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Abstract 
 

Sleep is a fundamental behavior characterized by a state of inactivity, which has been 

observed in a wide range of species. Despite its conservation in evolution, the precise 

purpose of sleep remains shrouded in mystery. The application of innovative tools has 

significantly contributed to the exploration of the regulating mechanisms and functions 

involved in sleep, although further investigations is still required. In this thesis, I have 

examined sleep in two different contexts, using Drosophila melanogaster as model 

system. In the first part of this work, I combined a range of transcriptomics and 

immunostaining experiments, to analyze how gene expression changes in the brain upon 

acute and chronic sleep deprivation (SD) and found a role for histone methylases in 

regulating sleep-specific changes in gene expression. Prolonged SD leads to an overall 

decrease in gene expression driven by inhibitory histone methylation activity (H3K9) in 

the brain. The specific removal of H3K9 methylases, such as Su(var)3-9 or G9a, in 

neurons, interferes with this process, blocking sleep-specific changes in gene expression 

and canceling the fly’s internal homeostatic control of sleep. In the second part of this 

thesis, I dissected the recently hypothesized function of sleep, in facilitating DNA repair 

mechanisms. DNA damages, in particular double-stranded breaks (DSBs), are known 

to accumulate in the brain during wakefulness and decrease during sleep. 

Pharmacologically induction of DSBs leads to an increased baseline sleep in flies. 

Moreover, the pan-neuronal reduction of DNA repair-related genes, particularly p53, 

promotes increased sleep: the combination of chronic SD with the knockdown of p53 

leads to heightened levels of neuronal DSBs and a reduction in lifespan. Unravelling the 

cellular basis for sleep drive may facilitate the improvement in restorative sleep quality 

for individuals dealing with sleep disorders and provide valuable insights into the 

relationship between sleep, aging, and neurodegenerative diseases. 
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Chapter 1  

Introduction 

1.1  General overview of sleep, from mammals to flies 

1.1.1 Historical definition of sleep 

Sleep is a fascinating and mysterious behavior that has stimulated great interest for the 

past 2500 years. Approximately in the year 540 BC Alcmaeon of Croton, a Greek 

physician, theorized that sleep resulted from a state of unconsciousness induced by 

reduced blood circulation to the brain, which occurred due to blood draining from the 

body surface to more internal blood vessels (Huffman 2008). Half a century later, 

Aristotle suggested that sleep represented a cessation of consciousness within the heart, 

believed to be the center of sensation. Around 350 B.C., Aristotle published a volume 

entitled “On Sleep and Sleeplessness”, starting with this opening text: 

“With regard to sleep and waking, we must consider what they are: whether they are peculiar 

to soul or to body, or common to both; and if common, to what part of soul or body they 

appertain: further, from what cause it arises that they are attributes of animals, and whether all 

animals share in them both, or some partake of the one only, others of the other only, or some 

partake of neither and some of both.” 

This text already frames fundamental questions about sleep that will be deeply debated 

over the next 2000 years. For a period of approximately 1600 years, limited progress 

was achieved in understanding the nature of sleep: only between the 18th and 19th 

centuries, several theories about the origin of sleep will be proposed, such as the 

existence of a sleep “substance” or toxin that is produced during the day and dissipated 

during the night, or that blood flow can influence the sleepiness. At the beginning of the 

19th century, several experts started believing that the brain was the center of sleep. 

Constantin von Economo, among the others, was a Romanian psychiatrist who noticed 

that patients with viral encephalitis exhibited insomnia or excessive sleepiness 

(encephalitic lethargy). Upon examining the brains of dead patients, he found that each 
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specific region of the brain is attributed to regulating sleep or wakefulness. For instance, 

he observed a correlation between damage in the anterior hypothalamus and prolonged 

insomnia, suggesting that this specific brain region is involved in enhancing sleep. On 

the other hand, damages to the lateral/posterior hypothalamus were the main cause of 

sleepiness, suggesting that this specific region was involved in the regulation of 

wakefulness (Economo 1930). These findings would be confirmed by subsequent 

studies in mammals, such as research in rats (Nauta 1946). 

One of the biggest inventions in the history of sleep science was the 

electroencephalogram (EEG) performed by Hans Berger for the first time in 1928, 

where he placed electrodes on human scalps and recorded the electrical activity of the 

brain. This technique greatly accelerated the expansion and progress in the field of sleep 

during the 20th century. In 1937, Frederic Bremer discovered that by looking at the EEG 

frequency, it was possible to identify if a person was awake or asleep (Bremer 1937). 

Furthermore, in 1953, the Russian sleep researcher Nathaniel Kleitman, together with 

his student Eugene Aserinsky, were the first contributors to the formal description of 

rapid eye movement (REM) sleep. They noticed that over the whole sleep period, there 

are specific stages characterized by “rapid, jerky, and binocularly” eye movement and 

low muscle tone. Recording of these eye movements by using the EEG, was also 

correlated to dreaming stages (Aserinsky and Kleitman 1953). This study was further 

expanded by other researchers, such as Dement (Dement and Kleitman 1957). 

Contemporaneously, progress in the circadian rhythm was also achieved: Erwin 

Bunning, approximately around 1930, proved the existence of an internal biological 

clock across species (including plants). This was the first study proving that sleep is a 

rhythmic process, governed not only by environmental cues, but also by an internal 

circadian clock. In addition, he demonstrated the hereditary aspect of the circadian 

rhythms by conducting experiments where he bred bean plants with varying periods of 

leaf-movement rhythms. His findings revealed the subsequent generation exhibited 

period lengths that were intermediate (R.-C. Huang 2018).  

Collectively, all these early pioneers have contributed to establishing sleep as a new 

interesting subject of study and scientific field. The main subsequent progresses are 

described in the following section. 
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1.1.2 Understanding the structure of sleep 

As previously mentioned, Berger was able to recognize when individuals are awake or 

asleep: during wakefulness, EEG records show a high-frequency amplitude pattern of 

activity, while this becomes slower (with larger amplitude waves) during sleep. Based 

on Berger’s observations, researchers started describing distinct EEG sleep stages. In 

1968 Allan Rechtschaffen and Antony Kales published the first EEG manual where they 

formalized the characterization of different stages of sleep (Kales and Rechtschaffen 

1968). Based on the EEG frequency, they found two main types of sleep: REM and non-

REM (NREM) sleep, which alternate forming a sleep cycle of approximately 90 

minutes. On average, four to five sleep cycles occur every night, depending on the time 

spent in sleep and each sleep cycle is divided into one REM and four NREM stages, 

although nowadays NREM stages 3 and 4 are often combined in humans. NREM stages 

3 and 4 are when the deepest sleep occurs and are characterized by the presence of slow-

wave sleep (SWS): sleep here shows moderate muscle tone and precludes any eye 

movement. By contrast, the REM stage is marked by higher frequency breathing, heart 

rate, and blood pressure, along with an EEG pattern similar to that of a fully awake 

individual. This is why REM sleep is also known as “paradoxical sleep”.  

REM and NREM sleep stages have been identified in many mammals and also other 

species, such as reptiles and birds (Scott S. Campbell and Tobler 1984). However, 

together with its stages, there are also other markers defining sleep behavior across 

species. In 1913, Henri Pieron described 4 fundamental features, that will be largely 

mentioned and exploited in the following years by other researchers. 1) Sleep-specific 

posture: he observed that individuals adopt specific postures during sleep, often 

associated with muscle relaxation, that are different from waking postures. 2) 

Behavioral quiescence: during sleep, there is a reduction in involuntary motor activity 

and responsiveness to external stimuli. 3) Elevated arousal threshold: it takes a stronger 

stimulus to awaken an individual from sleep, compared to what would be needed to 

rouse them from a waking state. This aspect is essential to protect the quality and 

continuity of sleep. 4) Reversibility of sleep: individuals can transition in and out of 

sleep during the night (Piéron 1913).  Piéron was also one of the early pioneers to 

propose the concept of “homeostatic sleep drive”, suggesting that the need for sleep 

accumulates over time during wakefulness and dissipates during sleep. The four sleep 

features described by Piéron were found by Campbell and Tobler to be shared across 
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the animal kingdom, even by insects, such as the Drosophila melanogaster, commonly 

known as “fruit fly”. This discovery resulted in the use of invertebrate species in sleep 

studies, given their multiple advantages, such as shorter lifespan or simpler genetics. 

Flies, in particular, are very easy to manipulate and can be subjected to high throughput 

experiments (this will be largely discussed in section 1.2). In the following decades, 

they will be largely utilized in order to identify the main components of the fly clock 

drive (starting with the work of Ronald Konopka and Seymour Benzer who, in 1971, 

discovered period, the first circadian gene). Additionally, studies in Drosophila 

melanogaster have contributed essential insights of the influence of the homeostatic 

drive, upon sleep pressure (J. C. Hendricks et al. 2000; Shaw et al. 2000a). 

1.1.3 Sleep-wake cycle: how does it work? 

Sleep has been described as a behavior consisting of a periodic altered state of 

consciousness, characterized by physical quiescence and decreased ability to react to 

external stimuli (elevated arousal threshold). For more than 30 years, sleep has been 

thought to be regulated by the generally accepted "two process-model", first proposed 

by Alexander Borbely (Borbély 1982), where Process S and C work together to drive 

the sleep/wake cycle throughout the day. Process S represents the homeostatic driver, a 

predictor of sleep pressure, by which the need to sleep changes based on how long an 

individual has been asleep or awake. According to Process S, the build-up in sleep 

pressure will be greater after staying awake longer than usual; however, when sleep 

occurs, the sleep pressure reduces exponentially to a low level, allowing the individual 

to wake up. On the other hand, the second process, Process C, is independent of the 

occurrence of sleep: it refers to a circadian pacemaker regulated by specific cells in the 

brain, which are involved in organizing the sleep-wake cycle in a 24 hour-rhythm: this 

happens in sync with the 24-hour light-dark cycle of the day (Fig.1.1).   

Despite being described as two distinct mechanisms, Process S and C combine and 

cooperate to regulate the sleep-wake cycles, depending on the characteristics of each 

species. For example, in diurnal mammals, wakefulness is prominent during the day and 

sleep occurs during the night. However, the mechanisms by which the two processes 

interact, are still not well understood. 
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Figure 1.1 Two-processes model of sleep regulation. 
Illustration of the model explaining the drive to sleep given by the combination of two processes: a 
circadian drive (Process C) and a homeostatic drive (Process S). Process S determines the need for 
sleep, depending on how long individuals have been awake: indeed, it is a predictor of sleep pressure, 
which increases during wake time and decreases during sleep. Process C, instead, establishes the timing 
for sleep, according to the light-dark phase.  

1.1.4 The circadian driver of sleep regulation  

Research on sleep has been mostly focused on the investigation of the molecular 

mechanisms related to the circadian control: in mammals for instance, the 

suprachiasmatic nuclei (SCN) of the hypothalamus in the brain are responsible for 

circadian rhythms (Mistlberger 2005). In flies, a set of symmetric small ventral lateral 

neurons (sLNvs) was found to play a similar role to the mammalian SCN (Helfrich-

Förster 1996). Genetic research in both groups of cells has identified a 'master circadian 

clock' system, made by a core of critical "clock genes", which includes positive and 

negative regulators of sleep. In mammals, Bmal1 and Clock are members of this core: 

they act as positive regulators of gene transcription, controlling for instance the 

production of period (PER) and cryptochrome (CRY). These two interact to form a 

protein complex that enhances a negative feedback loop by inhibiting CLOCK-

BMAL1-mediated transcription, consequently suppressing the expression of Per and 

Cry. Once the PER/CRY complex is degraded, the inhibition of CLOCK-BMAL1-

mediated transcription is temporarily abolished: this allows the complex CLOCK-

BMAL1 to activate transcription again, restarting the molecular loop every 24 hours 

(Fig. 1.2). In addition to this, research has found that molecular clocks are not only 

confined to SCN cells, but they are also expressed in several peripheral tissues, all 

synchronized by the "master" SCN through both chemical and neuronal signals (Fogg 

et al. 2014).  
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Figure 1.2. The circadian clock loop in Drosophila and mammals. 
In mammals, CLOCK and BMAL1 bind together making heterodimers, which positively regulate 
circadian genes, such as period (Per) and cryptochrome (Cry). PER and CRY make complexes too, 
regulating CLOCK-BMAL heterodimers in a negative manner. However, progressively during the day, 
PER and CRY are degraded and consequently, BMAL and CLOCK are activated again. This molecular 
loop takes 24 hours to complete. Similarities in the system are shown in flies as well, where the main 
core is made by CLOCK and CYCLE, homologous of mammalian CLOCK and BMAL1. Illustrations 
of the fly and the mouse are taken from https://commons.wikimedia.org/wiki, created under the Creative 
Commons license. 

 

Furthermore, all the molecular fluctuations within the SCN are extremely synchronized 

to the 24-hour dark-light cycle detected by the eye. Indeed, when the retina detects light, 

an intracellular cascade intermediates the connection between a group of photosensitive 

ganglion cells and the SCN, leading to the suppression of CLOCK-BMAL1 activity. 

Since light detected by the eye is crucial to synchronize the timing of sleep, it has been 

considered as the primary 'Zeitgeber' (time-giver) (Do and Yau 2010).  

Overall, the just described circadian rhythm is comparable in flies (Fig. 1.2). The 

activator dimer CLOCK-BMAL1 is made by the homologous CLOCK and CYCLE, 

which positively regulates the complex PER-TIMELESS (TIM, homologous for the 

mammalian CRY). There are, however, some functional divergences, such as in CRY 

which plays a central role in the mammalian circadian clock, with a light-independent 

action. In Drosophila, CRY is a photoreceptor that binds and blocks the negative 

feedback action of PER-TIM dimer, in a light-dependent manner (Griffin, Staknis, and 

Weitz 1999). Another fundamental factor involved in regulating the circadian process 

in flies is the Pigment Dispersing Factor (PDF), a neuropeptide expressed in the main 

circadian neurons in the Drosophila brain. Loss of function of pdf or its receptor pdfr 

has been linked to disruption in several rhythmic behaviors (Renn et al. 1999; Park et 

al. 2000; Lear, Zhang, and Allada 2009). It has been found to synchronize molecular 

oscillations among different circadian pacemaker neurons: for instance, in pdf01 

https://commons.wikimedia.org/wiki
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mutants, oscillations of tim and cry mRNAs in pacemaker neurons are diminished (Peng 

et al. 2003). 

1.1.5 The homeostatic mechanisms regulating sleep  

The homeostatic driver is what allows individuals (mammals, but some insects as well) 

to recover after a period of sleep deprivation. This recovery consists of an increment of 

sleep, also called "sleep rebound" (Cirelli and Tononi 2008), correlated to an increase 

in sleep intensity and/or sleep duration. Due to the restrictions enforced by the circadian 

clock, changes in sleep intensity usually occur more frequently than changes in sleep 

duration, but they are also more difficult to detect, especially in the fly. In mammals, 

sleep intensity modulations are associated with changes in neuronal activity, as found 

in the late 1930s by Frederic Bremer. This can be accurately detected using the EEG, a 

quantification of sleep based on brain waves, which allows a high-throughput behavioral 

analysis in a non-invasive way. Each sleep stage is characterized by specific EEG 

waves. As previously mentioned, SWS are highly relevant, as they correspond to deep 

sleep, during NREM stages 3 and 4. Variations in the frequency and amplitude of slow 

oscillations are measured and quantified as slow-wave activity (SWA) (Dijk 2009). As 

a reflection of sleep pressure, SWA decreases during sleep time, while it progressively 

rises with wake duration, reaching high peaks when entering early sleep (Allada, Cirelli, 

and Sehgal 2017). Many theories have been proposed to underly the mechanisms 

upstream of this SWA fluctuation during the wake-sleep cycle, such as the influence of 

specific metabolic processes, for example, the regulation of glycogen levels. Changes 

in glycogen levels are essential to regulate the build-up of adenosine (Ado) in the 

cerebral cortex, by which the brain is capable of sensing wake status (Feinberg et al. 

1978; Benington and Heller 1995; Scharf et al. 2008). Research on mice has shown, in 

particular, that Ado levels in the basal forebrain tend to rise upon sleep deprivation and 

to reduce during sleep recovery (Kacsoh, Greene, and Bosco 2017).  

Another mechanism possibly implicated in SWA modulation is the synaptic 

homeostasis hypothesis (SHY) proposed by Cirelli and Tononi (2014), which postulates 

that during wake, the overall synaptic strength of multiple neuronal populations 

increases, due to learning and memory needs. During wakefulness, SWA increases, due 

to the stronger connection between neurons. Instead, during sleep, where synaptic re-

normalization weakens neuronal connections, SWA decreases. We should not consider 
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the mechanisms described above as mutually exclusive, as energy metabolism and 

neuronal plasticity are extremely linked to each other. 

In Drosophila, electrophysiological measurements in the brain are technically possible, 

but also very challenging, due to the small-size brain. Technical progress in 

electrophysiology and imaging, combined with genetic and behavioral tools, has 

provided high temporal resolution of synaptic activity in flies. Two-photon imaging, 

together with genetically triggered calcium indicators, has, in particular, revolutionized 

the field, by allowing neuronal activity recording of specific sets of neurons (Denk, 

Strickler, and Webb 1990; J. W. Wang et al. 2003; Jayaraman and Laurent 2007; Ng et 

al. 2002). Despite its high resolution, this approach remains elaborated and very 

challenging. Therefore, other parameters have been used in order to define sleep 

homeostasis in flies, which have still contributed to progress in this field. For instance, 

upon sleep deprivation, flies show rebound sleep response: sleep becomes longer and 

more consolidated in its structure, and arousal thresholds increases (J. C. Hendricks et 

al. 2000; Shaw et al. 2000a; Huber, Ghilardi, et al. 2004; Alphen et al. 2013; Seidner et 

al. 2015). As in mammals, disruption of sleep homeostasis causes cognitive impairments 

in learning and memory formation (Seugnet et al. 2009; Donlea et al. 2011), and reduces 

mating success and aggression (Kayser et al. 2015). Thanks to a mutagenesis screen, 

several chemical messengers, such as neurotransmitters, have been found to be essential 

regulators of sleep homeostasis. Acetylcholine (ACh), for instance, is one of the most 

important excitatory neurotransmitters in flies: Seidner et al. (Seidner et al. 2015) found 

that the activation of cholinergic neurons induces wakefulness and, in specific cases, 

sleep rebound. sleepless (sss), shaker and hyperkinetic are all short-sleeping mutants, 

with single-gene mutations affecting cholinergic neurotransmission (Koh et al. 2008; 

Cirelli, LaVaute, and Tononi 2005; Bushey et al. 2007). Another fundamental 

neurotransmitter is dopamine: changes in the dopaminergic (DA) neurotransmission can 

lead to a strong reduction of sleep and arousal thresholds, and a dramatic increase of 

activity (Hendricks et al. 2003; Wu et al. 2008). "fumin" mutant flies, with a genetic 

mutation in the dopamine transporter gene (dat), show hyperactive behavior (Kume et 

al. 2005). Some studies have also linked specific brain regions to sleep homeostasis 

regulation: an essential function is played by the dorsal fan-shaped body (dFB) neurons: 

when activated, these neurons enhance sleep, often implicated in memory consolidation. 

On the other hand, inhibition of dFB neurons leads to decreased sleep time and 

diminished sleep rebound (Donlea, Pimentel, and Miesenböck 2014a; Huber, Hill, et al. 
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2004). Another region implicated in homeostatic sleep is the mushroom body neurons 

(MBs), comparable to the mammalian cerebral cortex and involved in associative 

learning.  Neurogenetic screens revealed that MBs are able to promote both sleep and 

wake by activating specific subsets of these neurons (Joiner et al. 2006; Pitman et al. 

2006). A deeper dissection of the main brain regions involved in sleep homeostasis is 

reported in section 1.2.6. 

1.1.6 Consequences of sleep loss 

Although the role of sleep remains unclear, there is no doubt that widespread 

physiological deficits occur in some organisms upon lack of sleep. Sleep-deprived rats, 

for instance, have shown pronounced adverse effects on overall health: indeed, they fail 

to keep regular temperature rhythms and they easily develop skin injuries. Also, they 

experience defects in their metabolism, such as weight loss (Rechtschaffen et al. 1983), 

and acute sleep loss causes death (Rechtschaffen et al. 1983). Furthermore, as in rats, 

recent data have shown deleterious deficits upon sleep loss on human metabolism, such 

as weight gain, obesity, diabetes (Knutson et al. 2007) and on the immune system, as 

well  (Moldofsky et al. 1989). Also, a higher risk of cardiovascular diseases and cancer 

has been found in shift-workers (Haus and Smolensky 2013). In Drosophila, sleep-

deprived wild-type flies (Huber, Hill, et al. 2004; Seugnet et al. 2008), as well as short-

sleeping mutants (Smith and Harbison 2018), have shown impairments in learning and 

memory-processing. However, memory abilities can be restored to normal levels, by 

increasing sleep artificially. Similarly to flies, sleep loss in humans leads to significant 

neurological disturbances, mostly associated with significant cognitive impairments 

(Durmer and Dinges 2005; Van Dongen et al. 2003) and decision-making difficulties 

(Pilcher and Huffcutt 1996). Indeed, research found that the probability of learning is 

three times higher if the individual is allowed to sleep (Walker et al. 2002), and in 

addition, some tasks are not fully learned if sleep is disrupted the night after learning 

(Walker et al. 2003), suggesting that sleep is necessary for restructuring new memories. 

