohistochemistry, confocal image acquisition, correlative 

light-electron microscopy (CLEM), and the majority of segmentation, and I contributed to 

segmentation and performed the data analyses. 

 

4.1 Introduction  

Wake-active 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 brain (Scammell 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 transporter (VGAT)- and vesicular glutamate transporter 2 

(VGluT2)-positive synaptic inputs to ORX neurons varies between day and night, but the 

overall synaptic density remained the same (Laperchia et al., 2017). On the other hand, 

findings from an electron microscopy (EM) study (T. L. Horvath & Gao, 2005) revealed 

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 results of Laperchia et al. (2017). Besides these discrepancies, it is also 

unclear if synaptic densities on ORX neurons change with increased homeostatic sleep 

pressure. 



43 

 

Astrocytes are known to play an important role in providing metabolic and 

homeostatic support for neurons, as well as in regulating the function of neuronal circuits, 

in particular synaptic plasticity, thereby modulating various behaviours such as perception, 

emotion, feeding, and sleep (Nagai et al., 2021). Astrocytes modulate excitatory synaptic 

transmission to ORX neurons through GLT1 and presynaptic inhibition depending on 

sleep history  (Briggs et al., 2018). Astrocyte-synapse interactions have been studied in 

several brain areas, such as the hippocampus, where perisynaptic astrocytic processes 

completely surrounded mossy fiber synapses (Rollenhagen et al., 2007), and in the 

somatosensory cortex, where astrocytic processes wrap around 40-80% of synapses 

depending on the layers (Lanjakornsiripan et al., 2018). However, EM analyses of 

astrocytic processes interacting with synapses are typically limited to pre-postsynaptic 

interface perimeter measurements or single astrocyte-cleft distance measurements per 

synapse (Lanjakornsiripan et al., 2018; Pannasch et al., 2014). 

The objective of this study is to provide a comprehensive understanding of the 

ultrastructural interactions of astrocytic processes with synapses on ORX neurons and how 

these interactions are affected by sleep deprivation (SD). By using 30-50 nm thick serial 

sections, we aimed to provide a detailed understanding 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 

ultrastructural relationship of astrocytic processes with synapses on ORX neurons and 

investigate whether reduced GLT1 (Briggs et al., 2018) and GAT1 appositions (Chapter 

3) with ORX neurons was due to astrocytic process withdrawal from the synapse with SD. 

Furthermore, this study compared VGAT- and VGluT2-positive synapses at the Rest 

condition, as the GLT1 study (Briggs et al., 2018) and the Chapter 3 showed 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, this 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 comprehensive morphological understanding of ORX neuron inputs and the role 
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of astrocytic processes in the regulation of synaptic activity. We hypothesize that 

perisynaptic astrocyte remodeling occurs at synapses to ORX neurons after SD, through 

retraction of astrocytic processes from synapses on ORX neurons. Such structural 

remodeling associated with an increase in sleep need would represent a cellular mechanism 

for sleep homeostasis. 

 

 

4.2 Materials and Methods  

4.2.1 Animals 

Six male Wistar rats (Charles River Canada, St. Constant, QC; 339-357 g) were 

housed in pairs for 13 days until being transferred 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 ad libitum 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.  

 

4.2.2 Sleep Deprivation 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 started at 8:00 AM and 

continued for 6 h until 2:00 PM. SD was conducted using gentle handling to minimize 

stress as in our previous study (Briggs et al., 2018). The Rest group was left undisturbed 

and their behavior was videotaped. Behavioral scoring (last 10 sec of every 10 min) of the 

recording indicated that the two Rest animals were asleep for 75% and 81% 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 experiment, rats were deeply anesthetized with isoflurane 

(5% at 0.8 l/min 100% oxygen) and transcardially perfused with 5ï10 ml of 250 mM 

sucrose and 5 mM MgCl2 in 0.02 M phosphate buffer (PB; pH 7.4), followed by 250 ml 

of 4% paraformaldehyde, 0.5% glutaraldehyde, and 0.2% picric acid in 0.1 M PB at room 

temperature. Brains were removed immediately and cut into two hemispheres. One 

hemisphere from each brain was kept in 0.1 M PB at 4°C overnight and cut into 50-µm-

thick coronal sections from 2.5-3.5 mm posterior to bregma on a vibrating microtome. 

Sections were collected in 0.05 M tris-buffered saline (TBS), and either immediately 

processed for immunohistochemistry or stored in cryoprotectant solution (30% glycerol 

and 30% ethylene glycol in 0.04 M phosphate-buffered 0.9% saline) at ī20 or -30ºC until 

use. 

 

4.2.3 Immunohistochemistry 

For information on the primary antibodies used, see Table 4.1. After a wash in 0.05 

M TBS, the sections were incubated for 1 week on a shaker at 4ºC with a goat ORX-A 

antibody (1:300) alone, or in combination with guinea pig anti-VGluT2 (1:400) and mouse 

anti-VGAT (1:400) antibodies, in 0.05M TBS containing 0.05% Triton X-100, 10% 

normal donkey serum, 2% bovine serum albumin (BSA, Serva cat #11930) and 0.2% 

sodium azide. After 2-3 washes in 0.05M TBS, the sections were incubated on a shaker 

for 3 hours at room temperature (or overnight at 4ºC for triple labeling) with secondary 

antibodies (all raised in donkey and used at 1:200; Jackson ImmunoResearch 

Laboratories), including Alexa Fluor 488-conjugated anti-goat IgG (Cat # 705-545-147) 

alone, or in combination with Cy3-conjugated anti-guinea pig IgG (Cat # 706-165-148) 

and Cy5-conjugated anti-mouse IgG (Cat # 715-175-151), in the same diluent as for the 

primary antibody incubation but without sodium azide.  

Following another wash, sections stained only for ORX were incubated in 

Lycopersicon Esculentum (tomato) lectin conjugated with DyLight 649 (20 ɛg/ml; Vector 

Laboratories, Burlingame, CA, DL-1178) and 1% bovine serum albumin (BSA) 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 correlative light-electron microscopy (CLEM). 

Brain sections stained for ORX and blood vessels were mounted individually 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 the LH were randomly selected as described previously 

(Briggs et al., 2018).  ORX neurons with the nucleus and clear somatic immunostaining 

were selected and the images of these neurons along with lectin-stained blood vessels were 

acquired using the ZEN software package (RRID:SCR_013672; Carl Zeiss Meditec). 

Labeling was sampled through each neuronal soma by taking 0.4 ɛm optical slices (z-

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

Similarly, brain sections stained for ORX as well as VGluT2 and VGAT were 

coverslipped with TBS, and ORX neurons were imaged under an Olympus FV-1000 

confocal microscope. Image stacks were obtained using a 25× water-immersion objective 

lens (HCX IRAPO L25×, NA = 0.95) with the pinhole at 1.0 Airy disk unit (diameter of 

48.1 µm) and zoom factor at 0.75 (620 × 620 µm, 2048 × 2048 pixels, 0.303 × 0.303 

µm2/pixel in the X and Y directions; 0.502-µm interval in the Z direction). Alexa488, Cy3, 

and Cy5 signals were excited with 488, 552 and 633 nm lasers, respectively. 

 

4.2.4 Serial Electron Microscopy 

After confocal microscopy, the tissue was processed for EM observation as 

previously reported (Kubota et al., 2018) with minor modifications. All the procedures 

were performed at room temperature unless otherwise stated. The sections were washed 

with 0.1 M PB and postfixed in 1.5% potassium ferrocyanide, 2% osmium tetroxide 

(OsO4) in 0.1 M cacodylate buffer at 4ºC for 1 h. The tissue was washed in ultrapure water 

(Milli -Q® Reference water purification system, Merck Millipore, Burlington, MA), and 

stained with 1% thiocarbohydrazide for 20 min, followed by washes with ultrapure water. 