The mechanisms by which it influences memory, however, are still unknown and 

currently debated by contradictory theoretical models (Diekelmann and Born 2010; 

Tononi and Cirelli 2014).  
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1.2 Drosophila melanogaster in sleep research 

1.2.1 Why are fruit flies valuable in biological research? 

Drosophila melanogaster is a species of fly belonging to the Diptera order. With a body 

size of 2-3mm, it is usually findable in kitchens, by fermented food, mainly rotten fruit, 

thus explaining its most common names, as "fruit fly" or "vinegar fly". Drosophila is 

one of the most powerful model systems and has been used in biological research since 

the beginning of the 20th century. Compared to other animal systems, such as mice, flies 

are very easy and cheap to keep in laboratory conditions. Also, their life cycle takes 

approximately 10 days at room temperature (25°C) from fertilization to adult eclosion 

and they produce a large number of offspring per generation. The short generation time 

and high fecundity facilitate high-throughput investigations, making robust genetic tests 

and statistical analyses. The development period includes four main metamorphosis 

stages: egg, larva, pupa, and adult fly.  

After the sequencing of the whole fly genome in 2000 (Adams et al. 2000), scientists 

concluded that approximately 60% of genes has been shared by mammals and flies: this 

encouraged even further use of Drosophila to investigate human genetic diseases, 

especially neurodegenerative types, like Alzheimer's and Parkinson's (Yoshihara, 

Ensminger, and Littleton 2001). 

1.2.2 Drosophila in behavioral studies 

Progresses in neurogenetic research allowed fruit flies to become one of the most 

exploited model systems in the study of complex behaviors. It is truly astonishing how 

the tiny brain of a fly can generate such a wide range of behaviors, including courtship, 

aggression, learning, memory, sleep, and social interactions. Already in the 1970s, 

Seymour Benzer started considering the fly as a fundamental unit of behaviors, finding 

corresponding features in human behavior. This suggested the opportunity to identify 

homologous genes and conserved molecular mechanisms involved in behaviors that are 

shared between flies and mammals. Interestingly, Benzer introduced the “forward 

genetics” method, one of the most commonly used genetic approaches even nowadays, 

where mutant individuals with peculiar behaviors are isolated, and specific genetic tools 
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and techniques are then applied for precise control over the genes and the neural circuits 

involved in that specific phenotype (Benzer 1967; 1973). Over the years, many more 

genetic tools were identified and published to improve the manipulation of genes and 

neurons in flies. Furthermore, researchers have mapped many of the fly neural circuits, 

making it easier to study the relationship between genes, neurons, and behavior. Finally, 

Drosophila research offers a more ethical alternative to using vertebrate animals for 

behavioral studies. Given their lesser size and overall reduced complexity, researchers 

can explore various aspects of behavior without causing harm to more sentient creatures. 

1.2.3 Sleep in Drosophila: sleep architecture and measuring methods 

Following Campbell and Tobler's observations, sleep in insects is largely defined using 

immobility as a proxy (S. S. Campbell and Tobler 1984). Only in the year 2000, two 

studies scrupulously analyzed Drosophila rest (Joan C Hendricks et al. 2000; Shaw et 

al. 2000b), concluding that flies share most of the mammalian criteria for sleep. More  

 
Figure 1.3. A typical sleep-time visualization in Drosophila. 
A. Illustration of the usual sleep profile of a male population from Canton-S flies. The yellow portion 
corresponds to the day, which starts at ZT0 (Zeitgeber Time). The dark-blue portion, instead, represents 
the night and begins at ZT12. Indeed, in this case, the time regime is made by 12h of light and 12 of 
darkness (12:12 LD). Males tend to show a consistent portion of sleep during the night; they also 
experience a day-specific peak of sleep approximately around ZT6, commonly known as "siesta" time. 
B. Quantification of sleep amount shown in the previous graph (A), where daytime and nighttime sleep 
are differentiated.  

 

specifically, these criteria are: quiescence, increased arousal threshold, specific posture 

and sleeping-location, reversibility, sleep rebound after sleep deprivation, and 
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modulation by using sleep-wake-altering substances such as caffeine. Given these 

behavioral homologies, the basic function of sleep could be evolutionarily preserved: 

indeed, today Drosophila represents a key model in sleep research. 

Looking at the typical sleep profile in Drosophila (Figure 1.3), the activity is 

characterized by two main peaks, an evening and a morning peak, both preceding the 

light transition time. By contrast, sleep is mostly distributed in the middle of the day 

(this time is also known as fly ‘siesta’, (Andretic and Shaw 2005) and in the night, more 

uniformly spread in the latter. The sleep structure usually differentiates between day and 

night periods. Indeed, during the night flies tend to sleep with a lower number of bouts, 

which are, however, much longer than the bouts during the day (Andretic and Shaw 

2005). In line with this, the activity bouts at night are significantly shorter (Andretic and 

Shaw 2005) and the arousal thresholds are usually higher. Furthermore, flies exhibit a 

significant sexual dimorphism in their sleep: male flies usually show longer periods of 

sleep, during both light and dark phases, while females experience higher activity during 

the day (Huber, Hill, et al. 2004). 

 
Figure 1.4. Drosophila Activity Monitor system (DAMs). 
A. Photo of a DAM system (image taken from Trikinetics Users Guide 8, http://trikinetics.com/). The 
monitor can hold 32 glass tubes, housing individual flies. Flies move constantly along the tube, 
between the two ends, where respectively food medium and cotton wool are placed. B. Schematic 
illustration of the infrared beam mechanism. A beam of light sent by an infrared LED crosses the 
middle of the tubes and reaches an infrared detector on the opposite side. Whenever a fly walks in the 
middle, the beam is broken, and it does not reach the infrared detector. The activity of flies is measured 
based on the number of beams crossed during the whole day. 

 

It is very important to clarify the definition of sleep in Drosophila: if a fly is not moving, 

it does not necessarily mean it is sleeping. Most research today agrees to identify sleep 

behavior as a period of inactivity lasting 5 min or more, without any locomotor activity 

(Cirelli and Bushey 2008). That is because 5 min of immobility is usually characterized 

http://trikinetics.com/
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by increase of arousal threshold during both light and dark phases (Shaw et al. 2000a; 

Huber, Hill, et al. 2004). A decreased responsiveness to external stimuli, together with 

all the sleep-defining features previously mentioned, are also fundamental to 

distinguishing sleep from sickness behaviors, usually characterized by increased 

agitation, lack of coordination, or, on the other hand, lethargy, and irregular sleep 

patterns with fragmented sleep, which may not resemble typical sleep cycles. 

To measure sleep in flies, most of the studies over the past 20 years, have taken 

advantage of a tool called Drosophila Activity Monitor (DAM, Fig. 1.4). This device 

contains several glass tubes, crossed in the middle by an infrared beam: a single fly is 

contained in each tube and its activity is tracked as beam-crosses over time 

(Pfeiffenberger et al. 2010). Although DAM remains the most widely used tool to score 

sleep in flies, it has a few disadvantages. In fact, the DAM paradigm is not able to 

exclude the possibility that a fly can still be active without crossing the midline of the 

tube, and because of that, sleep score can be overestimated. Currently, more advanced 

machines based on video tracking (Gilestro 2012) allow to have marked improvement 

in spatiotemporal resolution, addressing the issue of movement false negatives. An 

example of these tracking devices is the ethoscope, developed by the Gilestro laboratory 

at Imperial College London, which allows to collect in real-time high-throughput 

behavioral data of small animals (Gilestro 2012; Geissmann et al. 2017, see following 

section 1.2.4). 

1.2.4 The ethoscope, an advanced tool for Drosophila sleep recording 

The ethoscope is an automated tracking device of approximately 10 x 12 x 16 cm, which 

allows to gain in real-time high-throughput behavioral data of small animals (Geissmann 

et al. 2017). This tool has more advantages than the infrared-beam crossing systems, 

including its ability to distinguish accurately different types of behaviors, such as 

walking, sleep, or micromovements (Gilestro 2012). Also, sleep-related data are 

undoubtedly more precise, and unlike the DAM, sleep score is more accurate. 

In terms of building ethoscopes, the whole process is very inexpensive, and it can be 

achieved simply using 3D-printing technology. The hardwares and softwares are readily 

available online. Two main parts make an ethoscope: an upper case with a small-

independent computer (Rasberry Pi) and a camera; a lower case with an infrared-LED 

https://giorgiogilestro.notion.site/giorgiogilestro/Ethoscope-User-Manual-a9739373ae9f4840aa45b277f2f0e3a7
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strip, to keep tracking in darkness, and a behavioral arena, printed with different shapes, 

where flies are loaded. For simple sleep analysis, as in DAM, flies are secured in glass 

tubes containing food and cotton at each end.  

The ethescopes are usually located in climate-controlled incubators, where they are 

powered by a universal serial bus (USB) cable. Multiple ethoscopes can be activated at 

the same time: they are connected via Wi-Fi to a local network, thanks to which they 

transfer data to a local storage server, the node: each machine works independently. 

Interestingly, the ethoscope offers the opportunity to interact with flies in real-time. The 

goal can be to trigger specific stimuli in flies to investigate how the behavior changes in 

response to those inputs: this approach represents a strategic tool to give important 

insights into neuroscience. Several modules have been designed for this purpose: the 

optomotor, for instance, is a device for mechanical stimuli (shown in Figure 1.5C) and 

it is the only module exploited in this study. After plugging it to the bottom of the 

ethoscope, the optomotor is able to trigger sleep deprivation, by rotating the tubes when 

flies are immobile for a certain amount of time. As a consequence of sleep deprivation, 

flies need normally to recover, increasing the amount of sleep (sleep rebound) the day 

after the sleep loss: this treatment is, therefore, a good tool to better elucidate the 

mechanisms of sleep homeostasis. The most important part of the optomotor is the fact 

that it receives input from the ethoscope depending on the active real-time state of a 

single fly: indeed, when a fly is detected to be asleep, the optomotor, coordinated by the 

ethoscope, only enhances the rotation of the motor located under the glass tube of the 

sleeping fly. This method avoids a few problems that are associated with previous 

mechanical SD methods: before the invention of the ethoscope, all those studies using 

the Drosophila activity monitor, DAM, had to combine the use of specific devices, such 

as shakers, vortexes, or vibrating surfaces, in order to sleep-deprive flies. These methods 

are totally autonomous and not connected to the DAMs, which are located on top of 

them and constantly shaken. The stimulus is continuously triggered, meaning that all 

the flies, no matter if asleep or awake, are disturbed. Furthermore, another phenomenon 

that can also occur is habituation. Flies can, in fact, become habituated to the stimulus, 

altering their behavior and consequently the data collection (Öztürk-Çolak et al. 2020). 

On the other hand, the optomotor allows to solve all these technical issues. Another 

example of a module is the Air-Gas-Odor (AGO), used to investigate arousal thresholds 

in sleeping flies, by stimulating them with air-puff of any type of odors. This is well 

described in French et al. 2021. 
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Figure 1.5. The ethoscope and optomotor module. 
A-B. Schematic visualizations of the ethoscope composition. It consists of two cases, separated by 
plastic walls. The lower case has an infrared LED strip (essential for night-sleep tracking) and holds a 
behavioral arena, too. The upper case, instead, contains the rPi and HD camera. C. Illustration of an 
optomotor. This module can deliver light or physical rotation stimuli to specific flies. All the 
illustrations are taken from Geissmann et al. 2017. 

 

1.2.5 Sleep rebound response in flies 

As mentioned in section 1.1.5, flies normally exhibit all the behavioral hallmarks of 

sleep, including the ability to show sleep recovery, in response to a certain period of 

sleep deprivation: this increase in sleep, commonly known as rebound sleep, is marked 

by an increase of intensity and duration of sleep (Huber, Hill, et al. 2004). Rebound 

sleep normally occurs after sleep deprivation and it is more significant following 

extended sleep loss, such as 12 or 24 hours, compared to shortest periods, such as 6 

hours. Very interestingly, this increase in sleep only makes up a small fraction of the 

total loss (Shaw et al. 2000a): short and long-sleeping flies can, in fact, show a similar 

rebound sleep. As shown by Geissman et al, flies that were chronically sleep-deprived 

(SD over 228 hours) exhibited a recovery sleep similar to flies sleep-deprived for only 

one night (Geissmann, Beckwith, and Gilestro 2019). Furthermore, rebound sleep is also 

characterized by an increase in arousal threshold: flies deprived of sleep for 24 hours, 

display impaired responsiveness to unpleasant stimuli, although they maintained a 

sustained locomotor activity: this excludes any unspecific effects of fatigue (Huber, Hill, 

et al. 2004). 
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It is fundamental to highlight that rebound sleep is not a categorical phenomenon. 

Recent studies have demonstrated that, in specific scenarios or upon precise 

environmental factors, this recovery sleep can be also reduced or abolished. For 

instance, Beckwith et al. found that a male wild-type fly normally exhibits a strong 

rebound sleep, after being sleep-deprived in the presence of another male fly. When 

paired with a female fly, males are even more deprived of sleep, due to the preference 

for courtship: however, in this specific scenario, they fail to exhibit any subsequent 

rebound, suggesting that the sexual arousal is able to modulate the sleep pressure 

(Beckwith et al. 2017). Another study showed that mated female flies experience a very 

robust rebound upon sleep deprivation by mechanical method or caffeine supply, but 

not by starvation (a natural method for sleep deprivation with clear consequences in 

virgin females and occasionally in males). This effect can be also replicated when 

feeding flies with a diet missing of amino acids, meaning that proteins are essential in 

upholding standard sleep quality. Furthermore, the same study found that the 

Drosophila insulin-like peptide (dilp-2) is required for the loss of sleep rebound upon 

starvation-induced SD (E. B. Brown et al. 2020). Although mated female flies are 

known to exhibit rebound upon mechanical SD, their response was shown to be less 

pronounced in aged flies (35 days old), compared to young flies, as reported by another 

paper (Vienne et al. 2016). 

Overall, flies, as similar as mammals, are able to modulate and balance sleep, based on 

other biological needs. Therefore, understanding the regulating mechanisms of rebound 

sleep may be fundamental to understanding the real function of sleep. Over the years, 

few genes were identified to be involved in rebound sleep regulation. As already 

mentioned in section 1.1.5, an interesting example is sleepless, activator of the Shaker 

potassium channels, essential to enhance sleep by suppressing neuronal excitability 

(Cirelli, LaVaute, and Tononi 2005). Mutations in sleepless were found to affect 

baseline sleep and also to abolish rebound sleep after SD (Koh et al. 2008). A similar 

effect was shown when mutating the dopamine transporter gene (DAT) (Kume et al. 

2005). Another example of a gene implicated in homeostasis regulation, is pumilio. 

Pumilio (pum) is a post-transcriptional repressor of mRNAs and is mainly involved 

during neuronal development and neuronal excitability. The knockdown of pum affects 

rebound sleep upon chronic, but not acute SD (De Jesús-Olmo et al. 2020). Evidence of 

genes triggering a larger rebound following SD, upon mutation, was also found. For 

instance, the enzyme arylalkylamine N-acetyltransferase 1 (AANAT1) is mainly 
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expressed by astrocyte cells and was found to modulate the accumulation in the brain of 

neurotransmitters, such as serotonin and dopamine, after SD. The loss of AANAT1 is 

associated with much higher recovery sleep after a night of SD, compared to normal 

conditions (Davla et al. 2020). Together with specific target genes, in the past decades, 

precise regions of the fly brain were also identified to play a key role in regulating 

homeostatic sleep and, consequently, the rebound response: this will be deeply dissected 

in the following section. 

1.2.6 Neuroanatomy of sleep in flies 

Recently, several regions in the fly brain have been proposed and shown to be implicated 

in sleep regulation: for a better understanding of this work, the most important 

populations of neurons involved in the sleep-related central complex will be dissected 

in more detail, over this section. 

The central complex is made of different classes of neurons, that can be made by various 

subtypes of cells, expressing different neurotransmitters. Dorsal fan-shaped body 

neurons are one of the main components of the central complex: they are known to 

promote sleep, playing a fundamental role in the homeostatic sleep drive regulation. 

Donlea et al. found that sleep deprivation increases the sensitivity and activity of dFB 

neurons. Mutations in the gene crossveinless-c (cv-c), a Rho-GTPase-activating-protein 

were found to reduce the excitability of the dFB, decreasing sleep and general rebound 

response (Donlea, Pimentel, and Miesenböck 2014b). The basic mechanism of switch 

ON-OFF of dFB neurons was better elucidated by the research from Pimentel et al.: they 

found that dopamine plays a neuromodulatory mediator of the switch, by influencing 

specific voltage-gated potassium channels. The genetic silencing of the dFB triggers the 

downregulation of the current of Shaker and Shab channels and the upregulation of 

Sandman channel (Pimentel et al. 2016). 

Another central complex region implicated in sleep homeostasis is the ellipsoid body 

(EB). Indeed, rebound sleep following sleep deprivation is impaired after genetic 

silencing of this region (Liu et al. 2016). In more detail, the neuronal activity of a 

specific class of neurons named R5 (previously known as R2) is modulated in response 

to sleep debt and also to circadian input: slow wave oscillations are not detectable in the 

morning, but during the day, they increase in parallel to sleep need and are also subjected 
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to daily variations (Raccuglia et al. 2019). Donlea et al. found that the synaptic activity 

of R5 cells is influenced by the dFB neurons, through a third population of neurons, the 

helicon cells. These cells usually respond to visual inputs and are inhibited by the sleep-

promoting neuropeptide allatostatin-A (AstA), which consequently allows sleep to 

occur. dFB neurons are the cells responsible for the release of inhibitory transmitters, 

including AstA (Donlea et al. 2018). 

The mushroom bodies (MB) represent another sleep-related brain region: they consist 

of two paired structures with an L-like shape, located centrally in the brain at the side 

of the central complex. They contain approximately 2200 neurons, including the 

Kenyon cells (KCs), which compose the three main lobes of each symmetric structure: 

α/β lobe, α '/β’ lobe and γ lobe (Crittenden et al. 1998; Aso et al. 2014). Similarly to 

the dFB and EB, MBs play a fundamental role in homeostatic sleep. Initial studies 

believed that a general activation of the MBs led to sleep promotion and the ablation of 

these neurons was responsible for sleep reduction (Pitman et al. 2006; Joiner et al. 2006). 

However, the introduction of genetic tools, such as the split-GAL4, allowed to 

functionally manipulate more precise sets of cells, creating a highly detailed picture of 

the connectivity inside the MB region. This allowed, thereafter, the identification of 

subregions implicated in both sleep and wake-promoting activity: for instance, the 

genetic activation of the KCs in the α'/β’ lobe, leads to a decreased sleep, while activation 

of the γ lobe, leads to increased sleep (Sitaraman et al. 2015). Several populations of 

neurons implicated in sleep regulation are known to transmit inputs into MBs: among 

these, one of the main classes that have received remarkable attention is the 

dopaminergic neuron population. Dopamine is one of the most important 

neurotransmitters required for the regulation of sleep and arousal. In particular, it is 

known to promote wakefulness. 20 types of dopaminergic neurons project into the MBs, 

including regions of the protocerebral anterior medial (PAM) and the posterior 

protocerebrum lateral-1 and 2 (PPL1 and PPL2)  (Mao and Davis 2009; F. Li et al. 2020; 

Takemura et al. 2017). Mushroom body neurons, to conclude, are also shown to be 

essential in regulating learning and memory formation (Pascual and Préat 2001; Turrel, 

Goguel, and Preat 2018). 

Another component of the central complex is the protocerebrum bridge (PB). Initial 

studies demonstrated that PB is implicated in locomotor-control behaviors, such as leg 

coordination, walking speed or locomotor handedness (Strauss et al. 1992; Strauss and 
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Heisenberg 1993; Triphan et al. 2010). Subsequent works highlighted another role of 

the PB in sleep regulation. Tomita et al., for instance, found that mutant flies with 

defects in the middle of the PB structure, decrease their total daily sleep compared to 

control flies, suggesting this specific part to be a sleep-promoting region. However, they 

also identified another population of neurons within the PB which, on the other hand, 

promotes wakefulness. In this work, they propose an elegant neuronal circuit between 

these 2 groups of neurons, regulated by dopamine signaling, in order to mediate sleep 

and wakefulness (Tomita et al. 2021).  

 

Figure 1.6. Schematic illustration of the anatomy of the main fly brain regions involved in sleep 
regulation. The central complex, located in the center of the adult fly brain, includes different 
components involved in sleep regulation: fan-shaped body (FB), ellipsoid body (EB) and protocerebrum 
bridge (PB). The mushroom bodies (MB) take place at the side of the central complex: the three types of 
lobes are also shown in different colors (α/β lobe in light blue, α '/β’ in yellow, and γ lobe in green). 

All the neuronal regions described above are schematically illustrated in Figure 1.6. 
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1.3 The emerging role of epigenetics in sleep 

1.3.1 What is epigenetics? 

Every single cell within an organism is nearly characterized by the same identical 

genetic sequence, which remains consistent throughout the lifetime. However, 

depending on the role they play in the organism, differentiated cells exhibit significant 

variations in their observable characteristics (phenotypes). All the information required 

to generate a fully differentiated organism, starting from a single fertilized egg, is 

transmitted not solely by genetics, but also by epigenetics. The first person to introduce 

the term “epigenetics” was the embryologist Conrad Waddington in 1942, who defined 

it as the “whole complex of developmental processes” that exists between “genotype and 

phenotypes” (Waddington, C.H 1942). In particular, in his work “The epigenotype”, he 

referred to biological systems as “concatenations of processes linked together in a 

network, so that a disturbance at an early stage may gradually cause more and more 

far-reaching abnormalities in many different organs and tissues”. To better elucidate 

this concept, he described the “epigenetic landscape” as a metaphor of a ball rolling 

down on an inclined surface, made of valleys and peaks, representing the pathway of 

different steps/decisions fundamental to make a cell develop. During its cell-fate, naïve 

cells gradually lose their totipotency, reaching their final differentiation stage at the 

bottom of the hill (Figure 1.7A). Furthermore,	below the landscape, an intricate network 

of specific genes takes part, to give guidelines and determine the path to embark: here, 

genes act as pegs, essential to pull the slopes of the epigenetic landscape and designing 

all the different pathways occurring during differentiation (Figure 1.7B). 

The second important contribution to building the current definition of epigenetics was 

made by the microbiologist David L. Nanney, who claimed the existence of two distinct 

cell regulatory systems: the “genetic system”, made of a “library of specificities” which 

refers to the mechanisms of the replicating template DNA, and the complementary 

system, made of “auxiliatory mechanisms” which determines what “specificities” need 

to be expressed to determine a specific cell type. He defined these auxiliatory 

mechanisms as epigenetic, which can persist over many generations (Nanney 1958): 

“the epigenetic systems regulate the expression of the genetically determined 

potentialities”. 
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Figure 1.7. Waddington’s epigenetic landscape. 
A. Cell differentiation is illustrated as a metaphor of a marble falling on a surface of valleys and peaks, 
symbolizing distinct levels of regulation, which are essential to determine the irreversible cell-fate. B. 
Genes are shown as pegs to model the epigenetic landscape and consequently, to shape all the potential 
differentiation pathways. Figures adapted from Waddington, 1957, pp 19 and 26. 

 

Waddington and Nanney published their hypothesis at the time when the role of DNA 

as a carrier of genetic information was just being discovered (Avery, MacLeod, and 

McCarty 1944; Hershey and Chase 1952) and when its structure was just published 

(Watson and Crick 1953). Several essential notions, that contributed to the current 

understanding of epigenetics, were achieved in the following years: for instance, the 

discovery of the X-chromosome inactivation (Lyon 1961) or the identification of the 

nucleosome structure (Kornberg 1974; Kornberg and Thomas 1974). However, 

subsequent studies performed in eucaryotes led to a new stage in the study of 

epigenetics: the description of histone acetylation, histone methylation, and DNA 

methylation (Allfrey, Faulkner, and Mirsky 1964; Riggs 1975; Holliday and Pugh 

1975).  

The current definition of epigenetics was officially coined during a Cold Spring Harbor 

meeting, which claimed that “epigenetic trait is a stably heritable phenotype resulting 

from changes in a chromosome without alteration in the DNA sequence” (Berger et al. 

2009). Here, it is fundamental to highlight that “heritable” refers mainly to an inherited 

phenotype from a dividing cell to daughter cells, and less to intergenerational 

inheritance. Indeed, the epigenetic marks are usually erased in gametes and restarted 

after fertilization, likely to prevent these signs from being transferred from parents to 

the offspring. Although still debated, some evidence of epigenetic inheritance across 
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generations has been also found over time: for instance, Gapp et al. found that injection 

of RNAs from traumatized male sperm into fertilized wild-type egg cells in mice leads 

to the maintenance of the alteration in the subsequent offspring (Gapp et al. 2014). 

Overall, studies on transgenerational epigenetic inheritance have been mainly 

performed in animal models, thus demanding whether this phenomenon is also 

conserved in humans. Furthermore, it is not clear if it occurs as a stochastic error or 

evolutionary advantage. 

As proposed by Berger in 2009, epigenetic marks do not cause changes in the DNA 

sequence: the word epigenetics derives from the Greek term “epi”, which means 

“above”, in this context, “above the genome”. Epigenetic marks are plastic and 

reversible and can be easily influenced by environmental factors, such as nutrition, 

temperature, or even air pollution. Aberrations in the epigenome can lead to alteration 

in fundamental processes, such as cell differentiation or generally, gene expression, by 

affecting the normal function of specific gene targets. Alteration in the epigenome can 

be associated with several disorders, including metabolic disorders, autoimmune 

diseases, or even cancer  (Raghuraman et al. 2016; Lund and van Lohuizen 2004; 

Hewagama and Richardson 2009). 

1.3.2 Overview of the main epigenetic signatures 

As mentioned in the previous section, epigenetics is a relatively new study in biology 

that has revolutionized our understanding of genetics: it investigates those modifications 

happening "on top of " DNA, which are able to control and regulate gene expression, 

without causing any alteration in the sequence of the nucleotides (S. J. Brown, Stoilov, 

and Xing 2012). The mechanisms that produce such changes occur in many biological 

processes such as cell differentiation, imprinting, or X-chromosome inactivation. They 

have been classified into three major categories (Fig. 1.8): histone modification, DNA 

methylation, and noncoding RNAs regulation (Espada and Esteller 2013).  

Histone modifications represent posttranslational changes that modulate the availability 

of transcriptional machinery to the DNA chain. It is known that histone proteins 

associate with each other in small units making the chromatin, called nucleosomes, 

which include, in more detail, a core of 8 histones surrounded by approximately 147bp 

of wrapped DNA. The histone octamer core includes two copies of 4 different histones: 
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Figure 1.8. The three main groups of epigenetic modifications. 
A. An example of histone modifications. Histones are proteins making complexes that allow DNA 
packaging. Histone tails undergo post-translational modifications, able to influence the gene 
expression positively or negatively. Here, a few examples are shown, such as histone methylation and 
acetylation, placed by histone methyltransferase and histone acetyltransferase (HMTs and HATs) 
enzymes, respectively. B. DNA methylation schematization. This modification requires the addition 
by DNMT enzymes of a methyl group to the carbon-5-position of a cytosine, usually followed by a 
guanine. This prevents the binding of transcriptional factors to promotor sequences, repressing 
consequently gene activation. C. Examples of non-coding RNAs implicated in gene regulation: long 
non-coding RNAs (lncRNA), microRNAs (miRNAs), and circular RNAs (circRNAs, emerged very 
recently thanks to Salzman et al. 2012).  

 

H3, H4, H2A, and H2B (Spencer and Davie 1999). Specific enzymes catalyze 

modifications on these proteins, acting at the histone N-terminal tails, on amino acids 

such as arginine, lysine, or tyrosine (Andrew J. Bannister and Kouzarides 2011). 

Depending on the residue involved, there are several types of histone modifications, 

which have a specific impact on gene expression. Histone acetylation for instance, 

positively activates gene expression, with a few exceptions for H4 histone (Kurdistani, 

Tavazoie, and Grunstein 2004). On the other hand, histone methylation can cause both 

activation and repression: this depends on the specific histone tail, the amino acid 

residue involved and the number of methyl groups added (Andrew J. Bannister and 

Kouzarides 2011; Swygert and Peterson 2014). The main histone modifications are 

listed and described in Table 1.1. 

 
 

 



 50 

 
Table 1.1. Types of histone modification. 

 
Histone modification Target Effect on the gene expression 
Acetylation Lysine amino groups 

of histones 
Transcription activation: 
chromatin becomes structurally 
loose and less compact 

Methylation Arginine or lysine in 
histones 

Arginine: transcription activation 

Lysine: transcription activation or 
inhibition, depending on the 
lysine target and the number of 
methyl groups added 

Ubiquitination Lysine of H2A and 
H2B histones 

Transcription initiation and 
elongation 

Phosphorylation Serine, threonine, or 
tyrosine of histones 

Transcription activation, 
chromatin condensation and DNA 
damage (depending on the amino 
residue and histone) 

SUMOylation Lysine of histones Repression of transcription 

 

Over the past 20 years, advances in technology, such as ChiP-sequencing or mass 

spectrometry, have allowed identifying the distribution of the histone modifications 

across the genome, highlighting the existence of many combinations of these marks, 

which in certain circumstances, are more likely to occur together. This suggests the 

occurrence of a crosstalk which could subsist between modifications on the same 

histone tail (cis), or on consecutive histones or even nucleosomes within a chromatin 

domain (trans) (T. Zhang, Cooper, and Brockdorff 2015; Strahl and Briggs 2021). The 

key players of the histone modifications can be separated into three distinct categories: 

writers, a group of enzymes capable of depositing the mark, erasers, qualified in 

removing the marks, and readers, a range of proteins containing a specific domain adept 

in recognizing and binding the epigenetic marks, to further mediate the outcome in 

chromatin remodeling or gene expression modulation. Altered regulation in any of these 

protein categories has been associated with disorders, such as tumorigenesis (Biswas 

and Rao 2017; Zhao and Shilatifard 2019): indeed, in the field of cancer drug discovery, 

the latest therapeutic approaches aim to target these specific alterations.  

Along with histone modifications, DNA methylation is another common epigenetic 

marker. It involves the formation of 5-methylcytosine (5mC), by the addition of a 

methyl group to a cytosine-guanine dinucleotide, or to "CpG islands", containing those 
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dinucleotides in high concentration. Overall, the enzymes responsible for the deposition 

of this mark are called DNA methyltransferases (DNMT) and are divided into two 

classes: DNMT1 is responsible for the maintenance of the DNA methylation, especially 

after DNA replication, where newly synthesized filaments are lacking all the 

modifications (E. Li, Bestor, and Jaenisch 1992; Iida et al. 2002; Takeshita et al. 2011). 

DNMT3a and DNMT3b, instead, in cooperation with DNMT3L (Hata et al. 2002), are 

responsible for the de novo DNA methylation at previously unmethylated sites  (Okano 

et al. 1999), such as transposons and repeat regions in the genome (Jurkowska, 

Jurkowski, and Jeltsch 2011). DNA methylation is commonly associated with decreased 

gene expression, by disrupting transcription factors binding (Brenet et al. 2011a; Watt 

and Molloy 1988). Indeed, the methylated DNA is recognized and bound by methyl-

CpG binding proteins (MeCP), readers of this epigenetic mark: they recruit several 

transcription repressors which alter the chromatin structure, avoiding transcription 

initiation (Nan et al. 1998; Martinowich et al. 2003). Genes expression at those loci is, 

therefore, turned off and no transcript will be produced. Since the event of its discovery 

in bacteria, DNA methylation has been widely studied in different model systems, 

revealing all the biological processes involving this specific epigenetic mark: chromatin 

organization, genomic imprinting, gene expression regulation, silencing of retroviral 

transposable elements, development and aging (Moore, Le, and Fan 2013; P. A. Jones 

2012; Ginno et al. 2020; Richardson and Yung 1999). It represents a very dynamic mark, 

defined by developmental and tissue-specific patterns (Horvath 2013; Davies et al. 

2012). 

Finally, the last class of epigenetic modifications involves non-coding RNAs, which 

have changed our previous overview of the central dogma of biology (DNA-RNA-

protein), where RNA transcripts do not necessarily code for proteins. In humans, almost 

98% of the genome does not code for proteins and initially, this proportion of DNA was 

labelled as “junk DNA”. However, of the 98%, approximately 90% was still transcribed 

into non-coding RNAs, found, over the years, to play significant functions (Ohno 1972; 

ENCODE Project Consortium et al. 2007; Wilusz, Sunwoo, and Spector 2009). Several 

studies have suggested a developmentally complex role for these RNAs during the 

evolution (Mattick 2004; Pang, Frith, and Mattick 2006; Taft, Pheasant, and Mattick 

2007): indeed, while the number of protein-coding genes has remained relatively the 

same, the proportion of noncoding RNAs has remarkably expanded. These ncRNAs can 

act as both positive and negative regulators of gene activity. They are usually classified 
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by several properties, such as their structural features, the length of the transcript, or 

their functional activities. In addition, their expression is regulated in a tissue or 

developmental stage-specific manner (Srijyothi et al. 2018). Among the main classes of 

noncoding RNA, lncRNAs represent the most abundant class: they are able to influence 

gene transcription via chromatin remodeling or antisense transcription (Mercer, Dinger, 

and Mattick 2009; Ponting, Oliver, and Reik 2009). 

1.3.2.1 A deep focus on a specific epigenetic mark: the H3K9 histone methylation 

Early discoveries found that the genomic DNA, in eukaryotic nuclei, is organized in a 

complex structure called “chromatin”, which is divided into different stained regions, 

heterochromatin, and euchromatin. Heterochromatin includes regions that remain 

condensed during the whole cell cycle, while euchromatin regions can decondense 

during interphase  (Heitz 1928). This explains why the former is usually associated with 

gene silencing and the latter with active transcription.  

Distinct histone modifications modulate euchromatin and heterochromatin, to make the 

DNA more or less accessible to the transcriptional machinery. The H3K9me is one 

epigenetic marker associated with the formation of heterochromatin, known to be 

divided into constitutive and facultative. The constitutive heterochromatin is made of 

repetitive and non-coding sequences located around telomeres and centromeres in all 

cell types. On the other hand, facultative heterochromatin involves the repression of 

certain genes in a cell type-specific manner (Elgin and Reuter 2013; Saksouk, 

Simboeck, and Déjardin 2015; Trojer and Reinberg 2007). The H3K9me is mostly 

known for its role in building the constitutive heterochromatin, essential for maintaining 

genome stability during events of chromosome segregation or recombination (Janssen, 

Colmenares, and Karpen 2018; Nicetto and Zaret 2019). However, more recent works 

based on genome-wide analysis, established a crucial role for H3K9me in regulating 

gene expression, especially during development, but also for the control of adult 

behaviors. 

The main histone-methyltransferases were identified initially from studies in 

Drosophila. Here, three different key players were described: Eggless, Su(var)3-9, and 

G9a, all expressed in different tissues and implicated in critical developmental stages 

(Schotta et al. 2002; Stabell et al. 2006; Clough, Tedeschi, and Hazelrigg 2014). 

Interestingly, the distribution of these proteins differs across specific areas of 
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chromosomes. Eggless is required during multiple stages of oogenesis, for the 

differentiation of germline stem cells and for piRNA cluster transcription (Clough 2014, 

Rangan 2011). It also plays a role in building heterochromatin at chromosome 4 (Seum 

et al. 2007; Tzeng et al. 2007). Su(var)3-9 was originally discovered by its first function 

as a suppressor of the position-effect variegation (PEV), a phenomenon of cis 

inactivation of euchromatic genes after being relocated very close or within a sequence 

of heterochromatin  (Mis, Ner, and Grigliatti 2006; Elgin and Reuter 2013; Grigliatti 

1991; E. B. Lewis 1950). It is responsible for H3K9me2-3 at centromeric and telomeric 

regions and more recently, has been found to bind also euchromatic genes at the exon 

and CDSs levels, across different tissues. Loss of Su(var)3-9 leads to H3K9 abrogation 

on these targets, which is not compensated by the other HMTases (Maksimov et al. 

2018; Schotta et al. 2002). G9a is also a suppressor of PEV and is responsible for the  

H3K9me2 in euchromatin regions, therefore, playing a role in negatively regulating 

gene expression, and telomeric regions (Kato et al. 2008). The H3K9me2-3 marks are 

finally bound by “reader” proteins, such as heterochromatin protein 1 (HP1), also known 

as Su(var)2-5 (A. J. Bannister et al. 2001; Jacobs and Khorasanizadeh 2002). HP1 is 

able to oligomerize, forming a dimer and creating a link between two adjacent 

nucleosomes. More recent works found that Su(var)3-9 regulates the H3K9-binding of 

HP1 in the pericentromeric regions, whereas Eggless regulates its recruitment in 

chromosome 4 and the cytological region 2L:31  (Figueiredo et al. 2012). 

In mammals, there are three main families of well-characterized H3K9 

methyltransferases, with two distinct variants each: SUV39H1, SUV39H2, SETDB1, 

SETDB2, G9a, and G9a-like protein (GLP). While G9a and GLP are attributed to mono- 

and di-methylation, SUV39H1, SUV39H2, SETDB1 and SETDB2 are fundamental for 

di- and tri-methylation (H. Wu et al. 2010; Montavon et al. 2021). A total loss of the 

activity of all these enzymes in mouse embryonic fibroblasts, led to decondensation of 

the heterochromatin, deregulation of repeat elements, such as transposons, and, 

consequently, high genomic instability (Montavon et al. 2021). Other studies found the 

existence of a partial overlapping function between these proteins (Fritsch et al. 2010; 

García-Cao et al. 2004; Gauchier et al. 2019; Becker et al. 2017). Furthermore, these 

methylases have been found to methylate not only H3K9, but also other histones and 

non-histone targets. For instance, SUV39H1 and SUV39H2 have been found to 

methylate other chromatin-modifying proteins (Piao et al. 2015; Kudithipudi et al. 

2017), SETDB1 targets cell-cycle related enzymes, while  G9a/GLP methylates also 
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transcription factors (Feldman et al. 2006; Pless et al. 2008; Lee et al. 2010; 2011; Ling 

et al. 2012) 

1.3.3 Histone modifications in sleep regulation 

Several studies have clearly confirmed that histone modifications are able to modulate 

sleep. In this context, one of the main contributions is made by histone acetylation, 

normally involved in various neurobiological mechanisms (Schaefer and Lyko 2010; 

Zemach et al. 2010). Indeed, most research has found a correlation between this type of 

epigenetic modification and circadian rhythms: in mammals, for example, the CLOCK 

protein is an acetyltransferase, which targets both histones H3 and H4 (Doi, Hirayama, 

and Sassone-Corsi 2006; Hirayama, Cho, and Sassone-Corsi 2007) of circadian factors, 

such as BMAL1. Also the histone deacetylase (HDAC) SIRT1 regulates circadian 

histone acetylation, consequently modifying the expression of proteins like BMAL1 or 

PER2. Here, the deacetylate reaction is made by the consumption of NAD+, a substrate 

linked to the metabolic state and transduced to the circadian clock (Nakahata et al. 2008; 

Asher et al. 2008). Research in Drosophila has found that loss of the histone 

acetyltransferase (HAT) Elp3 causes hyperactivity and sleep loss in adult flies (Singh et 

al. 2010). Similarly, the depletion of HAT Tip60, leads to sleep-wake cycle disruption, 

compromising the small ventro-lateral circadian pacemaker neurons (Pirooznia et al. 

2012). 

Despite limited knowledge, compared to acetylation, histone methylation also has an 

impact on sleep modulation. For instance, in mammals, the histone methyltransferase 

MLL1 forms a complex with CLOCK-BMAL1(Katada and Sassone-Corsi 2010), which 

provides a permissive chromatin state for circadian transcription. In addition to this, 

JARID1A, a lysine-specific demethylase, triggers the transcription of master circadian 

genes, such as clock and bmal1, via a demethylase activity and is able to enhance the 

histone acetylation on the Per promotor, by inhibiting HDAC1 (DiTacchio et al. 2011). 

In flies, a crucial role is played by Jumonji (Jmjc) factors, a protein family including 

several histone demethylases, which correlate to specific sleep disturbances upon 

depletion (Shalaby et al. 2018).  

The impact of other histone modifications on sleep is currently unexplored with a few 

exceptions: in humans for instance, a genome-wide study identified an interesting 
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correlation between sleepiness and a single nucleotide polymorphism (rs2218488) in 

the gene eya1, which codes for a histone phosphatase (Gottlieb, O’Connor, and Wilk 

2007). A deeper molecular analysis, however, is necessary to better elucidate the link 

between this enzyme and sleep regulation. 