The sections were again postfixed in 2% OsO4 for 30 min and, after a wash with ultrapure 

water, stained with 1% uranyl acetate overnight at 4ºC. The tissue washed with ultrapure 
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water was processed with modified Waltonôs en bloc lead aspartate staining. Lead 

aspartate solution was prepared by dissolving 0.066 g of lead nitrate in 10 ml of 0.03 M 

aspartic acid, pH adjusted to 5.0 with 1 N potassium hydroxide and kept at 50°C until 

dissolved; the tissue was stained with the lead aspartate solution at 50ºC for 2 h (Hua et 

al., 2015), followed by washes with ultrapure water. The fixation protocol with heavy 

metals was modified for some sections according to (Sohn et al., 2022). The sections were 

then dehydrated in graded dilutions of ethanol and embedded in epoxy resin (Durcupan 

ACM; Sigma-Aldrich, St. Louis, MO) on silicon-coated glass slides. The samples were 

polymerized at 70°C for 3 days. 

The embedded tissue was serially re-sectioned into 30, 45, or 50-nm-thick ultrathin 

sections which were collected using an automated tape collecting ultramicrotome 

(ATUMtome; Boeckeler Instruments Inc., Tucson, AZ) on a plasma-hydrophilized carbon 

nanotube-coated polyethylene terephthalate tape (CNT-PET tape) (Kubota et al., 2018). 

Serial electron microscopy was conducted as described previously (Kubota 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 order on 4-inch silicon wafers with double-

sided adhesive conductive tape. The conductive surface of the CNT-PET tape was 

grounded to the wafer with copper foil tape. Serial EM images were obtained using a 

backscattered-electron detector of field emission scanning electron microscope (Sigma, 

Carl-Zeiss Microscopy, Oberkochen, Germany) with a guide of Atlas 5 (Fibics 

Incorporated, Ottawa, Canada). EM images were captured at a resolution of 2.5 x 2.5, 2.7 

x 2.7, 4.5 x 4.5, or 5 × 5 nm2/pixel in the X and Y directions. 

We obtained EM image stacks of 2-3 adjacent regions of the LH that were 

dorsomedial to the fornix in each animal as in 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 aligned in the Fiji plugin TrakEM2 (Cardona et al., 

2012). The 3D EM images were imported to the segmentation software Reconstruct (Fiala, 

2005). Thus, a total of 100-537 serial images per ORX neuron were obtained. 

ORX neurons in EM image stacks were readily and unambiguously identified 

based on the laser confocal images of immunolabeled ORX neurons, fluorescent lectin-
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labeled or unlabeled blood vessels, and other anatomical landmarks such as neuronal cell 

bodies.  

 

4.2.5 CLEM for VGAT  and VGluT2 

To correlate VGAT and VGluT2 immunoreactivity with axon terminals 

presynaptic to ORX neurons, EM images were selected that contained synapses identified 

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 confocal image was chosen that contained 

the same ORX neuron at a comparable level and location, as well as VGAT and VGluT2 

labels. This confocal image was then used to superimpose onto the EM image with Adobe 

Photoshop to determine whether either VGAT or VGluT2 labeling co-occurred 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 

Biotechnology, 

sc_8070 

A peptide from 

the C-terminus 

of human 

ORX-A (MTI)  

Western blot analysis confirmed 

specificity of rat, mouse, and 

human ORX-A (MTI).  

Preabsorption with immunogen 

peptide (sd-8070P) (Henny & 

Jones, 2006) or ORX-A 

(Phoenix) (Glavas et al., 2008) 

abolished all immunostaining 

VGluT2 Guinea 

pig 

Frontier 

Institute, 

#Af810; RRID: 

AB_2571621 

Mouse 

VGluT2, C-

terminal 559-

582 aa 

(BC038375) 

A single band at 60 kDa on 

immunoblot; Stains glutamatergic 

axon terminals (climbing 

terminals in the cerebellum and 

thalamostriatal axon terminals) 

(MTI). 

VGAT Mouse Synaptic 

Systems, 

#131 011, 

Clone 117G4 

Synthetic 

peptide 

corresponding 

to AA75-87 

from rat 

VGAT 

(UniProt Id: 

O35458) 

The epitope confirmed to be the 

whole antigen; specific to 

mammalian VGAT; knock out-

verified (MTI). 

MTI: Manufacturerôs technical information 
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4.2.6 Image Analysis and Tracing 

ORX neuron somata and/or dendrites, synaptic clefts, surrounding astrocytes, and 

astrocyte-cleft distances (ACDs) were traced in Reconstruct (Figure 4.1, Figure 4.2, Figure 

4.3) (Fiala, 2005). A total of 11 ORX neurons (Table 1.2), previously identified 

immunohistochemically with light-microscopy (Figure 4.1), were traced manually in 12 

datasets and serially reconstructed using Reconstruct while being blind to the treatment 

condition (Figure 4.3).  

Synaptic clefts were identified by the presence of synaptic vesicles in the 

presynaptic terminal, dense material between the cell membranes at the synaptic interface, 

and densities at the pre- and postsynaptic membranes (Peters et al., 1991) (Figure 4.1C, D; 

Figure 4.2A, B). The postsynaptic densities were typically not sufficiently prominent in 

our images to identify symmetric vs. asymmetric synapses (Figure 4.1D, E) as previously 

shown in cortical areas (Gray, 1959a, 1959b). This might be related to our tissue fixation 

method (see section 4.2.2), or possible absence of those characteristics in synapses in the 

LH. Synaptic cleft locations relative to the postsynaptic ORX neuron were categorized as 

either ñsomaticò or ñdendriticò. A cleft was considered ñsomaticò if it was localized on the 

convex portion of the neuron, and as dendritic when it was located beyond this point 

(example shown in Figure 4.3 for RC1). 

Astrocytes at or near synapses were identified using the criteria of translucent, fine 

processes with irregular shapes and without synapses (Peters et al., 1991) (Figure 4.2A). 

Adjacent sections were examined for confirmation. Glycogen granules observed in 

astrocytes in the cortex (Bellesi et al., 2018) were not readily identifiable in the astrocytes 

of the LH in our material. The distance between the synaptic cleft and, when present, the 

nearest astrocytic process was measured as ACD, using the line tool in Reconstruct 

(ñopenò traces, i.e., no 3D structures available; Figure 4.2A, C) in each serial section of a 

synaptic cleft. ACD was measured by following the natural curvature of pre- and 

postsynaptic profiles. When other structures obstructed the nearest astrocytic process or 

astrocytic processes were absent, no ACD line was drawn and ACD was not measured 

(Figure 4.2).  
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4.2.7 Data Analyses and Statistics 

All data processing, analysis, and statistics were performed in Python 3 (van 

Rossum & Drake, 2009). Length measurements for cleft and ACD segmentation traces per 

section and total surface area measurements for each ORX neuron structure (soma and/or 

dendrite) per dataset were exported from Reconstruct. Synaptic clefts were traced with 

closed-loop 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 recalculated as in Eq. 4-1 in µm2. 

ὛόὶὪὥὧὩ ὃὶὩὥ ὸὶὥὧὩ ὰὩὲὫὸὬ ίὩὧὸὭέὲ ὸὬὭὧὯὲὩίί

 

       Eq. 4-1 

 

Astrocytic coverage of synapses (%) was calculated for each synapse as the total 

count of ACDs divided by twice the number of sections containing the synaptic cleft, as 

ACDs were measured on both sides of the synaptic cleft (Eq. 4-2).  