1.3.4 DNA methylation in sleep regulation 

In mammals, DNA methylation is known to be involved in sleep regulation. Sleep-

deprived mice, for instance, show increased expression of the two DNA 

methyltransferase genes DNMT3A1 and DNMT3A2: this result suggests a 

consequentially higher level of DNA methylation upon sleep loss (Massart et al. 2014a). 

In addition, short-sleeping mice (< 6.8 h) have differential DNA methylation of 

approximately 50 genes, compared with long sleepers (>7.8; H. Huang et al. 2017). 

Other murine models also change the expression of genes related to DNA methylation 

upon sleep deprivation (Narwade, Mallick, and Deobagkar 2017). For instance, 

circadian genes, such as Cry1 and Per1, also are subject to hypermethylation (Qureshi 

and Mehler 2014b). Similarly to that, in humans, CRY2 and CLOCK are 

hypermethylated in long-term night shift workers, further supporting the notion that 

sleep loss has a strong impact on the methylome. 

Despite the substantial evidence in mammals, little is known about the potential 

correlation between sleep and methylome in Drosophila. The main reason for this is that 

flies have been shown to lack any functional DNA cytosine methylation (Goll et al. 

2006; Schaefer and Lyko 2010; Zemach et al. 2010; Raddatz et al. 2013). Nevertheless, 

the DNA hydroxy-methylase TET has recently been found to play an interesting role in 

flies. Although TET is implicated in DNA de-methylation in mammals (Tahiliani et al. 

2009), surprisingly it seems to take part also in RNA de-methylation in flies. Wang et 

al. found out that in adult flies this enzyme is required for normal larval locomotion, and  

circadian rhythms (F. Wang et al. 2018). Also, pupal lethality follows its complete loss 

of function (Goll et al. 2006) (Qureshi and Mehler 2014b). This suggests that epigenetic 

modifiers can have alternative targets. 
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1.3.5 noncoding RNAs in sleep regulation 

Over the last 20 years, several classes of ncRNAs have been described, but only two of 

them seem to impact sleep regulation: lncRNAs and microRNAs. The lncRNAs class 

includes long transcripts, of 200 or more nucleotides, that are required in many 

processes, such as gene expression regulation (Shi, Zhang, and Qin 2017). They are 

expressed ubiquitously, but a large portion has been found in the brain (Derrien, Guigó, 

and Johnson 2012). Recent studies have implicated some lncRNAs in neurological 

processes and others in circadian mechanisms. Research in mice has found that 

lncRNA116HG is mostly active during sleep and upon its loss of expression, circadian 

genes, such as Clock, Cry1, or Per2, were down-regulated (Powell et al. 2013). 

lncRNA116HG is also associated with Prader-Willi syndrome, characterized by sleep 

and circadian disturbances. In flies, Soshnev et al. have identified for the first time a 

lncRNA involved in the regulation of sleep behavior. They discovered a cytoplasmic 

lncRNA called Yar, which leads to defects in sleep, when disrupted: the main 

consequences are shorter sleep bouts during baseline sleep and reduced rebound upon 

sleep deprivation (Soshnev et al. 2011).  

The second class of ncRNAs associated with sleep regulation are microRNAs. 

Compared to lncRNAs, they include very small transcripts of 20-23 nucleotides in 

length, able to bind to complementary regions of mRNA transcripts. This fusion is 

necessary to trigger a process called RNA interference (RNAi), implicated in the 

inhibition of mRNA translation. Similar to lncRNAs, a consistent amount of 

microRNAs have been found in the brain (Davis et al. 2007), where it is implicated in 

several processes, including circadian mechanisms (Lugli et al. 2008). Research in rats 

has shown that, upon sleep deprivation, specific miRNAs in the brain, such as miR-138, 

let-7b, or miR-125a-5p, are differentially expressed between dark and light (Davis et al. 

2007; Davis, Clinton, and Krueger 2012). In addition, miR-192/ 194 and mir-494 are 

implicated in Per and Bmal1 regulation, respectively (Soshnev et al. 2011; Davis et al. 

2007). As well as in mammals, research in Drosophila has described several sleep-

related miRNAs. For instance, miRs bantam and let-7 regulate separately, the 

expression level of clock and clockwork orange (a circadian transcriptional repressor) 

(Kadener et al. 2009; Chen et al. 2014). Furthermore, miR-263b and miR-274, specific 

to glial cells, tend to regulate some circadian behaviors, although target genes remain 

undefined (You et al. 2018). Finally, a recent work based on a library of miRNA sponges 
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(miRNA inhibitors), described a genetic screen where 25 miRNA were found to be 

related to sleep-baseline: 8 are wake-promoting and 17 sleep-promoting (Goodwin et al. 

2018).  

1.3.6 Why study the interplay between sleep and epigenetics? 

Recent studies have highlighted the interconnection that exists between sleep and 

epigenetics. In the previous sections, we have dissected for instance, how sleep 

deprivation impairs DNA methylation in mammals, which consequently deregulates 

target genes, often involved in circadian circuits in both neural and non-neuronal sites 

(Qureshi and Mehler 2014a). Also in humans, a night of sleep deprivation has been 

associated with DNA methylation and tissue-specific transcriptional changes in clock 

genes (Cedernaes et al. 2015). Interestingly, sleep-loss consequences have been also 

found in other circumstances, external to sleep. A pilot work found that young women 

with shorter and irregular sleep show acceleration in epigenetic aging processes 

(Carskadon et al. 2019). 

 
Figure 1.9. Adult sleep disorders, as a consequence of early-life stress exposure. 
Schematic illustration of the correlation between sleep disorders during adulthood and stress exposure 
during early life (utero life and lactation period). The epigenetic downregulation of glucocorticoid 
receptors (GR) in the hippocampus, upon perinatal stress, causes deregulation of the hypothalamic-
pituitary-adrenal (HPA) axis, which seems to persist during adulthood, correlating to sleep 
disturbances, like insomnia.  
 

On the other hand, there is evidence of how external lifestyle factors, such as diet or 

stress, may modulate sleep through changes in the epigenetic landscape. For instance, 

stress factors acting during pregnancy seem to play a role in the development of sleep 

disorders in adult life. As shown in Figure 1.9, early stress exposure causes epigenetic 

downregulation of glucocorticoid receptors (GRs) in the newborn hippocampus, 

followed by alteration of the hypothalamic-pituitary-adrenal (HPA) axis. These changes 
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are proposed to be persistent also during adulthood, leading to sleep disturbances, such 

as insomnia (Lo Martire et al. 2020). 

Another supporting piece of evidence of the lifestyle-epigenetics-sleep axis, is the 

consumption of coffee and its correlation to several health outcomes. Heavy 

consumption of coffee can lead, for instance, to insomnia (Butt and Sultan 2011). It is 

well known that caffeine is what improves cognitive function and increases alertness, 

by blocking adenosine from binding to its receptor (McLellan, Caldwell, and Lieberman 

2016). In this context, epigenetic studies have found that DNA methylation plays a role 

as a mediator in the influence of caffeine on health. For instance, together with works 

on mammals, a study on humans has been recently published (Chuang et al. 2017), 

showing how caffeine changes DNA methylation in blood immune cells. Surprisingly, 

most of the methylated variations were located inside or near genes already known to 

associate with chronic diseases, such as Parkinson’s or Alzheimer’s diseases. This study 

provides new insights about the correlation between coffee consumption, epigenetics, 

and health. 

Remaining in the context of cognitive diseases, interestingly, people affected by 

Alzheimer's disease (AD) have shown impaired levels of epigenetic marks in the 

hippocampus (Sanchez-Mut and Gräff 2015), alongside impairments in neurogenesis in 

the dentate gyrus (DG), a region of the hippocampus normally involved in learning and 

cognitive abilities formation (Kent and Mistlberger 2017). Among the symptoms, 

patients affected by AD are known to experience various sleep disturbances, such as 

fragmented nighttime sleep, a higher number of daytime naps, and reduced time spent 

in REM stages. This suggested that the cognitive deficits observed in AD patients may 

be related to disruption of the neurogenesis in the DG, more likely due to both epigenetic 

alterations and poor sleep quality (Mander et al. 2016). Despite the existence of a link 

between sleep and epigenetic disruptions in AD, a mutual combination of epigenetic 

medications and behavioral therapies (targeting the circadian clock) are usually applied 

to allow a delay in the progress of cognitive deficits. 

All the evidence described above highlights the crosstalk between sleep and epigenetics, 

a newly emerging field which in the coming years, will be making significant advances 

in understanding the main epigenetic changes implicated in sleep disturbances. These 

studies will be beneficial to understand the importance, but also the risk, of the 
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environmental factors in the context of sleep disturbances, with the goal of developing 

future and novel therapies, aiming to treat sleep-related disorders and the associated 

cognitive deficit. 

1.4 The emerging role of DNA repair in sleep 

1.4.1 DNA damage and sleep in flies and mice 

Although it is established that sleep occurs in every species with neural networks, its 

functional role remains a mystery. Recently, a new theory has emerged, believing that 

sleep is crucial to correct and fix imbalances and damages accumulated during the 

waking state (Mourrain and Wang 2019). Indeed, the neuronal activity during wake time 

is very costly: as we explore and learn new information, synaptic connections are 

intensified, leading to an increase of synaptic strength in many regions of the brain, 

where higher demand for energy and cellular supplies is required. In this regard, the 

synaptic homeostasis hypothesis (SHY), one of the first hypothesized functions for 

sleep, claims that sleep is needed to re-establish synaptic homeostasis (Tononi and 

Cirelli 2003; 2006). In association with this increased synaptic activity, there is also an 

accumulation of waste and toxic metabolites that need to be cleared from the brain. 

Therefore, an additional function for sleep in neuronal genome maintenance has been 

proposed, where damage in neuronal DNA can potentially act as a homeostatic driver 

of sleep. Bellesi et al. have shown that situations such as exploration of enriched 

environments, when there is heightened demand for learning and memory, lead to the 

accumulation of DNA double-strand breaks (DSBs) in mice brains (Bellesi et al. 2016). 

This conclusion was based on previous observations which found that increased 

neuronal activity by optogenetic stimulation was sufficient to raise the level of DSBs, 

in particular in the hippocampus, where most learning and memory circuits are built up 

(Suberbielle et al. 2013). Since DNA breaks are essential for the transcription and 

expression of neuronal genes, some of which are involved in synaptic plasticity, one 

hypothesis is that DSBs may happen during the transcriptional activation of genes 

related to learning and memory formation. Surprisingly, Suberbielle et al. found that 

these DNA breaks were repaired within 24h: in this regard, Bellesi et al. suggested that 

sleep helps DNA repair, by upregulating DNA repair genes.  
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1.4.2 DNA damage and sleep in zebrafish 

The correlation between sleep and DNA damage has also been confirmed by Zada et al. 

in zebrafish, who found, indeed, an increase in DSBs during sleep deprivation. They 

found that fish normally experience a cyclic fluctuation of breaks over 24h, with higher 

levels during the wake phase and lower levels during the night. Interestingly, imaging 

of larval brains showed that sleep enhances neuronal chromosome dynamics in a 

homeostatic (and not circadian) dependent manner. During the day, chromosome 

dynamics remained low (D. Zada et al. 2019). In addition, they inhibited these 

chromosome dynamics by increasing the expression of the lamina-associated 

polypeptide 2 (Lap2b), a protein that directly interacts with lamins, further anchoring 

the chromatin to the nuclear lamina. As a consequence of this inhibition, they found a 

pronounced increased number of DSBs specifically during the night, further suggesting 

that chromosome dynamics may correlate with the reduction of DSBs during the night. 

Moreover, to validate the specific function for sleep in neuronal nuclei, they observed 

that both chromosome dynamics and DSBs did not differ between day and night in other 

tissues, such as the peripheral endothelial or the Schwann cells. 

To investigate the reciprocal correlation between sleep and DNA damage, Zada et al. 

also questioned whether DSBs may cause changes in sleep. In order to achieve this, they 

exposed zebrafish larvae to etoposide (Eto), a drug that induces DSBs, and found that 

sleep time was increased in Eto-treated larvae, compared to controls. Two hours after 

the treatment, when sleep was still detected to be elevated, chromosome dynamics 

increased and DSBs decreased in number. These data suggest again that the 

accumulation of damages (described previously to be specific for wakefulness) may 

enhance sleep, which leads to a higher level of chromosome dynamics and subsequently 

reduces the number of DSBs (D. Zada et al. 2019). Finally, they confirmed that during 

sleep, the DNA damage response (DDR) activity increases, following the rising level of 

chromosome dynamics. In particular, the DDR initiator poly (ADP-ribose) polymerase 

1 (Parp1), normally involved in the recruitment of downstream DDR proteins, becomes 

more active upon sleep deprivation. According to Zada et al., Parp1 promotes sleep: in 

fact, the inhibition of Parp1 leads to a reduction of the sleep-dependent chromosome 

dynamics and the activity of the DNA repair (David Zada et al. 2021). These findings 

provide further evidence of DNA damage as a homeostatic driver for sleep. 
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1.4.3 The molecular mechanisms in DNA repair  

In the previous section, we introduced insights into the correlation between sleep and 

the DNA damage response (DDR). Together with Parp1, found by Zada et al. to enhance 

sleep, DDR involves a set of responses mediated by different groups of other enzymes. 

Each type of damage triggers a specific pathway of cascades. For instance, double-

strand breaks, marked by phosphorylation of H2Av, are sensed by the Mre11-Rad50-

NBS1 (MNR) complex, which rapidly promotes the activation of the kinases ataxia 

telangiectasia mutated protein (ATM) (Lavin et al. 2005; Shiloh 2003). ATM recruits 

 
Figure 1.10. Schematic illustration of the DNA damage response pathways. 
ATM and ATR are key players for the DSBs and SSBs repair activation, respectively. Both DNA 
damage responses are regulated by several proteins which can be differentiated in sensors, mediators, 
transducers, and effectors, depending on their function.  
 

targets such as Checkpoint kinase 2 (CHK2), together with the transcriptional factor 

p53, which orchestrates different cellular stress responses, such as DNA repair, 

senescence, and apoptosis (Bruno et al. 2006; Meulmeester et al. 2005; Lakin and 

Jackson 1999). Single strand breaks (SSBs) are recognized by the sensor replicative 

proteins A (RPA), which allow the activation of the ataxia telangiectasia and Rad3-

related protein (ATR) (Zou and Elledge 2003; Choi et al. 2010). Thanks to the 

cooperation of TopBP and Claspin, other partner proteins, ATR allows the 

phosphorylation of CHK1. Downstream of CHK1, there are several CDK proteins, 

essential to regulate the cell cycle progression (Fig. 1.10, X. Li et al. 2013). 
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1.4.4 ATM, ATR, and circadian influence 

ATM, ubiquitously expressed, takes part to the phosphatidylinositol 3-kinase (PI3K)-

related protein kinase family (PIKK), which is normally involved in cell-homeostasis 

processes, such as DNA damages response and cell growth (C. A. Lovejoy and Cortez 

2009). In baseline conditions, ATM is not crucial for cell functioning, and it is stored 

under an inactive homodimer shape. However, it becomes essential under stressful 

conditions, which facilitate the phosphorylation and the split of the homodimer into 

separate active monomers (X. Wang et al. 2016). ATM is implicated in the activation 

of several DSB repair pathways, such as homologous recombination (HR), non-

homologous end joining (NHEJ), and base excision repair (BER) (Chang et al. 2017; 

Ciccia and Elledge 2010; Chou et al. 2008). On the other hand, ATR also belongs to the 

PIKK family, but differently to ATM, represents a fundamental protein for cell survival. 

Indeed, the depletion of ATR leads to embryonic lethality in mice and general cell death 

in human cells (E. J. Brown and Baltimore 2000; Eric J. Brown and Baltimore 2003; 

Cortez et al. 2001), probably due to its essential role in regulating cell cycle progression. 

ATR recruits members to allow the nucleotide excision repair (NER) (Kang and Leem 

2014). 

In the last decade, several studies conducted in mice have highlighted a circadian 

component influence in the regulation of the DDS. For instance, the ATM-CHK2 kinase 

function in promoting the activation of p53 is also mediated by PER proteins, which 

aids the phosphorylation of CHK2 (Gery et al. 2006). Oklejewicz et al., instead, found 

that in the presence of DSBs, the circadian light-dark phase is shifted, due to ATM-

mediated damage signaling (Oklejewicz et al. 2008). Another study conducted in mouse 

fibroblasts and liver cells found that upon UV-induced damages, the ATR-CHK1 

activation is triggered by the interaction between CHK1 and CRY1/TIM, which builds 

up a unique molecular complex (Kang and Leem 2014). In general, the influence of the 

circadian clock system in the rhythmicity of ATM-CHK2 and AT-CHK1 is fundamental 

to allow maintaining genome stability. Indeed, alterations in the circadian clock can 

trigger replication stress and reduce the DNA repair capacity by causing genome 

instability and in certain circumstances, cancer. For instance, both up and down-

regulation of bmal1  is associated with alteration in the expression of p21, a downstream 

target of p53, correlated with aberrant DNA synthesis and cancer initiation (Yeh et al. 

2014; Gréchez-Cassiau et al. 2008; Angelousi et al. 2019). 
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1.5 Aim of this work 

Based on the notions described in this introduction, in the next chapters, I will be 

dissecting the connection between sleep and genome dynamics, by focusing on two 

different DNA levels, and using Drosophila melanogaster as model system. First, I will 

describe the implication of a specific type of histone modification, the H3K9 

methylation, in the context of sleep regulation (Chapter 3). Second, I will be further 

proving the emerging correlation between sleep and DNA repair, by giving evidence of 

DNA damages, in particular DSBs, as homeostatic drive for sleep (Chapter 4). 

Combining the study of behavior with strategical genetic manipulations, I will assess 

the potential role of specific changes in DNA, at different levels, in sleep regulation. 
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Chapter 2  

Material and Methods 

2.1 Fly stock and handling 

The RNAi lines used in this project were obtained from the Vienna Drosophila Research 

Center (VDRC) (see Table 1), while GAL4 drivers and control strains were obtained 

from the Bloomington Drosophila Stock Center (BDSC) and the Kyoto Drosophila 

Stock Center (KDSC). Before any experimental use, all the stocks were backcrossed 

using the strain w1118. Flies were raised at room temperature on vials with standard 

corn and yeast media, under 12 h light:12 h dark (LD) conditions. Behavioral 

experiments were performed using 2-3 days old male flies: one day in advance of the 

actual experiment, they were moderately anesthetized using CO2, placed in glass tubes 

(70mm length x 5mm external diameter x3mm internal diameter), and moved into the 

ethoscopes, which were stored in incubators set at 60% humidity and 25°C. 10 days old 

flies were used, instead, for immunostaining experiments. 

2.2 GAL4-UAS system-mediated RNAi 

The GAL4-UAS system, introduced for the first time by Brand and Perrimon in 1993 

(Brand and Perrimon 1993), represents a powerful genetic tool, with the aim to enhance 

the expression of target genes in a specific spatiotemporal manner. It is based on the 

action of the GAL4 protein, a transcription factor originally discovered in yeast and 

normally not expressed in flies: GAL4 is able to activate specific target genes, by 

recognizing sequences on their promotor regions, called UAS (Upstream Activation 

Sequences) (Duffy 2002). 

To replicate this simple mechanism also in Drosophila, two different types of lines were 

made: the GAL4 line, expressing the GAL4 protein under the control of a tissue-specific 

promotor; the UAS line, with the UAS sequence upstream of a gene of interest. These 
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lines, taken individually, cannot enhance the transcriptional activation. Only after 

crossing them, it allows the offspring to express GAL4, which will bind the UAS and 

consequently activate the transcription of the linked gene (Duffy 2002). GAL4-UAS 

system can be exploited to manipulate genes in different ways, by over-expression or 

knock-down. One of the main advantages is the possibility to induce RNAi to knock-

down specific genes (mRNAs). 

 
Figure 2.1. The RNAi through the GAL4-UAS system. 
Schematic illustration of the genetic fly lines normally crossed to achieve the RNAi of a gene target: a 
GAL4 driver, expressing the yeast transcriptional factor GAL4, under the regulation of a tissue-specific 
promotor; a UAS line, containing an insertion with an inverted repeat (RI) of the gene target, 
downstream from UAS sequences that are recognized and activated by GAL4. Only the offspring 
generated by crossing these two lines, will enhance the formation of RNA harpins triggering the gene 
silencing, specifically in the tissue where GAL4 is expressed. Fly illustrations are taken from 
https://commons.wikimedia.org/wiki, created under the Creative Commons license.  

 

As shown in Figure 2.1, the UAS line will generate a transcript made of inverted repeats 

with a sequence complementary to a gene of interest. The nature of that sequence will 

lead to the formation of double-stranded RNAi hairpins, which results in silencing of 

complementary transcripts. In this project, the GAL4-UAS system was mainly exploited 

to trigger the knockdown of specific target genes, but also to enhance the blockage or 

activation of specific sets of neurons (this approach will be better described in paragraph 

2.4). As illustrated in Figure 2.2, the resulting offspring was subjected to baseline sleep 

and to rebound sleep analysis, triggered by different SD methods, which are described 

in the next paragraphs: dynamic SD, starvation and male-male interaction.  
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Figure 2.2. Schematic illustration of the main purposes of using the GAL4/UAS system in this study. 

Finally, a list of the fly stocks used in this project is given in the following Table: 

 
Table 2.1. List of fly lines used in this study. 

 
GAL4 Source Expression pattern 

nSyb-GAL4 Dionne Lab (Imperial College London, UK) pan-neurons 

Elav-GAL4 Bloomington Stock Center pan-neurons 

R72G06-GAL4 Bloomington Stock Center (#39792) dFB 

AstA-GAL4 Bloomington Stock Center (#51978) Allatostatin-A neuropeptide 

expressing neurons 

ple-GAL4 Bloomington Stock Center (#8848) dopaminergic neurons 

repo-GAL4 Bloomington Stock Center glial cells 

GH298-GAL4 Bloomington Stock Center (#37294) olfactory interneurons 

PDF-GAL4 Bloomington Stock Center PDF expressing neurons 

sNPFR-GAL4 Bloomington Stock Center (#46547) sNPFR expressing neurons 

R52B10-GAL4 Bloomington Stock Center (#69657) protocerebral bridge 

R30G03-GAL4 Bloomington Stock Center (#49646) EB 

R93F07-GAL4 Bloomington Stock Center (#40658) EB, dFB 

R69F08-GAL4 Bloomington Stock Center (#39499) EB 

R58H05-GAL4 Bloomington Stock Center (#39198) EB, bulb 

R24C12-GAL4 Bloomington Stock Center (#49076) adult antenna lobe 

Su(var)3-9-GAL4 Kyoto Stock Center (#104-393) Su(var)3-9 expressing 

neurons 

TDC2-GAL4 Bloomington Stock Center (#9313) octopaminergic neurons 

nSyb-GeneSwitch Bloomington Stock Center (#80699) pan-neurons 

MB010B-GAL4 Bloomington Stock Center (#68293) MB 

UAS/ RNAi Source  
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Su(var)3-9-RNAi Vienna Drosophila Resource Center (#39378)  

Eggless-RNAi Vienna Drosophila Resource Center (#101677)  

G9A-RNAi Vienna Drosophila Resource Center (#25473)  

TRPA1ts Southall Lab (Imperial College London, UK)  

Shi ts Bloomington Stock Center  

eIF2γ-RNAi Bloomington Stock Center (#31619)  

Syn-RNAi Vienna Drosophila Resource Center (#1095871)  

BRP-RNAi Huang Lab (Freie Universität Berlin, Germany)  

ATM-RNAi Vienna Drosophila Resource Center (#22502)  

p53-RNAi Vienna Drosophila Resource Center (#10692)  

Mutant/ wt strains Source  

Canton Special (CS) Stanewsky Lab (UCL, UK)  

fumin mutant Jepson Lab (UCL, UK)  

Su(var)3-9- GFP Brennecke Lab (IMBA, Vienna BioCenter)  

 

2.3 Sleep deprivation methods 

2.3.1 Mechanical sleep deprivation  

In order to trigger sleep deprivation mechanically, ethoscopes were combined to a 

module, called optomotor. This module employs servo motors, able to rotate tubes 

housing individual flies. The rotation will occur only when flies are sleeping and the 

duration, speed, and direction of the rotation can be easily modulated, in order to adjust 

the quality of the stimulus. In all the behavioral experiments performed, sleep 

deprivation was scheduled with a 120 seconds immobility trigger, for a period of 24 

hours. The motors were also programmed to rotate for 1 second. Rebound sleep between 

ZT0 and ZT3 of day 3 was measured and comparisons between genotypes were 

performed using statistical tests outlined in section 2.5. 

2.3.2 Sleep suppression by starvation 

With the aim of sleep-depriving flies by starvation, after one day of baseline sleep, flies 

were transferred to tubes containing only 2% agarose (Sigma #A6236), at ZT0 of day 
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2, by flipping and tapping the two tubes together. After 24 hours, flies were moved back 

to the tubes with normal food, before the onset of ZT0 of day 3: this last manipulation 

was done in darkness with red lights, a color that flies cannot detect, and very 

moderately, to avoid arousal as much as possible. In order to exclude any artifact due to 

the manipulation, a secondary group of flies per genotype was made as a control. In this 

condition, flies were transferred to new tubes with normal food on the second day and 

moved back to previous tubes on the third day.  Rebound sleep between ZT0 and ZT3 

of day 3 was measured in control and starved groups and comparisons between 

genotypes were performed using statistical tests outlined in section 2.5. 

2.3.3 Sleep suppression by Male-Male interaction 

Single male flies were placed in glass tubes and loaded into the ethoscope. Baseline 

sleep was recorded for 1-2 days. On the day of the interaction, white-eyed male flies 

(w1118) were added as intruders, at ZT0, by one side of the tubes already containing 

single male flies and without CO2 anesthesia. After approximately 23h, at ZT23, 

intruders were removed in darkness with red lights, and rebound sleep was measured 

later, between ZT0 and ZT3. In order to exclude any artifact due to the manipulation, a 

secondary group of flies per genotype was made as a control and housed in the same 

ethoscopes. Tubes containing these control flies underwent the same manipulation, 

however, no intruder was added. Comparisons between genotypes were performed 

using statistical tests outlined in section 2.5. 

2.4 Temperature-sensitive experiments 

In this project, two different temperature-sensitive fly lines have been used: TRPA1 and 

Shibire. TRPA1 (Transient receptor potential ankyrin 1) is a voltage-gated cation 

channel that is only activated at the specific temperature of 29°C. Below this threshold, 

it is kept inactive (Laursen et al. 2015). This channel, normally expressed in a small set 

of warmth-activated neurons (AC neurons), (Hamada et al. 2008), has been largely used 

to depolarize and activate specific neurons in a temporally restricted manner (Pulver et 

al. 2009; Roessingh and Stanewsky 2017; Berni, Muldal, and Pulver 2010). On the other 

hand, Shibirets (Shi) is a temperature-sensitive allele of the protein GTPase dynamin that 
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is fundamental in endocytosis events for synaptic vesicle recycling, essential to allow 

the fission of the vesicle from the membrane (van der Bliek and Meyerowitz 1991). This 

specific allele allows normal endocytosis at temperature <22°C, but at higher 

temperature prevents synaptic vesicle recycling, which causes inhibition of synaptic 

transmission. Therefore, the overexpression of Shits has been used to trigger synaptic 

blockade of specific sets of neurons (Kosaka and Ikeda 1983; Kitamoto 2001). 

In this project, crosses involving uas-TRPA1ts and uas-Shits lines, have been raised at 

18°C until hatching. During experimental recordings, the temperature inside incubators 

was set and maintained at 22°C for a baseline day to avoid premature activation and 

then manually increased to 29°C, for the duration of the whole sleep-deprivation 

experiment. 

 

2.5 Statistical analyses  

All the data obtained in this project were analyzed using the bioinformatics software R. 

For behavioral analysis, the main R package used was Rethomics (Geissmann et al. 

2019). However, plots were also generated using ggplot2 package. For comparisons, the 

statistical analysis was performed by using the pairwise Wilcoxon rank sum test for 

multiple variables, where the p-values were adjusted using the False Discovery Rate 

(FDR) method. Sleep and activity plots display the proportion of time spent in sleeping 

or moving within 30-minute intervals, averaging each animal. Individuals who died over 

experiments were opportunely removed from the analysis. For the ethograms, the 

intermediate lines represent the mean, while the shades areas indicate the bootstrapped 

95% confidence interval (Benjamini and Hochberg 1995). For the boxplots, the 

intermediate lines represent the median, the top and bottom edges of the box (hinges) 

indicate the first and third quartiles and the whiskers reach the maximum and minimum 

values that fall within 1.5 times the interquartile range from the quartiles. The number 

of animals used in each experiment is reported in all the figures. Log-Rank tests were 

applied between conditions for lifespan assays. The following convention was used to 

mark statistical significances: p>0.05:  n.s.; p<0.05: *; p<0.01: **; p<0.001: ***. All 
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the experiments were performed not less than two times and data analysis integrated all 

the replicates. 

2.6 Immunohistochemistry  

2.6.1 Sample preparation and immunostaining 

Before dissecting, flies were anesthetized on ice. Brains were dissected and stored in 

0.1M phosphate buffered saline (PBS) (Sigma #P4417) and then incubated in 4 % 

Paraformaldehyde (PFA, Sigma #158127) solution for 20 minutes at room temperature 

to fix the tissue. Brain tissues were washed three times for 10 minutes in 500 ul 0.1M 

PBS with 0.03% Triton X (PBST) (Sigma # 9002-93-1): for a better rinse, tubes  

Table 2.2. List of antibodies used for experiments. 
 

Primary antibodies 
Antigene Raised in Conc. Source Cat# 
nc82/BRP mouse 1:10 DSHB nc82 
GFP rabbit 1:200 Abcam ab290 
PDF mouse 1:200 DSHB PDF C7 
DCP1 rabbit 1.100 Cell Signaling 9578S 
H3K9 trime rabbit 1:300 Abcam ab8898 
H2aV mouse 1:10 DSHB UNC-93 
FasII mouse 1:10 DSHB 1D4 
Syn mouse 1:10 DSHB 3C11 
     

Secondary antibodies 
Antigene Fluorophore Conc. Source Cat# 
rabbit Alexa 568 1:250 Abcam ab175471 
mouse Alexa 647 1:250 Abcam Ab150115 
chicken Alexa 488 1:250 Abcam Ab150169 

 

containing brains were placed in the wheel (25 rpm). Brain tissues were then blocked 

for 1 hour at room temperature in 500 ul blocking solution, made by diluting pure 

Normal Goat Serum (NGS) (Life technologies #16210-064) in PBST. To get stained, 

the tissues were incubated in primary antibody solution (blocking buffer with diluted 

primary antibodies) at 4 degrees for two nights: as previously, tubes containing brains 
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were placed in the wheel for a better antibody penetration. After 3 times of PBST wash, 

the tissues were incubated in secondary antibody solution at 4 degrees for two nights 

and covered with foil to keep away from light. After 3 times of PBST wash, the brain 

tissues were mounted on slides with drops of vectashield (Vector Laboratories #WZ-

93952-27) for confocal imaging. All the antibodies used in this study with corresponded 

concentrations are listed in Table 2.2. 

2.6.2 Confocal imaging and quantification  

LeicaTM SP8 Inverted confocal microscope was used to acquire images of whole-

mount-stained fly brains. Alex Fluor 568, 488, and 647 were used as fluorescent dyes. 

Images were collected with Leica lasX software, using a resolution of 1024×1024. 

Confocal stacks of brains were taken at 40× magnification and Z stack stepwise: 4 μm. 

ImageJ software (FiJi distribution, Schindelin et al. 2012) was used to process and 

analyze the images. 

For images where the fluorescence intensity had to be quantified, 10 z-stacks focused 

on the front brain were selected, starting from the top of the antennal lobes, where most 

of the cell nuclei are localized: the maximum intensity projection of selected stacks was 

generated and the average pixel intensity was measured in the respective region of 

interest (ROI), which was considered as the whole brain. An opportune normalization 

was made by drawing a region in the background, in order to measure and subtract the 

intensity outside the brain. At least two biological repeats were performed per 

experiment: each experimental replicate was, first, normalized separately, by calculating 

an average intensity value for each condition and dividing all individual intensity values 

by its respective mean value, to ensure that each replicate is internally comparable. Once 

replicates were normalized, they were combined, by taking the average of their 

normalized values, and finally plotted using R. Images shown in figures were converted 

to the color scale “fire”, which ranges from low intensity (blue) to high intensity (red).  
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2.7 Pharmacological treatment and fitness assays 

2.7.1 Etoposide exposure 

In this study, we triggered the accumulation of DNA double-strand breaks by exposing 

flies to Etoposide. Etoposide is an anti-tumor drug which acts as inhibitor of the DNA 

topoisomerase II (Cayman Chemical: CAY12092). DNA topoisomerase II are enzymes 

involved in numerous DNA processes, able to remove superhelical twists from DNA 

and resolve knots or tangles in the genetic material, by cleavage and re-ligation of the 

double strand. Etoposide binds and stabilizes the topoisomerase-DNA complex, a 

transient intermediate in the catalytic cycle of topoisomerase II, thus preventing re-

ligation. The accumulation of cleavage complexes induces the generation of permanent 

DNA strand breaks (Meresse et al. 2004; Montecucco, Zanetta, and Biamonti 2015).  

In this study, Etoposide was dissolved in DMSO (VWR #83673.230) to generate 50mM 

concentrated stocks and subsequently mixed with flyfood to reach a 2.5 mM 

concentration. Before exposure to the drug, male flies were housed for 2 days in normal 

food, then starved for 1 day in agar tubes to allow a suitable consumption of the drug in 

the next step. On day 4th they were swapped in drug food and after 27h placed back into 

normal food tubes. Behavior was tracked for the following 5 days. Appropriate controls 

were also made exposing flies to food with only DMSO, the solvent used to dissolve 

Etoposide. 

2.7.2 Courtship assay 

Courtship assay was implemented by using special 3D printed arenas, containing 6 

chambers sealed by glass cover slides. Naive males were collected and aged for 1-2 

days, and virgin or pre-mated females were also aged for 2-3 days and placed in groups 

of 10 animals until the onset of the experiment. For training session, females were placed 

in separate chambers, sealed with glass slides, and left for at least 1 hour to recover from 

anesthesia. Using an aspirator, males were then transferred into the same chambers. 

Male-female pairs were left undisturbed during the training period (1h for learning) and 

recorded using ethoscopes: over this time, males will court and be rejected by the pre-

mated females. At the end of the training, males were gently separated from pre-mated 
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females without anesthesia and then housed in new chambers containing new pre-mated 

females. For learning, trained naive males were immediately tested and recorded for 15 

min. 

Videos were manually scored by observing stereotypical courtship behaviors, 

characterized by orienting towards and following the female, tapping, extending, 

vibrating the wing, licking, and attempting copulation. The courtship index (CI) was 

calculated as the percentage of time that the male tries to court during the first 10 min 

of the testing period.  

2.8 GeneSwitch system 

The GeneSwitch system is a modified version of the GAL4/UAS system, which allows 

spatial and temporal control of the transgene expression. The UAS sequences are here 

regulated by a chimeric GAL4 protein (GAL4-progesterone-receptor fusion protein), 

which becomes active only in the presence of the steroid RU486 (mifepristone, Abcam 

# ab120356), usually added to food (Fig. 2.2). In this study, the GeneSwitch system has  

 
Figure 2.3.  Schematic illustration of the GeneSwitch mechanism of action. 
The GAL4-GeneSwitch protein, without the presence of the substrate RU486, is kept in inactive status 
and is not able to bind the UAS sequences. In the other hand, the addition of RU486, activates the 
protein, which now can bind the UAS sequence and transcribe the downstream gene.  
 

been exploited in order to induce the activation of Su(var)3-9 knockdown, specifically 

in the adult stage. Flies were therefore raised in normal food until emerging and 

transferred then into food containing RU486, previously dissolved into dimethyl 

sulfoxide (DMSO), to reach a final concentration of 500uM. This specific concentration 

was chosen based on previous works (Scialo et al. 2016; Roman et al. 2001). Flies were 
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kept in tubes containing food + RU486 for the whole experiment recording. 

Furthermore, appropriate controls were also made by exposing flies, with the same 

genotypes, to food with only DMSO, the solvent used to dissolve RU486. This condition 

was expected to not enhance the RNAi, as the GAL4-Geneswitch protein is not able to 

bind the UAS sequences, without the presentence of its substrate. 

2.9 RNA-related methods 

2.9.1 RNA extraction and DNAase treatment 

Heads, brains, or bodies from samples were dissected in PBS and transferred to 200ul 

of Trizol (Life Technologies #15596026), immediately. Tissue homogenization was 

performed by using the TissueLyser II system, for rapid and efficient disruption through 

high speed-shaking. After the addition of 200ul 100% chloroform (VWR #85853.320), 

samples were centrifuged for 15 mins at 12000g at 4°C and upper phases were 

transferred to new tubes, where 200ul of isopropanol (Sigma #l9516) was added. 

Following 30 mins on ice, samples were then centrifuged at 21000g for 30 mins. The 

supernatant was then discarded, and RNA pellet was washed and centrifuged with 80% 

Ethanol (VWR #20821.330) for 5 mins. RNA was re-suspended in 15ul of RNAase free 

H2O and measured with a calibrated spectrophotometer (NanoDrop). Only samples with 

optical density (OD) ratios (A260/A280) of 1.9-2.2 were considered for DNAase 

treatment. 

DNAase treatment was performed by adding 1ul of DNase I and 1ul of DNase I reaction 

buffer (Invitrogen #AM1906) to 8ul of each sample, 1ug concentrated. After incubating 

at RT for 15 mins, 1ul 25mM EDTA was added to all samples, which were then 

incubated at 65°C for another 15 mins. DNA-free RNA samples were immediately 

stored at -80°C. 

2.9.2 cDNA synthesis 

For reverse transcription, the Superscript III kit (Termofisher #18080093) was used. 

Briefly, a first mix with 1ul of oligo(dt) (50uM, Invitrogen #100023441) and 1ul of 
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dNTPs (10 mM, Thermo Scientific#R0192), was added to 1ug of DNA-free RNA, 

diluted in 10ul (see previous section). Denaturation was enhanced for 3 min at 65°C, 

followed by 2-5min on ice. A second mix was then prepared with the following 

ingredients: 4ul of 5X buffer, 1ul of DTT, and 1ul of Superscript III Reverse 

Transcriptase. 6ul of the above-described mix was added to each RNA sample and the 

reaction was performed for 50min at 50°C, followed by 15min at 70°C. cDNA was 

diluted to a final volume of 50ul and 2ul of diluted cDNA was then used per each qPCR 

reaction. 

2.9.3 qPCR and data collection 

Primers of specific target sequences were designed using the Primer3 algorithm and 

then reviewed for sequence complementarity on the Drosophila genome, using the 

BLAST tool of UCSC Genome Browser (https://genome.ucsc.edu/cgi-

bin/hgBlat?command=start). All primers used in this project are listed in Table 2.3.  

Table 2.3. Primers used in this work. 
 

Target 5’-3’ Sequence 

elF2g Fw GCCATATCCGGCGTGCAGACTG 

elF2g Rv CATCCGATACGAAGCTGGCCGG 

Su(var)3-9 Fw CACGGCAAATCCACGGTGGTCA 

Su(var)3-9 Rv CTGTCGCTGCTGCTTGGAGGTC 

BRP Fw CTACCGATGCCGATACCAATAC   

BRP Rv GTGTGTGTCCCTGTGTTTATCT   

Actin5C CCGACCGTATGCAGAAGGAG 

Actin5C TGGAAGGTGGACAGCGAAG 

The SYBR Green dye (Applied Biosystems #4385612) was used in order to detect the 

amplification of cDNA in real-time. SYBR Green can, in fact, bind double-strand DNA, 

emitting a fluorescent signal. Each qPCR reaction was made with the following mix: 

10ul of SYBR Green mix buffer, 0.4ul of 5uM primer Fw, 0.4ul of 5uM primer Rv, 2ul 

of cDNA, and 7.2 ul of H20. All reactions were performed in three technical replicates, 

including one reaction with no cDNA, as a negative control to evaluate contamination. 

At least two biological replicates were performed per experiment. Thermal cycling 

conditions are shown in Table 2.4. 
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Cycle threshold (Ct) values were generated for each reaction. These values reflect the 

number of cycles that are necessary for the fluorescent signal to exceed the baseline 

threshold, usually set to zero, and they are inversely proportional to the original 

Table 2.4. Thermal cycling conditions used in this work. 
 

Step Temperature (°C) Duration 

Cycle (40x) 95 20s 

 95 3s 

  60 30s 

expression level of the target gene: greater Ct level (above 36 cycles) corresponds to 

lower amount of target DNA in the sample. Data from each qPCR reaction were then 

collected and analyzed in RStudio. The “Delta-Delta Ct” method was used as a 

normalization method, where Ct values of target genes were compared to those of 

reference/housekeeping genes (actin, in this specific study) whose expression levels are 

not supposed to change between different conditions. Table 2.5 shows the main steps of 

the calculation applied in this study, for comparisons between experimental and control 

conditions. Pairwise t-tests were applied to evaluate statistical differences. 

Table 2.5. ΔΔCT calculation. 
 