ὃίὸὶέὧώὸὭὧ ὧέὺὩὶὥὫὩ  
ὴὩὶ ίώὲὥὴίὩ Ϸ  

 

 ὃὅὈ  ὧέόὲὸ

ίώὲὥὴὸὭὧ ὧὰὩὪὸ ίὩὧὸὭέὲ ὧέόὲὸ ς
ρππ Eq. 4-2 

 

 

The normality of data was assessed with quantile-quantile plots, and data were 

transformed using log10 as required to fulfill the normality assumption for hypothesis 

testing. For data with normal distributions, the independent Welchôs t-test and two-way 

analysis of variance (ANOVA) followed by post hoc multiple comparisons with Holm-

Sidak correction were used. For data with non-normal distributions, the Mann-Whitney U 

test and Kruskal-Wallis test followed by post hoc Dunnôs multiple comparisons with 

Holm-Sidak correction were used. A Chi2 test was used for contingency data. Standard 

boxplots were used with an interquartile range (IQR) from the 25th to 75th percentile, the 

median in black, and the whiskers marking the outer boundaries from Q1-1.5*IQR to 

Q3+1.5*IQR with outliers outside the whiskers. The mean (in red) was added to boxplots. 

The results of statistical tests are reported in the captions of respective figures.  
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4.3 Results  

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

Neurons 

Of the 11 serially reconstructed ORX neurons, eight contained the soma with one 

or two dendrites while three contained only the soma (Table 4.2, Figure 4.3). Ten ORX 

neurons were captured either in a single dataset or as pairs in the same dataset (Figure 4.3; 

cells RC3 and RC4, as well as SDC7 and SDC8, were each paired in one dataset). The 

remaining ORX neuron consisted of soma and two dendrites one of which extended more 

than 100 µm from the soma (Figure 4.3, RC5). Thus, this ORX neuron was captured in 

four datasets, including one for the soma and proximal parts of the dendrites, and three for 

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

Table 4.2 summarizes the basic morphological measures of the 11 ORX neurons 

studied, including the designation of soma and dendrites, surface area studied (ɛm2), and 

the number (count) and density (count/µm2) of synaptic clefts, as well as cleft densities 

per animal or condition. 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 were 3-fold higher in the three dendrite-only datasets 

(RC5 dendrites) than in the three soma-only datasets (RC3, RC4, and SDC9), with the 

three hybrid structure datasets (RC1-6, SDC7-8, SDC10-11) in an intermediate range, 

without overlap between the three categories (Table 4.2; soma-only: 0.076 -0.100 /µm2, 

soma and dendrite(s): 0.107- 0.208/µm2; dendrite-only: 0.280-0.302/µm2). Furthermore, 

in ORX neuron RC5 the separate analysis of dendrites (three datasets) and soma with 

proximal dendrites (one dataset) revealed higher cleft densities for the three distal dendritic 

segments than for the soma plus proximal dendrites (Table 4.2). These results indicate that 

the density of synaptic clefts is higher on dendrites than on somata in ORX neurons (Figure 

4.4). 
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4.3.2 Astrocytic Processes Withdraw from Somatic and Dendritic 

Synapses after SD 

The number of sections per synaptic cleft ranged from 1 to 78. Under the Rest 

condition, at nearly all synapses (93.5%), astrocytic processes were present at the 

pre/postsynaptic interface, without obstruction from the cleft, in at least one section of the 

synaptic cleft (Figure 4.5A). The percentage of astrocyte-contacted 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 81.5% for pooled data (Figure 

4.5A left), from 91.4% to 83.0% for somatic synapses (Figure 4.5A middle), and from 

96.4% to 80.6% for dendritic synapses (Figure 4.5A right).  

ACD is a measure of the distance (in µm) between a perisynaptic astrocytic process 

and the synaptic cleft for synapses where astrocytes are present at the pre/postsynaptic 

interface in a 2D section; ACDs on either side of the synapse across all sections were 

averaged per synapse (Figure 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 contacts (Figure 4.5A, in gray) are indicated 

at ñ3Õmò for the mean ACD length on the X-axis. Consistent with the overall decrease in 

astrocyte-contacted synapses with SD (Figure 4.5A), the frequency of synapses without 

astrocytic contact (ñ3Õmò) was increased after SD (Figure 4.5B).  In addition, however, 

the peak frequency of the mean measurable ACD length per synapse shifted towards 

shorter ACD lengths after SD compared with Rest (Figure 4.5B).  

The median percentage of astrocytic coverage per synapse greatly decreased from 

75.0% to 50.0% after SD for the pooled data of somatic and dendritic synapses (Figure 

4.5C). When analyzed separately, the astrocytic coverage decreased from 69.7% to 50.0% 

for somatic synapses, and from 77.1% to 50.0% for dendritic synapses (Figure 4.5F). After 

SD, mean ACD length per synapse decreased by 11.3% for combined somatic and 

dendritic synapses (Figure 4.5D). This shortening of ACD length was mainly accounted 

for by somatic synapses, since significant reduction after SD was observed only for 

somatic synapses (by 18.3%), with no effects of SD on dendritic synapses (Figure 4.5G). 
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Interestingly, ACD length was longer at somatic synapses compared to dendritic synapses 

at Rest but not after SD (Figure 4.5G). 

The physical relationship between the synaptic 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 possibility, 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 clefts (Figure 4.5E). 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 unchanged (Figure 

4.5H). Interestingly, at Rest, but not after SD, somatic cleft area was larger 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 or SD at either somatic (Figure 4.5I) or dendritic synapses (Figure 4.5J). Mean ACD 

length did show slight correlation with cleft area for somatic synapses at Rest but not SD 

(Figure 4.5K), and slight correlations at Rest and SD for dendritic synapses (Figure 4.5L). 

 

4.3.3 Astrocyte-Cleft Relationships at VGAT - and VGluT2-Positive 

Synapses Do Not Differ at Rest 

In order to further examine any differences in the astrocyte-cleft association among 

synaptic subtypes, we identified inhibitory and excitatory synapses to ORX neurons in 

Rest animals by co-labeling VGAT and VGluT2 with ORX in CLEM (Figure 4.6A, B, 

respectively). Of a total of 281 axon terminals presynaptic to three ORX neurons 

examined, 34.5% were VGAT-positive and 24.2% were VGluT2-positive. The remaining 

axon terminals (41.3%) were unidentifiable due to technical reasons which prevented us 

from comprehensively identifying VGAT- and VGluT2-positive synapses on dendrites 

and somata. However, we believe that this problem occurred randomly with respect to the 

synapse type. Thus, we found that the proportions of dendritic and somatic synapses at 
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Rest were comparable between VGAT- and VGluT2-positive synapses (dendritic: VGAT 

60%, VGluT2 40%, somatic: VGAT 59%, VGluT2 41%). 

We found no differences between synapses formed by VGAT- and VGluT2-

positive boutons for astrocytic coverage per synapse (Figure 4.6C) or mean ACD length 

(Figure 4.6D), which indicates that at Rest astrocytes interact similarly with the two 

synapse types. Neither did cleft areas differ between VGAT- and VGluT2-positive 

synapses at Rest (Figure 4.6E), suggesting that clefts of GABAergic and VGluT2-

expressing glutamatergic synapses to ORX neurons are similar in size. Similar to our 

analysis of all somatic and dendritic synapses (Figure 4.5I, J), mean ACD length and 

astrocytic coverage per synapse did not correlate for either VGAT- or VGluT2-positive 

synapses at Rest either (Figure 4.6F). With only relatively small numbers of dendritic 

clefts for both VGAT-positive (dendrite: 18 vs. soma: 79) and VGluT2-positive (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 neurons including 

dendrites based on serial electron microscopy, and to report structural plasticity of 

perisynaptic astrocytes associated with sleep/wake-regulatory neurons in response to SD. 

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 associated with 

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 synapse with SD. 

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 regulate synaptic 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 wakefulness (Scammell et al., 2017) and their 

excitatory inputs 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 

ventrolateral preoptic nucleus, basal forebrain, zona incerta, and the LH itself (K. Liu et 

al., 2017; Saito et al., 2018; Sakurai et al., 2005; Yoshida et al., 2006). Our results on 

synaptic densities are also in agreement with previous confocal microscopy data on the 

presence of GABAergic and glutamatergic inputs to somata of ORX neurons (Laperchia 

et al., 2017) and extend them to include dendritic synapses. Although dendritic and somatic 

portions were not separately analyzed for hybrid structures, the present data nonetheless 

indicate that ORX somata have lower synaptic densities compared to dendrites and that 

synaptic densities of hybrid structures of soma with dendrite(s) fall in between those of 

the purely somatic and dendritic structures. It is worth noting that cleft areas of dendritic 

synapses are smaller than somatic synapses at Rest and that somatic clefts decrease to the 

size of dendritic clefts with SD. Space limitations might be the reason for the smaller cleft 

areas on dendrites at Rest. Dendritic cleft areas might represent the minimal cleft area 

possible at ORX neurons, suggesting higher plasticity of somatic clefts resulting in their 

shrinkage to the size of dendritic clefts with SD. Although technical issues prevented us 

from comprehensively identifying VGAT- and VGluT2-positive synapses on both 

dendrites and somata, the dendritic and somatic synapse proportions at Rest were 

comparable between VGAT- and VGluT2-positive synapses. Thus, the difference between 

somatic and dendritic cleft areas was neither related to a higher prevalence of VGAT- or 

VGluT2-positive synapses on somata or dendrites, nor did VGAT- and VGluT2-positive 

synapses differ in their cleft areas at Rest, suggesting that both synapse types were affected 

similarly by SD. 

We did not detect a difference in synapse densities between the Rest and SD 

conditions. This finding is in alignment with previous findings on the lack of difference in 

the numbers of presynaptic appositions on ORX neuron somata between the light (day) 
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and dark (night) phases (Laperchia et al., 2017). Laperchia et al., (2017) also showed that 

the ratio of VGAT- and VGluT2-positive somatic synapses reversed between light and 

dark phases with a VGAT/VGluT2 ratio of ~4:1 during the light phase shifting to ~1:4 

during the dark phase. Although we were unable to determine comprehensive densities of 

VGAT- or VGluT2-positive synapses due to technical difficulties (see 4.3.3), we 

nonetheless found the VGAT:VGluT2 ratio (soma: 1.4:1) in the Rest condition, which 

occurred in the light phase, to be, at least in its direction, in agreement with findings by 

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 somata that were confirmed qualitatively with VGluT2 and GAD immunoreactivity 

in some presynaptic terminals but without quantification (T. L. Horvath & Gao, 2005). 

Although the time of tissue collection was not reported in that study, it is likely that the 

animals were sacrificed during the light phase and thus their results should be comparable 

with the present study and the light-phase results by Laperchia et al., (2017). In our hands, 

the classification of synapses as ñsymmetricò or ñasymmetricò based on EM images was 

not feasible as we could not confidently detect prominent postsynaptic densities as 

reported, for example, for the cortex (Santuy et al., 2018). The difference in the utilized 

GABAergic markers, i.e., VGAT (current study; (Laperchia et al., 2017) versus glutamic 

acid decarboxylase (GAD) (T. L. Horvath & Gao, 2005), could be a source of discrepancy 

as well. Although both VGAT and GAD are commonly used markers for GABAergic 

synapses, co-labeling studies of VGAT and GAD suggest that VGAT and GAD do not 

always colocalize at GABAergic synapses (Jarvie & Hentges, 2012; Martens et al., 2008; 

Root et al., 2018), which might explain the discrepancy between our results and the (T. L. 

Horvath & Gao, 2005) study but the consistency with reports by Laperchia et al., (2017). 

Furthermore, a subset of glutamatergic afferents projecting from cortical brain 

areas to ORX neurons (Yoshida et al., 2006) supposedly express vesicular glutamate 

transporter 1 (VGluT1) instead of VGluT2 which is typically associated with subcortical 

afferents (Fremeau et al., 2001). Thus, another source for the discrepancy in excitatory-

inhibitory synapse numbers might be related to the VGluT1-expressing inputs that went 
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unaccounted for in our study but weighed into the quantification of asymmetric synapses 

in the T. L. Horvath & Gao (2005) study.  

The main goal of this study was to examine the structural relationship of astrocytic 

processes with synapses to ORX neurons, and the effect of SD on this relationship. 

Astrocytes interact with neurons to regulate behaviors in various species (Nagai et al., 

2021), and perisynaptic astrocytes or astrocyte-like glia have been demonstrated to 

regulate synapses involved in sleep induction in nematodes and fruit flies (Katz et al., 

2018; Vanderheyden et al., 2018). Serial EM reconstructions allowed us to describe and 

quantify astrocytic interactions with synapses on ORX neurons in detail. Previous studies 

mainly used the astrocyte-contacted perimeter of the axon-spine interface to describe 

astrocytic coverage of synapses in the mouse cortex (Bellesi et al., 2015; Lanjakornsiripan 

et al., 2018) or by measuring single, shortest ACD per synapse in the mouse hippocampus 

(Pannasch et al., 2014). Here we measured the exact distance from astrocytic processes 

surrounding the synaptic cleft in each serial section of a cleft additionally to the percentage 

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. Specifically, astrocytic processes 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 length after SD of the astrocytic processes that remained near the 

cleft was unexpected, separate analyses of somatic and dendritic synapses revealed that 

this change was selective to somatic synapses. The concurrent reduction of cleft area 

(17.9%) that occurred specifically for somatic synapses likely contributed to the reduction 

in ACD length (18.3%) at somatic synapses. We did not segment presynaptic boutons; 

however, it is possible that the reduction in ACD length at somatic synapses was related 

to reduced presynaptic bouton volume with SD, as presynaptic bouton volume and cleft 

area strongly correlate at central synapses (Schikorski & Stevens, 1997; Yeow & Peterson, 

1991). Since astrocytic coverage at somatic synapses also indicated a retraction of 

astrocytic processes with SD, shorter ACD lengths were unlikely to be the result of 

protruding astrocytic processes. Furthermore, 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 at somatic synapses was likely the result of smaller presynaptic boutons 

that allowed for the remaining astrocytic processes to move closer to clefts, although the 

possibility exists for the remaining astrocytic processes to shorten, i.e., move closer to 

synaptic clefts, to compensate for the general retraction of astrocytic processes. 

In contrast to somatic synapses, dendritic synapses showed a marked reduction in 

astrocytic coverage per synapse without changes in cleft area, strongly supporting the 

notion of astrocytic retraction from those synapses.  While the relevance of the reduction 

in cleft area of somatic synapses complicates the interpretation of the results (see above), 

it is nonetheless remarkable that somatic and dendritic synapses showed different patterns 

of plasticity. Somatic cleft areas were larger than dendritic cleft areas under the Rest 

condition and reduced with SD to the size of dendritic cleft areas. Thus, dendritic clefts 

might represent the minimal cleft area needed for this neuron type and its inputs. The 

smaller surface area of dendrites compared to somata might be the reason for this 

difference in cleft area. VGAT- and VGluT2-positive synapses showed comparable cleft 

areas under the Rest condition, suggesting that these two synapse types do not 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 astrocyte-synapse interactions 

in the prefrontal cortex of mice upon SD, where astrocytic processes invaded dendritic 

synapses increasingly with severity of sleep deprivation (6-8 h acute 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 consolidation (Bellesi 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 after 6 h of SD and which could be reversible with 

subsequent recovery sleep (Briggs et al., 2018). It is also important to note that sleep 

pressure increases gradually, rather than discretely, over time. A potential mechanism for 
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the retraction of astrocytic processes could involve glutamatergic signaling via mGluR3 

and mGluR5 for initiation and for structural remodeling the plasma membrane-actin linker 

protein ezrin, which is expressed in astrocytic processes, and has been shown to be 

responsible for astrocytic process motility (Kim 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 neurons (Pannasch et al., 2014).  