Step N. Formula 

1 ΔCT = CT(target gene)−CT(reference gene) 

2 ΔΔCT = ΔCT(experimental  sample)−ΔCT(control sample)  

3 2^- (ΔΔCT) 

2.9.4 RNA seq analysis 

RNA samples were sent to GENEWIZ for library preparation and Illumina sequencing, 

where the following services were applied: 2x 150bp sequencing and 10M read pairs, 

per sample. Raw data in FASTQ format were collected and processed. After removing 

the adapters using TrimGalore!, reads were counted and mapped to the Drosophila 

genome, using Kallisto. Kallisto is a fast program for quantifying transcript abundances 

(Bray et al. 2016). It is based on a novel algorithm, that avoids the alignment step and 

allows the identification of transcripts which a read is compatible with. This process, 

called pseudoalignment, can be more accurate and quicker than other existing 
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quantification tools, which instead, are based on alignment counting. Differential 

expression of genes between experimental and control conditions was then analyzed in 

R, using the DEseq2 package. After adjusting for multiple comparisons, only genes with 

p-value < 0.05 and log2foldchange – or + 1.5, were considered downregulated or 

upregulated, respectively, in the experimental condition. Gene ontology (GO) was 

generated using the online tool WebGestalt.
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Chapter 3  

Results: the role of H3K9me in sleep 

3.1 Sleep and histone modifications: a screening of 

potential new sleep- related genes  

As already mentioned in section 1.3.3, several studies have already outlined the emerging 

correlation between histone modifications and sleep regulation. Besides the fundamental 

impact of some specific epigenetic marks, such as the acetylation, very little is known 

about the contribution of other types of histone modifications. In order to address this 

gap, I started this project by performing a screen of several epigenetic modifiers, with the 

goal to identify potential new candidates involved in sleep. The first aim was to analyze 

the baseline sleep upon knockdown of enzymes implicated in different types of histone 

modifications, to evaluate any differences with the appropriate parental controls (data not 

shown). The screen led me to finally focus the attention on a class of modifiers, implicated 

in the H3K9methylation. In Drosophila there are three main H3K9methyltranferases: 

Su(var)3-9, G9a, and Eggless, all expressed in different tissues and implicated mainly in 

the heterochromatin formation during critical developmental stages (see section 1.3.7 for 

more detail). Besides the crucial work of these enzymes during embryogenesis, recent 

studies highlighted the implication of a few of them during the adult stage, too. For 

example, G9a was shown to affect learning formation, foraging, and courtship behavior, 

upon depletion (Anreiter, Kramer, and Sokolowski 2017; Kramer et al. 2011). However, 

the over-expression of G9a in G9a-mutant flies was sufficient to rescue any cognitive 

defect. This is one piece of evidence that encouraged me to hypothesize that H3K9me 

could still modulate the chromatin state in the adult brain, influencing adult behaviors, 

possibly including sleep. 

I took advantage of the GAL4-UAS system to trigger the knockdown of all three H3K9 

methylases specifically in the nervous system, to avoid unspecific effects given their 

ubiquitous expression. Therefore, I proceeded to generate genetic crosses, including 

parental controls, made by crossing Canton-S flies, the wild-type strain mainly used in 
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my lab, with the reciprocal UAS or GAL4 lines. More specifically, three sets of crosses 

were generated per each candidate: 1) UAS-RNAi x GAL4; 2) CS x GAL4; 3) CS x UAS-

RNAi. When possible, the behavior of both female and male offspring was recorded by 

the ethoscopes. Among the three enzymes, Su(var)3-9 appeared to be the main key player 

in the context of sleep regulation. 

3.2 Su(var)3-9 and sleep investigation 

3.2.1 Su(var)3-9 and baseline sleep  

Su(var)3-9 is one of the most important H3K9methyltranferases in Drosophila. It acts as 

a suppressor of the PEV (a phenomenon of inactivation of euchromatic genes after being 

relocated very close or within a sequence of heterochromatin) and it is responsible for the 

deposition of the H3K9me marker on heterochromatin regions and also specific 

euchromatin genes (for more info see section 1.3.7). After knocking down Su(var)3-9 

pan-neuronally, using nSyn-GAL4 as a driver, I observed an increase of the baseline sleep 

in the RNAi flies, when compared to the parental controls, showing, interestingly, an 

evident difference among the two sexes. Indeed, as shown in Figure 3.1, knocked down 

(KD) female flies experienced a raising of sleep amount during both dark and light phases. 

Male KD flies, instead, slept more specifically during the day upon the transition from 

light to dark. Statistical comparisons can be found in more detail, in Table 3.1. 

I then looked at the sleep architecture, to evaluate any changes in the quality of the sleep. 

I found that, independently from sex, the increase in baseline sleep was given only by 

longer sleep episodes. Sleep bout numbers in the RNAi were similar to the control, 

suggesting that the increased sleep in the KD was not fragmented, but in contrast, very 

consolidated, perhaps reflecting a deep sleep state (Figure 3.2 and Table 3.2 for statistical 

comparisons). These results encouraged me to proceed on a deeper investigation of 

Su(var)3-9, to identify any potential role in the context of the circadian and homeostatic 

sleep control. 
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Figure 3.1. Su(var)3-9 RNAi flies sleep more than controls.  
A,C. Baseline sleep profiles of RNAi (red line) and parental control flies (grey lines), between day 1 and 
day 3 (24h-72h), in males and females, respectively. Su(var)3-9 RNAi/ nSyb GAL4 flies have shown an 
increase in sleep, compared to nSyb GAL4/CS (+) and Su(var)3-9 RNAi/CS (+) flies. Intermediate lines 
indicate the mean, while shaded areas represent the bootstrapped 95% confidence interval. B,D. 
Quantification of sleep amounts, where light and dark phases sleep are measured separately. Statistically 
significant changes between RNAi and controls are shown during daytime in males and during both light 
and dark phases in females. In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s. p>0.05, 
from pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals per 
each group is reported within the figure. 
 
 

Table 3.1. Statistical differences in sleep mean between Su(var)3-9 RNAi flies and controls. 
 

female, light phase male, light phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/nSyb-G4  Su(var)3-9 

KD/nSyb-G4  
6.4e-12 CS/nSyb-G4 Su(var)3-9 

KD/nSyb-G4 
7.6e-08 

CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

9.8e-10 CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

5.0e-05 

female, dark phase male, dark phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/nSyb-G4  Su(var)3-9 

KD/nSyb-G4  
1.3e-09 CS/nSyb-G4 Su(var)3-9 

KD/nSyb-G4 
0.14393 

CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

0.00105 CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

0.06349 
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Figure 3.2. Su(Var)3-9 RNAi flies show longer sleep episodes.  
Quantification of the number (A) and the length (B) of sleep bouts in Su(var)3-9 RNAi (red boxplot) and 
control flies (grey boxplots), where females and males are measured separately. Statistically significant 
differences are shown only in B, where RNAi flies exhibit longer sleep bouts than controls. No 
significative differences were detected in the number of sleep episodes. In all figures, * indicates a 
p<0.05; ** p < 0.005; *** p<0.001; n.s. p>0.05, from pairwise Wilcoxon rank sum test. 
 
 

Table 3.2. Statistical differences in sleep parameters between Su(var)3-9 RNAi flies and controls. 
 

female, number of sleep bouts male, number of sleep bouts 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/nSyb-G4  Su(var)3-9 

KD/nSyb-G4  
0.00038 CS/nSyb-G4 Su(var)3-9 

KD/nSyb-G4 
0.45301 

CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

0.23647 CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

0.22997 

female, mean length male, mean length 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/nSyb-G4  Su(var)3-9 

KD/nSyb-G4  
2.4e-09 CS/nSyb-G4 Su(var)3-9 

KD/nSyb-G4 
5.9e-05 

CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

2.4e-09 CS/Su(var)3-9 
KD 

Su(var)3-9 
KD/nSyb-G4 

0.00027 

3.2.2 Su(var)3-9 and the circadian sleep  

In Drosophila, the circadian neurons play an essential role in determining the locomotor 

activity program (Shang, Griffith, and Rosbash 2008; Cavanaugh et al. 2014), 

characterized by peaks of activity during dawn and dusk, almost before the light 

transitions. As shown in the activity profile of Figure 3.3A, Su(var)3-9 KD flies preserved 

normal morning and evening peaks, suggesting that the clock drive might be not impaired 

from the knockdown. To further investigate this aspect, I changed the light conditions and 

placed the RNAi flies, with the parental controls, in constant darkness (DD). In these 

conditions, wild-type flies are known to show weaker morning peaks but persist evening 

peaks, reoccurring approximately every 23.8h. Clock mutants such as period, on the other 
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hand, are normally shown to be completely arrhythmic in DD (Grima et al. 2004; Stoleru 

et al. 2004). In the actogram from Figure 3.3B, flies were left for 2 days in LD (12 h 

light:12 h dark) and the following 15 days in DD cycle (24 h dark). For the whole length 

of the experiment, the knock-down of Su(var)3-9 did not cause any change in the rhythm 

of the sleep behavior, besides the lower power shown in Figure 3.3C, given by the general 

higher amount of sleep in the RNAi flies. Finally, to exclude the lack of role of  

 
Figure 3.3. Su(var)3-9 is not involved in circadian period. 
A. Su(var)3-9 RNAi flies show normal activity peaks during light transitions (lights-on morning and 
lights-off transition). Female and male activities are shown separately. B. Representative actograms in 
Su(var)3-9 RNAi flies and parental controls, in DD condition: any evidence of arrhythmicity was 
detected, for both female and male flies. C. Power analysis of the circadian period of activity in DD in 
all the genotypes. D. Staining of the PDF-expressing neurons, showing no morphological abnormalities 
in the RNAi flies, compared to controls. 
 

Su(var)3-9 in the clock neurons, I decided to trigger the knock-down specifically in the 

PDF neurons, known to regulate the circadian rhythm (see section 1.1.4). The knockdown 

of Su(var)3-9 in this class of cells did not impair the behavior of the flies (this will be 

better discussed in section 3.3.1). Furthermore, I dissected adult brains from RNAi and 

control flies and stained brain tissues with PDF-antibody. As shown in Figure 3.3D, the 

knockdown did not lead to changes in the anatomical morphology of the PDF cells. All 
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these results taken together, suggested that Su(var)3-9 is not implicated in the circadian 

drive for sleep regulation. 

While performing DD experiments, I noticed, however, that several Su(var)3-9 KD flies 

died by the end of the recordings. Therefore, I also decided to monitor their lifespan over 

a longer period, such as 30 days. In order to do so, I placed groups of 10 flies in distinct 

vials and created three different conditions: females, males, and mixed-sex groups. I 

generated the same starting number of vials for both Su(var)3-9 KD and the parental 

control CS/Su(var)3-9 and manually counted the survivors every week over a month. As 

 
Figure 3.4. The pan-neuronal knockdown of Su(var)3-9 reduced lifespan in aged flies. 
Lifespan of Su(var)3-9 knocked-down flies (light-blue line) and parental controls (red line), over three 
conditions: female (A), male (B), and mixed-sex groups (C). Y-axis represents the survival probability, 
X-axis is the age of the flies, over a month. Long-Rank tests were performed for statistical comparisons 
between conditions, where * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05. 
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shown in Figure 3.4, in all three conditions, RNAi flies kept a high survival probability 

until age 10 days: however, after that, they exhibited a very drastic reduction of survivors, 

more concentrated between age 25 and 30, at the end of which only a tiny number of 

individuals survived. On the other hand, control flies showed, overall, a high survival 

trend in all the conditions. These data suggest that pan-neuronal knockdown of Su(var)3-

9 has a significant impact on the longevity of the flies. As already mentioned, Su(var)3-9 

is known to be involved in heterochromatin formation and transcriptional silencing, and 

its knockdown may lead to dysregulation of gene expression patterns critical for 

maintaining cellular homeostasis and mitigating the effects of aging. The drastic 

reduction in survival probability observed in Su(var)3-9 KD flies indicates a significant 

physiological challenge that the insects face, likely due to increased genomic instability, 

altered epigenetic regulation, or impaired stress response pathways. This finding may 

have important implications for the interpretation of results obtained in studies involving 

Su(var)3-9 knockdown, discussed in the next paragraphs. In particular, it highlights the 

importance of employing appropriate controls and experimental designs to accurately 

discern the specific effects of Su(var)3-9 manipulation from nonspecific stress-related 

effects on experimental outcomes. The content of paragraph 3.5 will be fundamental to 

further give potential insights into the correlation between sleep and the 

H3K9methylation, without passing through the knock-down of Su(var)3-9. 

3.2.3 Su(var)3-9 and the homeostatic sleep  

From the previous section, I concluded that Su(var)3-9 does not play any role in the 

regulation of the circadian clock. On the other hand, another fundamental mechanism 

implicated in sleep is the homeostatic drive, which determines “how long” and “how 

deep” individuals need to sleep (sleep pressure). In order to assess whether Su(var)3-9 

RNAi flies are differently sensitive to sleep pressure, I sleep-deprived flies for 1 day and 

measured their ability to rebound on the day following the manipulation. To achieve that, 

I used different approaches, already known from the literature to disturb sleep in different 

ways: mechanical sleep deprivation, starvation, and male-male interaction. 

Starting from the sleep deprivation (SD) by dynamic, I combined the ethoscope with a 

further device called optomotor: thanks to this module, a glass tube was rotated every 

time the fly housed inside, was detected from the camera to be immobile for at least 2 
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min. After 24h of SD, I allowed flies to recover and sleep, undisturbed from any 

manipulation. During this day, I measured the rebound sleep in the first 3 hours of the 

early morning (ZT0-ZT3).  As shown in Figure 3.5B, this SD regime successfully 

disrupted sleep across all the genotypes. However, only parental controls were able to 

compensate for the loss of sleep by rebounding on the day of recovery:  Su(var)3-9 RNAi 

flies, instead, failed to show any increase in sleep. This was evident in both female and 

male flies, as shown in Figures 3.5A and C. Statistical comparisons can be found in more 

detail, in Table 3.3. 

I proceeded then with the other SD methods. In order to enhance starvation, on the day 

of the actual manipulation, I transferred flies into tubes containing only agar and water 

and waited for 24 hours. Over this time, wild-type flies are normally known to increase 

their locomotor activity, becoming hyperactive and suppressing sleep (Yang et al. 2015; 

Yu et al., 2016.). Furthermore, they show rebound sleep, after being reintroduced into 

normal food: for instance, this is very consistent in female flies, particularly virgins but 

not mated, as extensively shown by a previous PhD student in the Gilestro Lab, Hannah 

Jones (H. Jones 2022). Therefore, for this experiment, I decided to subject to starvation 

only virgin females. As predicted, all the genotypes exhibited a lower amount of sleep 

during starvation, although not very pronounced in the parental controls. However, on the 

recovery day, when flies were transferred back into normal food before the light 

transition, all the genotypes, including Su(var)3-9 RNAi flies, showed an increase in 

rebound sleep during the first three hours of the morning, as shown in Figure 3.6A-C and 

Table 3.4. A similar result was achieved with the third sleep-suppression method: the 

male-male interaction, in socially naive animals. Drosophila males are known to reveal 

agonistic and aggressive behavior, when encountering other males, with the consequent 

result of reducing the amount of sleep (Beckwith and French 2019). On the day following 

the sleep deprivation, all the genotypes again displayed a clear increase in sleep (Figure 

3.6B-D and Table 3.4). 

Putting these results together, the knockdown of Su(var)3-9 seems to affect specifically 

only the rebound related to dynamic SD and not the ones related to starvation or MM 

interaction. Based on recent data collected in the Gilestro laboratory, we have 

hypothesized a theory where the rebound in relation to starvation and MM may be driven 

by other forms of stress and not just the actual lack of sleep. Given the assumption that 

Su(var)3-9 plays a role specifically in sleep, this may explain the increase of sleep upon 
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starvation or MM in the RNAi flies, where other mechanisms may play a key role, in order 

to enhance the rebound. 
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Figure 3.5. Su(var)3-9 RNAi flies do not show rebound sleep upon dynamic SD.  
A. Ethogram over three days in a row, where mechanical sleep deprivation occurs on the second day. 
Per each genotype, two groups of flies are shown: undisturbed control group (grey line) and sleep-
deprived group (orange lines for parental controls and red lines for RNAi flies). As expected, SD groups 
from both genetic controls exhibit higher sleep amounts on the early morning of recovery day (third day, 
highlighted in blue). Su(var)3-9 KD flies, instead, do not show rebound sleep. Females and males from 
each genotype are measured separately. Intermediate lines indicate the mean, while shaded areas 
represent the bootstrapped 95% confidence interval. B. Quantification of sleep during mechanical sleep 
deprivation, which reduced sleep efficiently across all the genotypes. C. Quantification of rebound sleep 
during the first 3 hours of the early morning, following SD manipulation. Statistically significant changes 
in sleep rebound have been found in the two genetic controls, after comparing SD to no SD groups. In 
all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank 
sum test. Data shown is from three replicates and the N of the animals per each group is reported within 
the figure. 
 

 

 
Table 3.3. Statistical differences between SD and no SD flies in sleep during SD and rebound, from 
Su(var)3-9 RNAi flies and controls. 
 

female, sleep during SD male, sleep during SD 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4  CS/nSyb-G4 1.6e-09 CS/nSyb-G4  CS/nSyb-G4 2.1e-11 
CS/Su(var)3-9 
KD 

CS/Su(var)3-
9 KD 

3.3e-10 CS/Su(var)3-9 
KD 

CS/Su(var)3-9 
KD 

8.9e-14 

Su(var)3-9 
KD/nSyb-G4 

Su(var)3-9 
KD/nSyb-G4  

3.9e-13 Su(var)3-9 
KD/nSyb-G4 

Su(var)3-9 
KD/nSyb-G4  

2.7e-11 

female, sleep during rebound male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4  CS/nSyb-G4 0.00106 CS/nSyb-G4  CS/nSyb-G4 2.1e-06 
CS/Su(var)3-9 
KD 

CS/Su(var)3-
9 KD 

0.00380 CS/Su(var)3-9 
KD 

CS/Su(var)3-9 
KD 

0.00925 

Su(var)3-9 
KD/nSyb-G4 

Su(var)3-9 
KD/nSyb-G4  

0.60478 Su(var)3-9 
KD/nSyb-G4 

Su(var)3-9 
KD/nSyb-G4  

0.18666 
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Figure 3.6. Su(var)3-9 RNAi flies do show rebound sleep upon starvation and male-male interaction. 
A, B. Ethograms over three days in a row, where sleep deprivation due to, respectively, starvation (A) or 
MM interaction (B), occurs on the second day. Per each genotype, two groups of flies are shown: 
undisturbed control group (grey line) and sleep-deprived group (orange lines for parental controls and red 
lines for RNAi flies). SD groups from all the genotypes, including Su(var)3-9 KD, exhibit higher sleep 
amounts on the early morning of resting day (third day, highlighted in blue). Intermediate lines indicate the 
mean, while shaded areas represent the bootstrapped 95% confidence interval. C, D. Quantification of 
rebound sleep during the first 3 hours of the early morning, following starvation (C) and MM interaction 
(D), respectively. Statistically significant changes in sleep rebound have been found in all the genotypes, 
after comparing SD to no SD groups. In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s 
p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals 
per each group is reported within the figure. 

 

Table 3.4. Statistical differences between SD and no SD flies in rebound sleep upon starvation and 
MM, from Su(var)3-9 RNAi flies and controls. 
 

female, sleep during rebound (STARVATION) male, sleep during rebound (MALE-MALE) 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4  CS/nSyb-G4 5.3e-07 CS/nSyb-G4  CS/nSyb-G4 7.0e-07 
CS/Su(var)3-9 KD CS/Su(var)3-

9 KD 
3.5e-10 CS/Su(var)3-9 

KD 
CS/Su(var)3-9 
KD 

7.0e-07 

Su(var)3-9 KD/nSyb-
G4 

Su(var)3-9 
KD/nSyb-G4  

0.00045 Su(var)3-9 
KD/nSyb-G4 

Su(var)3-9 
KD/nSyb-G4  

5.3e-06 



 
Results: the role of H3K9me in sleep 
 

 91 

 

3.2.4 Verifying the Su(var)3-9 RNAi line #39378 BL 

The knockdown of Su(var)3-9 affects the baseline and the homeostatic sleep in flies, 

suggesting a promising new epigenetic regulator of sleep. However, before proceeding 

with more analysis and experiments, I found it fundamental to test the fly line used so far, 

to exclude any unspecific effects, such as off-targets from the RNAi. After deep research 

from the literature, I found that Su(var)3-9 gene is normally fused with the locus of 

another gene, the gamma subunit of translation initiation factor eIF2. Indeed, the two 

genes share the first two exons and their protein synthesis is produced by alternative 

splicing. This is a unique gene structure, only found in Drosophila and other insects 

(Krauss and Reuter 2000). In humans, eIF-2 γ and SUV29H1 genes, are located in distant 

regions of the X chromosome (Ehrmann et al. 1998).  