The structural remodeling of perisynaptic astrocytes at ORX neurons provides a 

mechanistic explanation for our previous findings from apposition analyses of GLT-1 

(Briggs et al., 2018) and GAT1 (Chapter 3) with ORX neurons highlighting reduced 

appositions for both transporters after SD. The present data support the view that this 

reduction in astrocytic transporter apposition is caused by physical remodeling of 

astrocytic processes. Although 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 greater physical 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 inhibition of glutamatergic transmission to ORX 

neurons (Briggs et al., 2018). As a result, this process could promote the transition to sleep 

after experiencing sleep loss. 

 

4.5 Conclusions 

The present study demonstrates that astrocytic processes at synapses to wake-

promoting ORX neurons show dynamic structural remodeling with some variation for 

somatic and dendritic synapses in rat following 6 hours of SD. This may explain the 

reduction in astrocytic GAT1 (Chapter 3) and GLT1 apposition with ORX neurons 

induced by the same SD procedure (Briggs 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 

under Rest and SD conditions. ñSoma onlyò (blue) and ñdendrite onlyò (red) values 

highlighted. 

 

ÀCleft density is defined as cleft count divided by ORX neuron surface area (ɛm2). Independent 

Welchôs t-test, t(12) = -0.83, Rest n = 9, SD n = 5, P = 0.425.  

Cell IDs correspond to Figure 4.3. 
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Figure 4.1. Example EM and confocal images of an ORX neuron soma and input 

synapses positive for VGAT and VGluT2. A) ORX soma with nucleus (Nc), nucleolus 

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

in A, and VGAT (blue) and VGluT2 (red) immunolabels used for CLEM analysis. 

Example EM images of synapses identified in CLEM analysis to be positive for 

VGAT (C) and VGluT2 (D) with their cleft borders indicated (black open triangles). 

Note the lack of clear ñasymmetricò characteristics in D. Scale bars 5 Õm (A, B) and 

1 µm (C, D). 
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Figure 4.2. Examples of traced synaptic structures associated with ORX neurons, 

measurement of Astrocyte-Cleft 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 pre-postsynaptic 

interface. If an obstacle (shown in gray in A; a cellular element that is not astrocytic, 

such as a non-ORX 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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Figure 4.3. 3D reconstructions of ORX neuron structures (somata, somata with 

dendrite(s), dendrites). In 12 separate 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, 

SDC# (red) referring to SD cells (Table 4.2 for surface areas of cell structures). Scale 

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

green) with clefts (yellow). Scale bar 5 µm. 
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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 data (Chi2 independence, 

ɢ2 = 38.1, df = 1, P < 0.0001) and to a higher degree at dendritic clefts (Rest: 96.4% to 

SD: 80.6% at SD; Chi2 independence, ɢ2 = 30.0, df = 1, P < 0.0001) compared to somatic 

clefts (Rest: 91.4% to SD: 83.0%; Chi2 independence, ɢ2 = 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 number of missing ACDs (ñ3 Õmò) 

increased with SD (two-sample Kolmogorov-Smirnov test, D = 0.115, p = 0.002, 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 < 0.0001). These changes 

occurred similarly at somatic and dendritic clefts (F; Kruskal-Wallis test, H = 105.08, 

P < 0.0001, post hoc Dunnôs multiple comparisons with Holm-Sidak correction Rest vs 

SD, soma: P < 0.0001, dendrite: P < 0.0001). While the measurable mean ACD length 

decreased significantly with SD (D; independent Welchôs t-test, Rest: n = 489, SD: n = 

719, t(940) = -3.87, P < 0.0001), this cannot be attributed to changes in cleft area in 

the pooled data (E; independent Welchôs t-test, t(1147)= -1.57, Rest n = 523, SD n = 882, 

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 = 0.466) and cleft 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 Holm-Sidak correction 

Rest vs SD, soma: P = 0.035, dendrite: P = 0.779) decreased significantly only for 

somatic but not dendritic synapses. Moreover, additional comparisons of somatic vs 

dendritic mean ACD length (G; post hoc multiple comparison with Holm-Sidak 

correction at Rest soma vs dendrite: P < 0.0001) and cleft area (H; post hoc multiple 

comparison with Holm-Sidak correction Rest soma vs dendrite: P = 0.009) revealed 

significantly lar ger 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. 
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Figure 4.6. At Rest astrocytic parameters did not differ between VGAT-positive and 

VGluT2-positive synapses. Examples of confocal plane and EM section overlays for 

CLEM analysis of VGAT- (A, blue) and VGluT2-positive (B, red) synapses on an 

ORX neuron (green). Scale bar 1 µm. No significant difference was found between 

VGAT - and VGluT2-positive synapses for astrocytic coverage of the synapse (C; 

MWU test, VGAT: n = 97, VGluT2: n = 68, U = 3013, P = 0.342), measurable mean 

ACD length (D; independent Welchôs t-test, VGAT: n = 94, VGluT2: n = 67, t(159) = -

0.48, P = 0.630), and cleft area (E; independent Welchôs t-test, VGAT: n = 97, VGluT2: 

n = 68, t(131) = 0.07, P = 0.942). F) Mean ACD length showed no dependency on 

astrocytic coverage per synapse for VGAT-positive or VGluT2-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 

component of the neural circuitry that regulates wakefulness and arousal (Alexandre 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 gamma-aminobutyric acid (GABA) (Scammell et al., 2017). 

Sleep deprivation (SD) can be used as a tool to understand the regulation of 

homeostatic sleep pressure (Briggs et al., 2018; Deurveilher et al., 2011). Using a rat model 

of SD, a previous study in our laboratories demonstrated glutamatergic excitatory 

transmission onto ORX neurons to be inhibited through presynaptic autoinhibition with a 

rise in sleep pressure (Briggs et al. 2018). The inhibitory system mediated by GABA also 

plays an important role in regulating homeostatic response of ORX neurons to sleep 

pressure. This has been observed through the upregulation of GABAA receptors 

(GABAARs) and GABAB receptors (GABABRs) in ORX neurons with SD (Matsuki et al., 

2015; Toossi et al., 2016) and sleep fragmentation caused by the deletion of the GABABR 

gene in ORX neurons (Matsuki et al., 2009). Furthermore, several groups of sleep/wake 

regulatory GABAergic neurons within the LH and other brain areas innervate ORX 

neurons (Alam et al., 2005; Ferrari et al., 2018). 

Additionally, astrocytes respond to sleep pressure, e.g., through the 

gliotransmission of adenosine (Bjorness et al., 2016), and the regulation of glutamatergic 

excitatory synaptic transmission to ORX neurons through the glutamate transporter GLT1 

(Briggs et al., 2018). However, there is a lack of understanding of the astrocytic regulation 

of GABA transmission to 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 (GATs). GATs are responsible for clearing GABA from 

the synapse and extrasynaptic space as well as regulating its extracellular concentration. 
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There are two main types of GATs found in the brain, GAT1 and GAT3. In thalamocortical 

neurons of the ventrobasal thalamic nucleus, GAT1 is known to predominantly modulate 

synaptic GABA concentrations, while GAT3 is responsible for regulating tonic inhibition 

through extrasynaptic GABA receptors (Beenhakker & Huguenard, 2010). 