The RNAi line for Su(var)3-9 used in this study (#39378 BL) was produced by insertion 

of the transgenic transposable element 15258. As shown in Figure 3.7, this P element 

drives the expression of an inverted repeat, which targets the second exon of Su(var)3-9, 

also in common with all the eIF2γ isoforms. This may suggest that any effects given by 

using the line could be a combination of the knockdown of both Su(var)3-9 and eIF2γ. 

 
Figure 3.7. Su(var)3-9 and eIF2γ locus genes share two exons. 
Schematic illustration of the gene locus for Su(var)3-9, sharing the first two exons (in orange) with the 
eIF2γ gene: respective proteins are produced by alternative splicing. Two annotations are also reported: 
GD-15258 refers to the insertion of the P element (responsible for line #39378 BL, used in this project) 
on the second exon of Su(var)3-9 and eIF2γ isoforms. TRIP-JF01404 refers to the insertion of the P 
element (line #31619 BL) on exon 4 of eIF2γ. 
 

Unfortunately, no RNAi lines specific for Su(var)3-9 only, are available: none of the 

inverted repeats already designed target the third exon, the only one specific for Su(var)3-

9 and not included in eIF2γ. However, I decided to validate the accuracy of the collected 

data, by different approaches. First, I found available a TRIP RNAi line specific for eIF2γ 
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(#31619 BL, TRIP-JF01404): as reported in Figure 3.7, here the inverted repeat targets 

the exon 4, one of the exons this time specific for eIF2γ and not shared with Su(var)3-9. 

Therefore, the next step was to test this line, by setting up the crosses with nSyb-GAL4 

and by subjecting the offspring to SD stimuli. As shown in Figure 3.8A-B, both parental 

controls and KD flies experienced rebound responses upon sleep deprivation: this was 

true for both female and male flies. Furthermore, the baseline sleep was also not affected 

by the RNAi, as reported in Figure 3.8C-D (see Table 3.5 for statistical comparisons). 

These data do not recapitulate what achieved so far with line #39378, suggesting that the 

specific knockdown of Su(var)3-9 is responsible for the increased baseline sleep and the 

depletion of the rebound.  

After testing the RNAi line specific for eIF2γ, I next decided to validate the efficiency of 

the knockdown from the original line #39378, by monitoring the mRNA expression level 

in the RNAi flies and parental controls. I performed real-time qPCR in brains and bodies 

(no heads), to validate the specificity of the knockdown in the neuronal tissue. As shown 

in Figure 3.9B, no reduction of Su(var)3-9 or eIF2γ was detected in the body of any 

genotypes, as expected. On the other hand, in the brains of the KD flies, a reduced mRNA 

level of Su(var)3-9, but not eIF2γ, was finally measured, confirming again, that the 

specific knockdown of Su(var)3-9 and not eIF2γ, is responsible for the sleep phenotypes 

observed in the RNAi flies (Figure 3.9A). 
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Figure 3.8. eIF2γ knockdown does not affect baseline and homeostatic sleep. 
A. Ethogram over three days in a row, where sleep deprivation occurs on the second day. Per each 
genotype, two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group 
(light blue lines for parental controls and dark blue lines for RNAi flies). SD groups from all the 
genotypes, including eIF2γ KD, exhibit higher sleep amounts in the early morning of the resting day 
(third day, highlighted in blue). Female and male flies are analyzed separately. Intermediate lines 
indicate the mean, while shaded areas represent the bootstrapped 95% confidence interval. B. 
Quantification of rebound sleep during the first 3 hours of the early morning, following SD. Statistically 
significant changes in sleep rebound have been found in all the genotypes, after comparing SD to no SD 
groups. C. Ethogram wrap (average) of three days of baseline sleep in no SD flies. Parental controls are 
shown in grey lines, while KD is in blue. D. Quantification of the total baseline sleep, showing no 
differences between genotypes. In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s 
p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from two replicates and the N of the 
animals per each group is reported within the figure. 
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Table 3.5. Statistical differences between SD and no SD flies in rebound sleep and between genotypes 
in baseline sleep, from eIF2γ RNAi flies and controls. 
 

female, sleep during rebound male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4  CS/nSyb-G4 0.04621 CS/nSyb-G4  CS/nSyb-G4 0.00039 
CS/ eIF2γ KD CS/ eIF2γ KD 0.00391 CS/ eIF2γ KD CS/ eIF2γ KD 0.00012 
eIF2γ 
KD/nSyb-G4 

eIF2γ 
KD/nSyb-G4  

0.00207 eIF2γ 
KD/nSyb-G4 

eIF2γ 
KD/nSyb-G4  

0.00024 

female, baseline sleep over three days male, baseline sleep over three days 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/nSyb-G4  eIF2γ 

KD/nSyb-G4 
0.17582 CS/nSyb-G4  eIF2γ 

KD/nSyb-G4 
0.34758 

CS/ eIF2γ KD eIF2γ 
KD/nSyb-G4 

0.17180 CS/ eIF2γ KD eIF2γ 
KD/nSyb-G4 

0.34858 

 

After confirming that eIF2γ is not correlated to sleep regulation, I finally decided to 

further validate the knockdown of Su(var)3-9, by monitoring the level of the 

H3K9methylation. Indeed, as a regulator of this mark, I expected a reduction of the  

 
Figure 3.9. qPCR in adult brains and bodies upon knockdown of Su(var)3-9. 
A. Reduced mRNA levels of Su(var)3-9, but not of eIF2γ, were measured in adult brains of Su(var)3-9 
KD/nSyb-G4 flies (dark red and blue bars), compared to the parental control CS/Su(var)3-9 KD (light 
red and blue bars). Any change was, instead, detected in the body of the same flies (B). Data shown is 
from two biological replicates. 
 

H3K9me signal, upon RNAi. With the aim to investigate so, I dissected adult brains from 

the following genotypes: 1) nSyb-G4/Su(var)3-9 RNAi, 2) CS/Su(var)3-9 RNAi. I then 

proceeded by performing immunostaining, using an antibody anti-H3K9me. As visible in 

Figure 3.10, focusing on the front part of the brain where most of the cell bodies are 

localized, the knockdown of Su(var)3-9 drops the deposition of the H3K9me in the 

neuronal cell body nuclei, confirming that the RNAi line is well-working. 
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All these data, taken together, suggested a potential specificity of line #39378, thus 

promoting Su(var)3-9 as a new epigenetic regulator of sleep. 

 

Figure 3.10. The knockdown of Su(var)3-9 decreases the H3K9me level in adult brains. 
A. Confocal projection of adult front brains stained with ab anti-H3K9me, in Su(var)3-9 KD/nSyb-G4 and 
CS/Su(var)3-9 KD flies. A reduced signal was detected in the cell nuclei, upon knockdown. B. 
Quantification of the normalized intensity, where *** indicates p<0.0001, from pairwise Wilcoxon rank 
sum test. 

3.2.5 Is Su(var)3-9 required for sleep specifically in the adult stage?  

Su(var)3-9 is known to play a critical role during developmental stages. Therefore, I asked 

whether the effects in sleep due to the knockdown of Su(var)3-9, described in sections 

3.2.1 and 3.2.3, are related to impairments during the development or adult phase. In order 

to investigate so, I took advantage of the GeneSwitch system, a slightly different version 

of the UAS-GAL4 system, where the UAS sequences are recognized and regulated by a 

chimeric GAL4 protein (GAL4-progesterone-receptor fusion protein), which becomes 

active only in the presence of the steroid RU486 (mifepristone), usually added to food. 

With the aim to enhance the activation of Su(var)3-9 knockdown in all neurons 

specifically in the adult stage, I exploited the nSyb-GeneSwitch as a GAL4 line: all the 

crosses were placed and raised in normal food. Only after hatching, adult flies were then 

transferred into food containing RU486 at 500 uM, for the experiment recording: this will 

promote the knockdown specifically during adulthood. Furthermore, appropriate controls 

were also made by exposing flies, with the same genotypes, to food with only DMSO, the 

solvent used to dissolve RU486. This condition was expected to not enhance the RNAi, 
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as the GAL4-Geneswitch protein is not able to bind the UAS sequences, without the 

presentence of its substrate. 

In order to highlight any effect on sleep homeostasis, I subjected flies to dynamic sleep 

deprivation, combining again the ethoscopes with the optomotors. As shown in Figure  

 

Figure 3.11. Su(var)3-9 plays a role in homeostatic sleep regulation during the adult stage. 
A. Ethogram over three days in a row, where sleep deprivation occurs on the second day. The same 
experiment was performed in two different food conditions: DMSO only and RU486. Per each genotype, 
two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group (orange lines 
for parental controls and red lines for RNAi flies). On DMSO condition, SD groups from all the genotypes, 
including Su(var)3-9 KD, exhibit higher sleep amounts in the early morning of resting day (third day, 
highlighted in blue). On RU486 condition, instead, Su(var)3-9 KD flies do not show any rebound. 
Intermediate lines indicate the mean, while shaded areas represent the bootstrapped 95% confidence 
interval.  B. Quantification of rebound sleep during the first 3 hours of the early morning, following SD. In 
all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum 
test. Data shown is from two replicates and the N of the animals per each group is reported within the figure. 
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Table 3.6. Statistical differences between SD and no SD flies in rebound sleep, upon knockdown of 
Su(var)3-9 in adult stage. 
 

DMSO, sleep during rebound RU486, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4-GS CS/nSyb-G4-GS 0.00010 CS/nSyb-G4-GS  CS/nSyb-G4-GS 0.00199 
CS/ Su(var)3-9 
KD 

CS/ Su(var)3-9 
KD 

1.9e-06 CS/ Su(var)3-9 
KD 

CS/ Su(var)3-9 
KD 

0.00064 

Su(var)3-9 KD 
/nSyb-G4-GS 

Su(var)3-9 KD 
/nSyb-G4-GS 

0.00392 Su(var)3-9 
KD/nSyb-G4-GS 

Su(var)3-9 
KD/nSyb-G4-GS  

0.39778 

 

3.11, in the condition of food containing DMSO only, all the genotypes experienced 

rebound sleep on the day following the SD. This was expected, even for the Su(var)3-9 

RNAi/nSyb-G4-GS flies: indeed, with no presence of RU486, GAL4 was not activated, 

and the knockdown of Su(var)3-9 was not actually enhanced in this specific condition. 

However, very interestingly, when adding RU486 to the food, only the parental controls 

still showed a rebound after SD. Su(var)3-9 KD flies, instead, did not compensate for any 

loss of sleep during the resting day (see Table 3.6 for statistical comparisons). These 

results recapitulate the same data collected with the normal pan-neuronal driver nSyb-

GAL4, suggesting that Su(var)3-9 is implicated in sleep homeostasis regulation, 

specifically during the adult stage. 

3.2.6 Summary 

• The pan-neuronal knockdown of Su(var)3-9 leads to increased baseline sleep in 

both male and female flies (more pronounced in the latter), compared to parental 

controls: this increase was characterized by longer sleep episodes, while sleep 

bout numbers remained similar to controls. 

• Su(var)3-9 is not implicated in circadian regulation: KD flies exhibited normal 

morning and evening peaks and their rhythm was preserved in DD conditions. 

Staining in the PDF-expressing neuron did not show abnormalities in the 

morphology when comparing KD to control flies. 

• Su(var)3-9 regulates the homeostatic sleep: upon one day of dynamic SD, both 

female and male KD flies failed to show the usual rebound response, observed 

instead in the parental controls. Normal sleep rebounds were detected when sleep-

depriving flies by starvation or male-male interaction. 
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• The RNAi line used in this project to enhance the knockdown of Su(var)3-9, 

specifically reduces the mRNA level of Su(var)3-9 and the H3K9me level in the 

neuronal tissue, upon comparisons to controls. 

• Su(var)3-9 is implicated in sleep homeostasis regulation, specifically during adult 

stage. 

3.3 What cells in the adult brain require Su(var)3-9 for 

sleep regulation? 

3.3.1 The effect of Su(var)3-9 knockdown on specific sets of neurons  

In the previous sections, I showed that the pan-neuronal knockdown of Su(var)3-9 causes 

a general increase of the baseline sleep and abolishes the rebound response upon dynamic 

SD: the latter seems to depend on a specific role of Su(var)3-9 during the adult stage. The 

next step was then to investigate these behaviors, by performing a GAL4 screen, in order 

to identify more precise sets of neurons which could recapitulate what was achieved so 

far by knocking down Su(var)3-9 in the whole neuronal brain tissue. From the list of  

Table 3.7. List of drivers with lethal consequences. 
 

Driver Notes 

R93F07-G4 
Pupal lethality. Few flies 

emerged and died 
immediately 

GH298-G4 Larval lethality 

REPO-G4 Larval lethality 

PLE-G4 Larval lethality 

R69F08-G4 Larval lethality 

R58H05-G4 Adult-semi lethality 

R24C12-G4 Adult-semi lethality 
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GAL4 dissected over the screen, I necessarily had to exclude the following drivers, due 

to the absence of viable adult flies upon crossing with the Su(var)3-9 RNAi line: R93F07-

GAL4 (expressed in the ellipsoid and fan-shaped body), GH298-GAL4 (antennal lobe, 

olfactory neurons, GABAergic neurons), REPO-GAL4 (glial cells), Ple-GAL4 

(dopaminergic neurons), R69F08-GAL4 (ellipsoid body), R58H05-GAL4 (ellipsoid body 

and bulb) and R24C12-GAL4 (antennal lobe). More precise details about their lethal 

phenotypes are shown in Table 3.7. 

Other GAL4 lines were also tested: these lines were viable upon crossing with Su(var)3-

9 and, therefore, their behavior was recorded and analyzed. The lines in question are: 

Asta-GAL4 (AstA peptide -expressing neurons), R52B10-GAL4 (protocerebral bridge), 

PDF-GAL4 (PDF peptide -expressing neurons), sNPFR-GAL4 (short neuropeptide F 

receptor -expressing neurons) and TDC2-GAL4 (octopaminergic neurons). Appropriate 

crosses were generated, and the offspring were subjected to dynamic SD. 

 

Figure 3.12. UAS-Su(var)3-9 RNAi does not impair rebound response when crossed to Asta, R52B10, 
PDF, sNPFR, and TDC2-GAL4 lines. 
Quantification of rebound sleep during the first 3 hours of the early morning, following SD. Each GAL4 
section includes the parental control and the actual KD. The parental control for the RNAi line is reported 
at the very left of the graph. Per each genotype, two groups of flies are shown: undisturbed control group 
(no SD) and sleep-deprived group (SD). Parental controls generated by crossing respective GAL4 or RNAi 
lines with Canton-S flies, are denoted with “+”. * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, 
from pairwise Wilcoxon rank sum test. Data shown is from two replicates and the N of the animals per each 
group is reported within the figure. 
 



 100 

In Figure 3.12, the rebound response of these flies is shown: together with the parental 

controls, the knockdown of Su(var)3-9 in these 5 classes of neurons did not impair the 

rebound response, as all the flies exhibited an increase of sleep upon SD (see Table 3.8 

for statistical comparisons). Furthermore, the baseline sleep was also not affected (data 

not shown). These results suggest that the expression of Su(var)3-9 in any of these 

neurons is not required for sleep regulation. 

 

Table 3.8. Statistical differences between SD and no SD flies in rebound sleep upon knockdown of 
Su(var)3-9 in different neuronal populations. 
 

sleep during rebound 
no SD SD p-value 
CS/ Su(var)3-9 KD CS/ Su(var)3-9 KD < 2e-16 
CS/ Asta-G4 CS/ Asta-G4 0.00115 
Su(var)3-9 KD / Asta-G4 Su(var)3-9 KD / Asta-G4 0.01573 
CS/R52B10-G4 CS/R52B10-G4 7.7e-05 
Su(var)3-9 KD /R52B10-G4 Su(var)3-9 KD /R52B10-G4 0.01204 
CS/PDF-G4 CS/ PDF-G4 0.00015 
Su(var)3-9 KD / PDF-G4 Su(var)3-9 KD / PDF-G4 0.03065 
CS/ sNPFR-G4 CS/ sNPFR-G4 0.00013 
Su(var)3-9 KD / sNPFR-G4 Su(var)3-9 KD / sNPFR-G4 0.02207 
CS/ Tdc2-G4 CS/ Tdc2-G4 0.02476 
Su(var)3-9 KD / Tdc2-G4 Su(var)3-9 KD / Tdc2-G4 0.01888 

 

Despite these negative results, I finally found three more lines, which have shown an 

interesting behavior. The drivers in question are R72G06-GAL4 (fan-shaped body and 

superior intermediate protocerebrum), R30G03-GAL4 (ellipsoid body, prow, and bulb) 

and MB010B-GAL4 (mushroom body). They will be discussed separately in the next 

three sections. 

3.3.2 Su(var)3-9 and R72G06-GAL4 driver, marker for ExlF2 cells 

R72G06-GAL4 labels a specific class of neurons called “ExFl2”, known to mainly project 

to the dorsal Fan-Shaped body, in layer 6. These neurons have already been shown to 

promote sleep (Liu et al. 2016), by acting as sleep “effectors”: their specific activation 

directly increases sleep pressure, suggesting a crucial key role in sleep homeostasis 

regulation (Donlea et al. 2011; Donlea, Pimentel, and Miesenböck 2014b). Going into 

detail about the molecular mechanism of action, neurotransmitters such as serotonin and 

dopamine, regulate the activation of the ExFl2 neurons: after being active, they inhibit a 
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class of helicon cells, which also project their dendrites into the dorsal FB, layer 6. These 

cells respond to visual inputs and are usually implicated in promoting locomotion. Their 

axons, instead, project to the R5 neurons of the Ellipsoid Body, previously called R2. The 

R5-dFB-helicon circuit plays a sort of loop, where helicon cells favorite locomotion by 

transferring visual inputs to R5. R5 neurons, after being active, lead to build-up sleep 

pressure and activate ExFl2, probably via neurotransmitters. This inhibits the helicon  

 
Figure 3.13. The ExFl2 neurons. 
A. Expression pattern of the R72G06-GAL4, marker for the ExFl2 cells, mainly included in the fan-
shaped body neurons and in the superior intermediate and ventral lateral protocerebrum (Jenett et al. 
2012). B. Schematic illustration of the R5-dFB-helicon circuit. 

 

cells, blocking the cascade of visual signals to R5, which stops the locomotion. 

Consequently, it follows a reduction of the excitation of the R5, driven partially by the 

helicon cells (Figure 3.13, Donlea et al. 2018). 

ExFl2 neurons clearly play a fundamental role in homeostatic sleep. While performing 

the GAL4-screen, I crossed the Su(var)3-9 RNAi line to R72G06-GAL4, previously 

described to label ExFl2 cells. As shown in Figure 3.14, the KD flies failed to show a 

rebound response, after a day of sleep deprivation, differentially to both parental controls, 

which exhibited an increase of sleep in both female and male flies. These data remind, 

very interestingly, of the homeostatic phenotype observed upon enhancing the RNAi with 

nSyb-GAL4, suggesting that Su(var)3-9 may play a homeostatic role for sleep regulation, 

specifically in the ExFl2 neurons. However, no changes in the baseline sleep were 

detected after comparisons, meaning that other populations of cells are probably 

responsible for this effect. Statistical comparisons of the rebound response are shown in 

Table 3.9. 



 102 

 

Figure 3.14. Su(var)3-9 plays a role in homeostatic sleep regulation in the ExFl2 neurons. 
A. Ethogram over three days in a row, where mechanical sleep deprivation occurs on the second day. Per 
each genotype, two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived 
group (orange lines for parental controls and red lines for RNAi flies). As expected, SD groups from both 
genetic controls exhibit higher sleep amounts in the early morning of recovery day (third day, highlighted 
in blue). Su(var)3-9 KD flies, instead, do not show rebound sleep. Females and males from each genotype 
are measured separately. Intermediate lines indicate the mean, while shaded areas represent the 
bootstrapped 95% confidence interval.   B. Quantification of rebound sleep during the first 3 hours of the 
early morning, following SD. In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, 
from pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals per 
each group is reported within the figure. 