We found that GAT1 and GAT3 are expressed on astrocytes in the LH and that 

GAT1 appositions on ORX neurons decrease with 6 h SD, while GAT3 appositions remain 

unchanged (Chapter 3). In the present chapter, we aimed to investigate the functional 

implications of SD-related reduction in GAT1 appositions with ORX neurons on 

inhibitory transmission. We compared the electrophysiological profiles of ORX neurons 

after 6 h of SD or sleep opportunity (Rest) and 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 ORX neurons under Rest. The co-application of 

NNC711 and SNAP5114, however, caused a reduction in evoked IPSC amplitude 

indicating a mutually compensatory mechanism of GAT1 and GAT3. Thus, although SD 

decreases GAT1 appositions on ORX neurons, GAT3 compensates for the reduced ability 

to clear GABA. This may be important for maintaining inhibitory transmission to ORX 

neurons, allowing for build-up of sleep pressure during prolonged wakefulness. 

 

 

5.2 Materials and Methods 

5.2.1 Animals 

All animal procedures were conducted according to the Canadian Council of 

Animal Care and the Memorial University Institutional Animal Care Committee. Adult (7 

ï 11 weeks old) male Wistar rats (Charles River, St. Constant, QC, Canada) were 

individually housed under 12:12 h light-dark conditions (lights on from 7:00 to 19:00) 

with ad libitum access to food and water. Each rat was assigned randomly to an 

experimental condition (see 5.2.2 below).  
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5.2.2 Sleep Deprivation and Acute Brain Sectioning 

Animals were either left undisturbed and allowed to sleep for 6 h (Rest) or were 

sleep deprived (SD) for 6 h using gentle handling starting at lights on (7:00) (Deurveilher 

et al., 2011). At 13:00, rats were deeply anesthetized with isoflurane and decapitated. After 

quick removal, brains were transferred to ice-cold artificial cerebrospinal fluid (ACSF; 

126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 18 mM NaHCO3, 2.5 mM 

glucose, 2 mM CaCl2), constantly bubbled with carbogen (5% CO2, 95% O2). 300-µm thick 

brain slices were cut with a Leica VT1000S or Campden Instruments 7000smz-2 

Vibratome in ice-cold ACSF. Brain slices were immediately transferred into 32°C ACSF 

for 30 min and then kept at room temperature until the start of recording. 

 

5.2.3 IPSC Recordings 

Brain hemisphere slices containing the LH were transferred into a recording 

chamber, perfused with ACSF at 30°C, and visualized with a differential interference 

contrast microscope (Leica Microsystems, DM LFSA). Neurons with relatively large 

somata were initially identified visually based on their location dorsomedial from the 

fornix. These neurons were patched with a glass pipette with tip resistance of 3-4 Mɋ 

when filled with a high KCl internal solution (123 mM KCl, 10 mM HEPES, 2 mM MgCl2, 

0.2 mM EGTA, 4 mM ATP, 0.3 mM GTP, 2.7 mM biocytin, pH 7.3) connected to a 

MultiClamp 700B amplifier. The signal was digitized with a Digidata 1550B digitizer and 

recorded with the pClamp 10 software (Molecular Devices, Sunnyvale, CA, USA). 

Initially, a series of 600 ms-long current step injections were applied in current clamp 

mode (-200 pA to 200 pA in incremental steps) that revealed electrophysiological 

characteristics of ORX neurons as previously described in detail (Briggs et al., 2019; 

Eggermann et al., 2003). In brief, typical characteristics include spontaneous action 

potential firing, an H-current and rebound depolarization during and after a 

hyperpolarizing current injection, respectively. Furthermore, ORX neurons display 

monophasic afterhyperpolarization post-action potential firing (Figure 5.3A).  
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Once a putative ORX neuron was identified, inverted IPSCs were recorded in 

voltage clamp mode with a holding potential of -65 mV. All IPSCs were recorded in ACSF 

that contained 0.01 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 0.05 mM D-(-)-2-

Amino-5-phosphonopentanoic acid (DAP5) to block glutamatergic transmission. Evoked 

IPSCs (eIPSCs) were elicited with a glass stimulating electrode filled with ACSF and 

located ~100 µm dorsomedial from the soma of the patched neuron. Either paired pulses 

(at 25 Hz) were applied every 15 s, or a train stimulation of 5 pulses (at 50 Hz) was applied 

every 30 s. The series/access resistance (5-20 MOhm) was monitored as the capacitive 

current during a 100 ms, -10 mV square pulse throughout the experiment (recordings with 

>20% change in access resistance were excluded). A 5-min baseline was recorded for 

every neuron prior to GAT inhibitor application. The duration of GAT inhibitor 

application was based on a previous report (Beenhakker & Huguenard, 2010). 

Specifically, NNC711 (GAT1 inhibitor; 10 mM, Santa Cruz Biotechnology, Inc., USA) 

was applied for 10 min, SNAP5114 (GAT3 inhibitor; 100 mM Santa Cruz Biotechnology, 

Inc., USA) for 15 min, and both inhibitors together for 15 min. 

 

5.2.4 Drugs and Reagents 

All drugs and reagents were purchased from Sigma Aldrich, Canada, unless 

otherwise stated. Drugs were applied via bath perfusion during electrophysiological 

recordings. 

 

5.2.5 Data Analysis and Statistics 

Data were analyzed using Clampfit 11 (Molecular Devices, Sunnyvale, CA, USA), 

Easy Electrophysiology (Easy Electrophysiology Ltd., RRID:SCR_021190), Microsoft 

Excel (Microsoft Corporation, Redmond, WA, USA), and Python 3 (van Rossum & Drake, 

2009). The cell and animal numbers used in this study were based on similar 

electrophysiological experiments and a minimum of 5 cells/group were used (Beenhakker 

& Huguenard, 2010; Overstreet et al., 2000; X. Xie et al., 2006). Baseline values were 
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measured and analyzed at least 2 min prior to the inhibitor application. The effect of 

NNC711 was expected to peak after 5 min of application and remain stable thereafter 

(Beenhakker & Huguenard, 2010) and thus the last 2 min of the 10-min application period 

were analyzed. SNAP5114 and both inhibitors combined were applied for 15 min 

(Beenhakker & Huguenard, 2010) and the last 2 min of the application were used to assess 

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

amplitude of IPSC2 by the average amplitude of IPSC1. Amplitudes were measured using 

the respective baseline of each IPSC. The inverse coefficient of variation (CV-2) of IPSC1 

was calculated for the range of the analysis window (e.g., the time range of the baseline or 

inhibitor application) for each cell. Evoked IPSC decay rate (Ű) was measured by fitting a 

single exponential curve to the decay slope of each eIPSC2 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 curve 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 IPSCs (sIPSCs) that appeared in the absence of synaptic stimulation 

were analyzed for the same time ranges relative to the drug application as described above. 

To avoid the influence of synaptic stimulation, the last 12 s of each 15-s sweep, namely 

48 s of each recorded min, were analyzed. Two event templates were fitted with Easy 

Electrophysiology to account for the maximal fitting rate and to allow for comprehensive 

event detection. One template was determined empirically based on the present data (rise 

time: 1 ms, decay: 14 ms), while a second template was previously shown to work well 

for the detection of fast events (rise time: 2 ms, decay: 8 ms) (Clements & Bekkers, 1997). 

10-90% rise time was detected from baseline to peak and the decay rate was measured by 

fitting a single exponential curve to the decay of sIPSC. False detection and resulting poor 

fitting (e.g., due to a wavy baseline immediately before the event, or noise) were accounted 

for by filtering the results with R2 > 0.5. 

The assumption of normality for parametric tests was evaluated with QQ-plots 

(Ghasemi & Zahediasl, 2012). Data were transformed to approximately meet the normality 
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assumption (log10 or square transformations) when appropriate. Where indicated, outliers 

that fell outside the 3rd standard deviation were removed to fit the normality assumption. 

Variance was assumed to be unequal based on exploratory data analysis and thus Welchôs 

independent t-test was used to compare basal parameters between Rest and SD (Delacre 

et al., 2017). 

To test the effects of inhibitors, the values measured during inhibitor application 

were compared with the respective baseline (control) using a paired t-test or a Wilcoxonôs 

signed-rank test for values that not normally distributed. A repeated measures (RM) two-

way analysis of variance (ANOVA) (GraphPad Prism v6, GraphPad Software Inc., La 

Jolla, CA, USA) was used to assess the effects of the train stimulation protocol on IPSC 

amplitudes and compare Rest with SD. P < 0.05 was regarded as statistically different. All 

statistical results are reported in the figure captions. Data are presented as mean ± S.E.M 

in the figures.   

 

 

5.3 Results 

5.3.1 Acute Sleep Deprivation Does Not Affect Evoked or Spontaneous 

Inhibitory Synaptic Transmission to ORX Neurons 

Baseline inhibitory transmission 

We recorded from ORX neurons in the LH and analyzed several 

electrophysiological parameters to investigate whether 6 h of SD affects inhibitory 

synaptic transmission (Figure 5.1, Figure 5.2). A reduction in GAT1 activity with SD 

based on diminished GAT1 apposition (Chapter 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 potential (Figure 5.1). 

However, we saw no differences in these parameters between Rest and SD, indicating no 

influence of SD on ambient GABA. 
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Synaptic plasticity as a result of presynaptic changes can affect the PPR and CV-2 

of evoked IPSCs. While PPR is an inverse measure of release probability, the CV-2 of 

IPSC amplitude correlates with release probability and the number of release sites 

(Dobrunz et al., 1997; van Huijstee & Kessels, 2020). We found no change in these 

parameters after SD (Figure 5.2B, C, respectively). Additionally, parameters of 

spontaneous GABA transmission can, similar to evoked synaptic transmission, provide 

information about the location of synaptic changes. Pre- and postsynaptic plasticity thus 

can be assessed by analyzing sIPSC frequency and amplitude, respectively. However, SD 

did not affect these parameters (Figure 5.2E, F). Since both PPR and sIPSC frequency are 

influenced by presynaptic release probability, we explored if PPR was negatively 

correlated with sIPSC frequency; however, the two parameters did not correlate in Rest or 

SD (Figure 5.2G). 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 have been classified into two main types, D- and H-type, based on 

distinct electrophysiological characteristics. In particular, after a hyperpolarization, a D-

type ORX neuron starts firing action potentials immediately, while H-type ORX neurons 

exhibit an A-type current that causes a delay in the generation of action potentials (Briggs 

et al., 2019; Schöne et al., 2011) (Figure 5.3A). D- and H-type ORX neurons have been 

shown to respond differently to SD through an intrinsic mechanism (Briggs et al., 2019). 

The results shown in Figure 5.2 appeared to distribute over a wide range for some 

parameters, which may be because D- and H-type ORX neurons were pooled (Figure 5.2). 

Therefore, we analyzed the above parameters for the two ORX types separately. We found 

again no effect of SD on holding current, RMP, PPR, or CV-2 of IPSC in either ORX 

neuron type (Figure 5.3B ï E). Furthermore, no differences in any of the measured 

parameters were detected between D-type neurons and H-type neurons at Rest (Figure 

5.3B ï E). 
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GABA clearance 

Reduced GAT1 appositions at ORX neurons (Chapter 3) would suggest a reduction 

in GABA uptake from the extracellular space surrounding these cells. This may be 

observed as prolonged decay rates of IPSCs particularly after 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 Hz (Figure 5.4A, B, respectively) to promote GABA accumulation at 

the synapse which may reveal potential differences in GABA uptake ability. The IPSC 

decay after a train stimulation (5 pulses at 50 Hz) was longer relative to paired stimulation, 

as expected. However, neither stimulation protocol revealed differences between Rest and 

SD (Figure 5.4C). Furthermore, analyzing the decays of paired IPSCs separately for D- 

and H-type neurons did not reveal differences between Rest and SD. During 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 stimulation (Figure 5.4E). 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 and SD (Figure 5.4F ï H, respectively). Thus, 

our data suggest that GABA clearance following synaptic activity is not significantly 

affected by SD. 

 

5.3.2 Co-Inhi bition of GAT1 and GAT3 Affected Evoked but Not 

Spontaneous IPSC Amplitudes under Rest 

To our knowledge, there has been no report on the role of GAT1 or GAT3 in 

inhibitory transmission to ORX neurons. Therefore, we tested the role of GAT1 and GAT3 

using specific inhibitors in the Rest condition. The GAT1 inhibitor NNC711 did not induce 

any change in eIPSC amplitude or decay rate (Figure 5.5A1, B1, C, F). Similarly, the 

GAT3 inhibitor SNAP5114 did not affect these parameters of evoked transmission on its 

own (Figure 5.5A2, B2, C, F). NNC711 and SNAP5114 together, on the other hand, 

significantly reduced eIPSC amplitude, which was irreversible within the timeframe of our 
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experimental protocol (Figure 5.5A3, B3, C). This inhibitory effect did not accompany 

any change in eIPSC decay (Figure 5.5F). Furthermore, there was no effect of the 

inhibitors, either alone or in combination, on the presynaptic measures PPR or CV-2 

(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 ï E, respectively). These results suggest that GAT1 and GAT3 act in a 

compensatory manner to promote eIPSC, masking potential effects of the absence of either 

one transporter alone.  

 

5.3.3 GAT1 Inhibitor  Reduces sIPSC Frequency in SD 

As GAT1 appositions on ORX neurons decreased with SD (Chapter 3), we 

expected that SD would occlude any effects of the GAT1 inhibitor. However, blocking 

GAT1 with NNC711 after SD showed no difference in the amplitude, PPR, CV-2, or decay 

rate of eIPSC (Figure 5.7C ï F). This was not different from the Rest condition (Figure 

5.8A ï D). Furthermore, NNC711 did not significantly affect sIPSC amplitude, decay, or 

rise time (Figure 5.7H, J, K, respectively). However, NNC711 decreased sIPSC frequency 

in the SD group (Figure 5.7I). Nevertheless, this effect was not statistically different from 

what we have seen in the Rest group (Figure 5.8F). Overall, SD did not appear to affect 

inhibitory transmission to ORX neurons despite the observed change in GAT1 apposition 

(Chapter 3). Our data on the GAT1 and GAT3 inhibitors either individually or in 

combination in Rest condition (Figure 5.5C) indicate that GAT3 likely compensates for 

the reduction in GAT1 apposition after SD.  
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5.4 Discussion 

We found that basal evoked and spontaneous inhibitory transmission in either 

subtype (D- and H-type) of ORX neurons in the LH was unaffected by the SD condition. 

In accordance with these data, the inhibition of GAT1 with NNC711 in the Rest condition, 

which would mimic the SD-induced 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 (SD) is likely explained by a 

compensatory mechanism between GAT1 and GAT3. Indeed, inhibition of GAT1 alone 

or GAT3 alone did not affect evoked IPSCs or sIPSCs at Rest, and only the co-application 

of NNC711 and SNAP5114 resulted in a reduction in eIPSC amplitude. Similar 

compensatory effects of GAT1 and GAT3 have been reported for striatal output neurons 

where neither inhibitor alone affected evoked or miniature IPSCs (mIPSCs), while co-

application reduced the frequency of mIPSCs without affecting the amplitude or other 

mIPSC kinetics (Kirmse et al., 2009).  

In order to investigate potential changes in GABA clearance following SD, we 

analyzed the decay rates of the last IPSC of a paired pulse stimulation as well as a 5-pulse 

train stimulation protocol. We found an increase 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 between 2nd vs 5th pulses. 

However, the Rest and SD conditions were not different from each other, further 

supporting the idea that GAT3 might be compensating for and preventing disturbance of 

GABA clearance in SD.  

The reduction of eIPSC amplitude upon complete inhibition of GABA reuptake by 

co-application of NNC711 and SNAP5114 is possibly the result of desensitization of 

GABA receptors due to the increased availability of GABA at the synapse (Overstreet et 

al., 2000). sIPSC amplitudes were not affected in the same way, which could be related to 

low and thus insufficient GABA concentrations reached with asynchronous quantal 

release for receptor desensitization to occur as compared to higher concentrations achieved 

with evoked stimulation. Another possibility is that evoked and spontaneous transmission 

could be regulated differentially (P. M. Horvath et al., 2020). Evoked and spontaneous 
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excitatory transmission have been shown to be segregated to different sets of synapses or 

to different sets of postsynaptic receptors at the same synapse (Atasoy et al., 2008; Melom 

et al., 2013; Peled et al., 2014; Reese & Kavalali, 2016). Recently, evoked and spontaneous 

inhibitory transmission were also revealed to be partially segregated in hippocampal 

neurons, potentially accounting for their different roles in neuronal communication (P. M. 

Horvath et al., 2020).  

A limitation of our study is that we did not distill GABAAR- and GABABR-specific 

components of IPSCs and how they may be influenced by SD or GAT inhibitors. There is 

a possibility that we missed changes related to either one receptor. If spilled-over GABA-

activated extrasynaptic GABABRs, we would have observed a change in tonic current 

and/or eIPSC decay (Beenhakker & Huguenard, 2010); however, we did not see changes 

in either parameter with SD. Furthermore, the decay of eIPSC to baseline did not reveal 

overshooting outward currents that would indicate GABABR activation.  

Arguably, the brainôs tolerance for increased extracellular GABA levels is higher 

than for its counterpart glutamate, which can rapidly become pathological at higher levels. 

Contrary to an increase in extracellular glutamate concentrations that can result in 

devastating seizures and eventual cell death (During & Spencer, 1993), increased GABA 

levels are not of the same concern. Anticonvulsant drugs, such as gabapentin, lamotrigine, 

or topiramate, increase GABA levels in the brain by up to 46% (Kuzniecky et al., 2002). 

Similarly, the antidepressant monoamine oxidase inhibitor, phenelzine, increases GABA 

levels, highlighting the medicinal properties of GABA (Baker et al., 1991). Only when 

more severe impairments of GABA signaling occur due to mutations of GAT1 and the 

resulting impairments of GAT1 surface trafficking and radical interference with GABA 

clearance, do pathologies such as epilepsy, cognitive impairments, and autism-like 

dysfunctions develop (Fischer et al., 2022).  

Nonetheless, the compensatory interplay between GAT1 and GAT3 suggests that 

tight regulation of GABA signaling is necessary for ORX neurons. Given that GABAergic 

signaling plays a crucial role as a negative regulator of excitatory transmission (Gerrard et 

al., 2018), increasing the inhibitory tone on ORX neurons during SD might not be desirable 

in case of an emergency requiring fight or flight. SD already causes a reduction of 
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excitatory transmission through a negative feedback mechanism mediated by presynaptic 

group III metabotropic glutamate receptors (Briggs et al., 2018). Thus, additional increase 

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 homeostatic sleep pressure is steadily increasing with 

SD to which GABAergic inputs contribute (Ferrari et al., 2018; Matsuki et al., 2015; 

Toossi et al., 2016), highlighting the importance of the GAT1-GAT3 compensatory 

mechanism. 

Interestingly, the GAT1 inhibitor NNC711 decreased sIPSC frequency in the SD 

condition, during which GAT1 appositions to ORX neurons are decreased (Chapter 3) but 

had no effect on sIPSCs at Rest. Here one needs to acknowledge that sIPSCs include not 

only spontaneous release but also action potential-driven transmission. Hence, firing 

activity of upstream neurons synapsing to ORX neurons might have been affected by SD 

through a reduction in excitability of those upstream neurons, which might have been the 

reason for the NNC711-induced decrease in sIPSC frequency. Furthermore, GAT3 appears 

to compensate for the inhibited GAT1 in SD when NNC711 was applied, as was the case 

for the Rest condition, since eIPSC 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 co-application of NNC711 and SNAP5114, reduce eIPSC amplitude. 

SD has been shown to alter GABA receptor expression in ORX neurons of the LH 

in mice (Toossi et al., 2016). This morphological study using immunohistochemistry 

found that there is an SD-induced increase in both GABAARs and GABABR (Toossi et al., 

2016), however, functional changes related to this increased receptor expression were not 

assessed. An increase in receptor expression does not mean that the receptors are present 

at the synapse, as the expression of GABABRs in particular was only detectable in the 

cytoplasm and not on the plasma membrane in that study (Toossi et al., 2016). The lack of 

changes in sIPSC amplitude with SD and NNC711 application suggests that the synaptic 

receptors may not have been altered in our study and that altered activity of upstream 

neurons might have been the reason for reduced sIPSC frequency.   
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5.5 Conclusion 

Taken together, our results suggest that 6 h SD does not affect inhibitory 

transmission to wake-active ORX neurons despite the decrease in GAT1 appositions 

compared to ORX neurons from rested animals (Chapter 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, but not either 

one alone, showed a decrease in evoked IPSC amplitude. Thus, both transporters appear 

to compensate for each other. 

SD may induce changes in upstream neurons that input to ORX neurons, which 

likely caused the decrease in sIPSC frequency after 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 loop (Briggs 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 reduction in excitability. Future studies could investigate how the 

regulatory role of the GABAergic system on wake-promoting ORX neurons changes with 

prolonged SD.   
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Figure 5.1. Resting membrane potential (RMP) and holding current of ORX neurons 

was unaffected by SD. A) Example traces of baseline activity for Rest (black) and SD 

(red) conditions. SD did not cause tonic inhibition since RMP (B; independent Welchôs 

t-test, Rest n/N = 34/22, SD n/N = 17/9, t(37) = 0.27, P = 0.786) and holding current (C; 

independent Welchôs t-test, Rest n/N = 33/21, SD n/N = 16/9, t(22) = -0.85, P = 0.406, one 

outlier outside the 3rd standard deviation was removed in each group) were unchanged.  
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Figure 5.2. Presynaptic release probability at inhibitory synapses to ORX neurons 

was unaffected by SD. A) Example traces of paired pulses for Rest and SD conditions 

scaled to the first IPSC (IPSC1). SD did not affect probability of transmitter release 

as measured by paired pulse ratio (PPR) (B; independent Welchôs t-test, Rest n/N = 

34/22, SD n/N = 17/9, t(45) = -1.95, P = 0.058) or coefficient of variation (CV-2) (C; 

independent Welchôs t-test, Rest n/N = 34/22, SD n/N = 16/9, t(42) = 0.47, P = 0.639, one 

outlier outside the 3rd standard deviation was removed in SD group). D) Example traces 

of sIPSCs for Rest and SD conditions. Similarly unchanged were sIPSC amplitude 

(E; independent Welchôs t-test, Rest n/N = 37/34, SD n/N = 18/17, t(43) = 0.85, P = 0.402) 

and frequency (F; independent Welchôs t-test, Rest n/N = 37/34, SD n/N = 18/17, t(31) = 

1.54, P = 0.133). There was no correlation between PPR and sIPSC frequency (G). 

  


















































