 

Table 3.9. Statistical differences between SD and no SD flies in rebound sleep upon knockdown of 
Su(var)3-9 in ExFl2 neurons. 
 

female, sleep during rebound  male, sleep during rebound  
no SD SD p-value no SD SD p-value 
CS/R72G06-G4  CS/ R72G06-G4 0.01986 CS/ R72G06-G4 CS/ R72G06-G4 0.00434 
CS/Su(var)3-9 
KD 

CS/Su(var)3-9 
KD 

1.8e-05 CS/Su(var)3-9 
KD 

CS/Su(var)3-9 
KD 

0.00126 

Su(var)3-9 KD/ 
R72G06-G4 

Su(var)3-9 KD/ 
R72G06-G4 

0.09772 Su(var)3-9 KD/ 
R72G06-G4 

Su(var)3-9 KD/ 
R72G06-G4 

0.18024 

 

In order to better elucidate the correlation between Su(var)3-9 and the ExFl2 neurons, I 

decided to conditionally activate for 12h during the night, the ExFl2 cells, by exploiting 

the heat-activated cation channel TrpA1 (Hamada et al. 2008). Thus, I recorded the 



 
Results: the role of H3K9me in sleep 
 

 103 

behavior over 2.5 days and measured sleep, particularly during the night of the 

thermoshock. As previously published by Liu et al 2016, the thermosensitive activation 

of the ExFl2 cells, given by placing flies uas-TrpA1ts/ R72G06-G4 at 29°C, leads to an 

increase of the baseline sleep, compared to the parental controls. This increase ceases  

 
Figure 3.15. Su(var)3-9 knockdown inhibits the increase of sleep upon activation of the ExFl2 
neurons. 
A, B. Ethograms over 2.5 days in a row, where a thermoshock is given on the second night, by increasing 
the temperature from 22C to 29C. Parental controls are shown in grey lines, while UAS-TrpA1/R72G06-
G4 and UAS-TrpA1; UAS-Su(var)3-9 KD/R72G06-G4 are respectively in blue and red lines. Upon 
Su(var)3-9 KD, the usual increase in sleep related to the activation of the ExFl2 neurons, is suppressed. 
Intermediate lines indicate the mean, while shaded areas represent the bootstrapped 95% confidence 
interval. C. Quantification of sleep during the night of TrpA1 activation. In all figures, * indicates a 
p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. Data shown is 
from two replicates and the N of the animals per each group is reported within the figure. 
 

 as soon as the temperature was brought back to 22C, as shown in Figure 3.15A-B. The 

following step was then to reproduce the same experiment, combining, however, the 

knockdown of Su(var)3-9. When simultaneously activating the ExFl2 neurons and 

triggering the RNAi of Su(var)3-9 in the same cells, flies failed to show the usual increase 

in sleep (Figure 3.15C-D, see Table 3.10 for statistical comparisons). These data suggest 

that the knockdown of Su(var)3-9 is probably responsible for suppressing the ExFl2 
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neuronal activity in the context of sleep regulation, although the molecular mechanisms 

causing this effect remain unclear.  

Table 3.10. Statistical differences between genotypes in sleep during thermoshock, ± knockdown of 
Su(var)3-9 in ExFl2 neurons. 
 

sleep during thermoshock,  -Su(var)3-9 KD sleep during thermoshock,  +Su(var)3-9 KD 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/R72G06-G4  TrpA1/ 

R72G06-G4 
0.00041 CS/ R72G06-G4 Su(var)3-9 KD- 

TrpA1/ R72G06-G4 
0.19830 

CS/Su(var)3-9 
KD 

TrpA1/ 
R72G06-G4 

0.00065 CS/Su(var)3-9 
KD-TrpA1 

Su(var)3-9 KD-
TrpA1/ R72G06-G4 

0.14218   

 

3.3.3 Su(var)3-9 and R30G03-GAL4 driver, marker for R2 neurons 

R30G03-GAL4 is a driver which labels the ellipsoid body, specifically the R2 (or R5) 

neurons (Figure 3.16). As already described in the previous section, together with the 

ExFl2, R2 cells are also fundamental to generating a homeostatic sleep drive. Indeed, 

other works previously showed that the inhibition of the R2, drastically reduces the 

rebound response upon sleep deprivation (Liu et al. 2016): R2 neurons act upstream of 

ExFl2, in order to regulate sleep homeostasis. 

 

Figure 3.16. Expression pattern of R30G03-GAL4. Figure adapted from Jenett et al. 2012. 

While performing the GAL4 screen, I also crossed UAS-Su(var)3-9-RNAi to R30G03-

GAL4. Similar to the knockdown of Su(var)3-9 in the ExFl2 neurons, also in this case, 

KD flies did not show any rebound response upon SD, in contrast to both parental controls  
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Figure 3.17. Su(var)3-9 plays a role in homeostatic sleep regulation in the R2 neurons. 
A. Ethogram over three days in a row, where mechanical sleep deprivation occurs on the second day. Per 
each genotype, two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived 
group (orange lines for parental controls and red lines for RNAi flies). As expected, SD groups from both 
genetic controls exhibit higher sleep amounts in the early morning of recovery day (third day, highlighted 
in blue). Su(var)3-9 KD flies, instead, do not show rebound sleep. Females and males from each genotype 
are analyzed separately. Intermediate lines indicate the mean, while shaded areas represent the bootstrapped 
95% confidence interval.  B. Quantification of rebound sleep during the first 3 hours of the early morning, 
following SD. C. Quantification of the baseline sleep over three days in no SD flies, where female KD flies 
experience higher sleep, in comparison to parental controls. In all figures, * indicates a p<0.05; ** p < 
0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from three replicates 
and the N of the animals per each group is reported within the figure. 
 
 
(Figure 3.17 A-B). Furthermore, female, but not male, RNAi flies, exhibited higher 

baseline sleep, as reported in Figure 3.17C and Table 3.11. This effect seems to partially 

recapitulate the increase in baseline sleep observed after knocking down Su(var)3-9 pan-
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neuronally. However, it is also not in line with the findings from Liu et al 2016, where 

upon inactivation of the R2, they did not observe any significant impairment of the 

baseline sleep.  

 
Table 3.11. Statistical differences between SD and no SD flies in rebound sleep, upon knockdown of 
Su(var)3-9 in R2 neurons. 
 

female, sleep during rebound male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/R30G03-G4  CS/ R30G03-G4 0.00041 CS/ R30G03-G4 CS/ R30G03-G4 0.00097 
CS/ Su(var)3-9 KD CS/ Su(var)3-9 KD 1.4e-05 CS/ Su(var)3-9 KD CS/ Su(var)3-9 KD 3.0e-05 
Su(var)3-9 KD 
/R30G03-G4 

Su(var)3-9 KD / 
R30G03-G4 

0.15140 Su(var)3-9 KD/ 
R30G03-G4 

Su(var)3-9 KD / 
R30G03-G4 

0.09332 

female, baseline sleep over three days male, baseline sleep over three days 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/ R30G03-G4 Su(var)3-9 KD / 

R30G03-G4 
8.7e-09 CS/ R30G03-G4 Su(var)3-9 KD / 

R30G03-G4 
0.94036 

CS/ Su(var)3-9 KD Su(var)3-9 KD / 
R30G03-G4 

0.01282 CS/ Su(var)3-9 KD Su(var)3-9 KD / 
R30G03-G4 

7.5e-05 

3.3.4 Su(var)3-9 and MB010B-GAL4 

MB010B-GAL4, unlike the other drivers used in this project, is a split-GAL4. A split-

GAL4 operates akin to the UAS-GAL4 system, where the DNA-binding domain (DBD) 

and the transcription activation domain (TAD) of GAL4, combine and attach to 

heterodimerizing leucine zippers, as demonstrated by Luan et al., (Luan et al. 2006). Only 

when TAD and DBD coexist within a cell, they synergize to restore the GAL4 

transcriptional activity (Dionne et al. 2018). This is a very powerful technique, exploited 

to target specific single cells or specific cell types. 

 

Figure 3.18. Expression pattern of MB010B-GAL4. Figure adapted from Vogt et al. 2014. 
 

The MB010B-GAL4 labels the subunits a/b, a’/b’ and gKenyon Cells of the mushroom 

body neurons, known to control several aspects of behaviors, such as sleep, memory, 

learning, and sensory processing (Figure 3.18, Heisenberg et al. 1985; Pitman et al. 2006; 
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Aso et al. 2014; L. P. C. Lewis et al. 2015; Kirkhart and Scott 2015). As applied for the 

other drivers, I crossed the usual UAS-Su(var)3-9 RNAi line to MB010B-GAL4. The 

knockdown in this class of neurons prevented the increase of sleep upon SD, only in male 

and not female flies, as shown in Figure 3.19A-B, probably suggesting some sexual 

differences in the regulation of sleep, for this specific brain region. Furthermore, given 

the essential role played by the mushroom body neurons in learning and memory 

formation, I decided to validate the potential presence of cognitive defects in the RNAi 

flies, by performing Courtship assays.  Courtship conditioning is one of the most widely 

used paradigms to elucidate mechanisms underlying different forms of learning and 

memory. It relies on the presence of a specific pheromone called cis- 
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Figure 3.19.  Su(var)3-9 KD in the MB partially affects homeostatic rebound sleep and courtship 
behavior. 
A. Ethogram over three days in a row, where mechanical sleep deprivation occurs on the second day. Per 
each genotype, two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived 
group (orange lines for parental controls and red lines for RNAi flies). As expected, SD groups from both 
genetic controls exhibit higher sleep amounts in the early morning of recovery day (third day, highlighted 
in blue). Male Su(var)3-9 KD flies, instead, do not show rebound sleep, while females behave normally as 
controls. Intermediate lines indicate the mean, while shaded areas represent the bootstrapped 95% 
confidence interval.  B. Quantification of rebound sleep during the first 3 hours of the early morning, 
following SD. C.  Percentage of time spent on courtship behavior. No significant differences were detected 
in the KD flies, when comparing Training with Test sessions. D. Courtship during training sessions with 
virgin females. No differences were detected across the genotypes. E. Staining of the FasII-expressing 
neurons, showing no morphological abnormalities in the RNAi flies, compared to controls. In all figures, * 
indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test and the 
N of the animals per each group is reported within the figure. Fly illustrations are taken from 
https://commons.wikimedia.org/wiki, created under the Creative Commons license.  

 

Table 3.12. Statistical differences in rebound sleep and courtship parameters upon knockdown of 
Su(var)3-9 in MB neurons. 
 

female, sleep during rebound male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/MB-G4  CS/ MB-G4 0.01506 CS/ MB-G4 CS/ MB-G4 0.00138 
CS/ Su(var)3-9 KD CS/ Su(var)3-9 KD 0.00044 CS/ Su(var)3-9 KD CS/ Su(var)3-9 KD 3.3e-05 
Su(var)3-9 KD / 
MB-G4 

Su(var)3-9 KD / 
MB-G4 

0.00103 Su(var)3-9 KD/ 
MB-G4 

Su(var)3-9 KD / 
MB-G4 

0.36612 

 

Courtship Index  Courtship during training with virgin female 
Trianing Test p-value Genotype 1 Genotype2 p-value 
CS/ Su(var)3-9 KD CS/ Su(var)3-9 

KD 
0.0002 CS/ MB-G4 Su(var)3-9 KD / 

MB-G4 
0.655 

Su(var)3-9 KD / MB-
G4 

Su(var)3-9 KD / 
MB-G4 

0.8903 CS/ Su(var)3-9 
KD 

Su(var)3-9 KD / 
MB-G4 

0.068   

CS/MB-G4  CS/ MB-G4 0.0001    
      

 

vaccenyl acetate (cVA) on the female abdomen. This pheromone, which is deposited by 

the male during copulation, naturally reduces courtship behavior, especially when 

combined with rejection by the female. The courtship behavior of male flies can be easily 

observed, by quantifying stereotypical movements, such as orienting towards and 

following the female, tapping, extending, vibrating the wing, licking, and attempting 

copulation. Very interestingly, male flies learn to differentiate between receptive virgin 

and non-receptive mated females. Indeed, after experiencing sexual rejection, they exhibit 

reduced courtship behavior towards non-receptive females (Koemans et al. 2017; Hall 

1994; McBride et al. 1999). In order to exploit this behavior to provide insights into 

learning, naive male flies were trained with mated females for 1 hour and then, 
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immediately tested and recorded for 15 mins. As shown in Figure 3.19C, both parental 

controls spent much less time in courtship during tests, in comparison to training sessions, 

suggesting a high learning index. However, the RNAi flies exhibited a very short time 

spent in courtship, during both training and test sessions, making not possible the 

calculation of the learning index. In order to better elucidate this result, I decided to 

perform a control training, by pairing males with virgin flies. As reported in Figure 3.19D, 

this time the RNAi flies tried to court as similar to control flies, meaning a high courtship 

index. Statistical comparisons are shown in Table 3.12. 

Recent studies have shown that the suppression of courtship during training with mated 

females can be associated with the Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), a fundamental player in several aspects of neuronal functions (Griffith 2004). 

Suppression during training seems to be triggered by the expression of CaMKII in the 

cholinergic antennal lobe neurons, cells located downstream of the olfactory receptor 

neurons (Mehren and Griffith 2004). The olfactory receptor neurons are connected to the 

courtship circuitry by the integration of olfactory cues, such as pheromones or 

endogenous fly odors. Given all these assumptions, it may be possible that the knockdown 

of Su(var)3-9 leads to a different perception of the fly odors. In this context, I need to 

mention that Shase Jafari et al (2021) demonstrated that Su(var)3-9, together with dLsd1, 

regulates the heterochromatin formation in order to direct the odorant receptor (OR) 

expression (Jafari et al. 2021). Therefore, the knockdown of Su(var)3-9 may cause an 

upregulation of OR, which consequently, allows flies to differently integrate olfactory 

cues, such as the pheromone cVa, and, perhaps, to better distinguish mated from virgin 

flies.  

Finally, I dissected adult brains from RNAi and control flies and stained tissues with an 

antibody anti-Fasciclin II (FasII), a protein preferentially expressed in the MB, very 

strongly in the a, b lobes and weakly in the g lobes. As shown in Figure 3.19E, the 

knockdown did not lead to changes in the anatomical morphology of the mushroom body 

cells, excluding any developmental impairment.  

3.3.5 Summary 

Su(var)3-9 is a key player for sleep regulation in specific sets of neurons: 
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• ExFl2 neurons. The knockdown of Su(var)3-9 in these cells, abolishes the 

rebound response upon 1 day of dynamic SD. In addition, RNAi flies do not 

experience the increase of baseline sleep, usually observed upon activation of the 

ExFl2, promoting Su(var)3-9 as a regulator of the sleep-related function of these 

neurons. 

• R2 neurons, known to act upstream of ExFl2 cells. The knockdown of Su(var)3-

9 in these cells abolishes the rebound response upon SD. Furthermore, the baseline 

sleep in female RNAi flies appeared also increased, compared to parental 

controls’, resembling the effects observed upon pan-neuronal knockdown. 

• MB neurons. The knockdown of Su(var)3-9 in these cells causes impairments in 

the rebound response upon SD, only in male flies. During training of courtship 

assays, male RNAi flies exhibited a high courtship index when paired with virgin 

females, but not with mated females, suggesting in these flies, perhaps, a more 

sophisticated mechanism to sense the mating status of females. 

3.4 More insights about the knockdown of Su(var)3-9 

and the other H3K9 methylases: Eggless and G9a 

3.4.1 Su(var)3-9 and the synaptic plasticity 

According to the synaptic homeostasis hypothesis (SHY), proposed by G.Tononi and 

C.Cirelli (Tononi and Cirelli 2003; 2006), sleep is a fundamental need for the brain, 

required to regulate the total amount of synaptic strengths, which usually accumulate 

during wakefulness, driven by ongoing learning, in order to allow connections throughout 

the brain. However, this condition consequently requires an increased demand of cellular 

needs for supplies and energy, which can lead to stressful conditions. Furthermore, at the 

end of the day, the increased synaptic strengths may saturate the opportunity to learn, 

driving the need for synaptic renormalization. This is supposed to occur during sleep, 

where the brain goes into “offline” mode, disconnecting from the external environment, 

restoring synaptic plasticity and, therefore, the ability to learn (Figure 3.20). 
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Figure 3.20. Illustration of the synaptic homeostasis hypothesis (SHY). 
 

According to SHY, in both mammals and flies, periods of wakefulness cause an increase 

in synaptic markers, such as Bruchpilot (BRP) and Synapsin (Syn), two of the main pre-

synaptic components (Vyazovskiy et al. 2008; Gilestro, Tononi, and Cirelli 2009), while 

sleep decreases their level. This oscillation seems to be completely independent of the 

time of the day. 

In order to evaluate a potential correlation between Su(var)3-9 and the level of the above-

mentioned synaptic proteins, I decided to enhance the pan-neuronal knockdown of 

Su(var)3-9, to subject the flies to 1 day of sleep deprivation and quantify the protein level 

by immune-staining. As shown in Figure 3.21, both genotypes CS/Su(var)3-9 KD and 

nSyb-G4/Su(var)3-9 KD, exhibited higher levels of BRP and Syn upon SD, following the 

findings of Gilestro 2009. However, very interestingly, the RNAi flies showed an increase 

in the baseline level of both synaptic scaffolding markers, when comparing the no SD 

condition to the equivalent parental control (Table 3.13). 

At this stage, I believe it important to mention the study of S.Huang et al, in 2020, who 

found that sleep in flies can be related to the status of the presynaptic active zone (S. 

Huang et al. 2020). In their work, they show that a brain-wide upregulation of BRP can 

drive the upregulation of other scaffolding proteins, which has a crucial impact on sleep 

regulation. Indeed, the increase of brp copies leads to an increase in baseline sleep in a 

dosage-dependent manner: the more copies they were triggering, the higher was the 

baseline-sleep increase. Given all these assumptions, I started hypothesizing that the 

raised level of the synaptic proteins BRP and Syn in the Su(var)3-9 RNAi flies, could be 
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then responsible for the increased baseline sleep observed and discussed in section 3.2.1, 

as one of the main sleep perturbations driven by the knockdown. In order to validate this 

 
Figure 3.21. The Su(var)3-9 knockdown increases BRP and Syn baseline level. 
Quantification of normalized intensity of BRP and Syn, from confocal projection of adult front brains. 
Per each genotype, intensities from SD and no SD flies are shown. * indicates a p<0.05; ** p < 0.005; 
*** p<0.001, from pairwise Wilcoxon rank sum test. 
 
 

Table 3.13. Statistical differences of BRP and Syn intensity between SD and no SD flies and between 
Su(var)3-9 RNAi and controls. 
 

BRP intensity Syn intensity 
Genotype1 Genotype2 p-value Genotype1 Genotype2 p-value 
CS/ Su(var)3-9 KD 
no SD 

CS/ Su(var)3-9 KD 
SD 

0.03828 CS/ Su(var)3-9 KD 
no SD 

CS/ Su(var)3-9 KD 
SD 

0.00446 

CS/ Su(var)3-9 KD 
no SD 

nSyb-G4/Su(var)3-
9 KD no SD 

0.00779 CS/ Su(var)3-9 KD 
no SD 

nSyb-G4/ Su(var)3-
9 KD no SD 

0.00043 

nSyb-G4/ Su(var)3-
9 KD no SD 

nSyb-G4/ 
Su(var)3-9 KD SD 

0.01238 nSyb-G4/ Su(var)3-
9 KD no SD 

nSyb-G4/ Su(var)3-
9 KD SD 

0.03054 

 

hypothesis, I decided to trigger the pan-neuronal knockdown of BRP, simultaneously 

with the knockdown of Su(var)3-9 and record for sleep. Flies were also subjected to SD 

and homeostatic sleep was analyzed. Figure 3.22A shows the sleep pattern of 5 different 

genotypes: CS/nSyb-G4 and CS/UAS-BRP KD_UAS-Su(var)3-9 KD, the two parental 

controls; BRP KD-nSyb-G4 (which triggers the RNAi of BRP only); Su(var)3-9 KD-

nSyb-G4 (which triggers the RNAi of Su(var)3-9 only); BRP-Su(var)3-9 KD (triggering 

the RNAi of both Su(var)3-9 and BRP). Regarding the homeostatic sleep, the addition of  
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Figure 3.22.  BRP knockdown reduces the baseline sleep in Su(var)3-9 KD flies. 
A. Ethogram over three days in a row, where sleep deprivation occurs on the second day. Per each genotype, 
two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group (colored 
line). Rebound sleep is highlighted in blue. Only female flies were analyzed. Intermediate lines indicate the 
mean, while shaded areas represent the bootstrapped 95% confidence interval. B. Quantification of rebound 
sleep during the first 3 hours of the early morning, following SD. Statistically significant changes in sleep 
rebound have been found in parental controls and BRP (only) KD flies, after comparing SD to no SD 
groups. C. Ethogram wrap (average) of three days of baseline sleep in no SD flies and quantification of the 
total baseline sleep, showing significant differences between BRP-Su(var)3-9 KD and Su(var)3-9 KD flies 
(p-value: 6.0e-06). In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise 
Wilcoxon rank sum test. Data shown is from two replicates and the N of the animals per each group is 
reported within the figure. 
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Table 3.14. Statistical differences between SD and no SD flies in rebound sleep, from Su(var)3-9 -
BRP RNAi and reciprocal controls. 
 

Sleep during rebound 
no SD SD p-value 
CS/ BRP-Su(var)3-9 KD  CS/ BRP-Su(var)3-9 KD  9.1e-05 
CS/ nSyb-G4 CS/ nSyb-G4 0.01259 
BRP KD/ nSyb-G4 BRP KD/ nSyb-G4 0.00100 
Su(var)3-9 KD/ nSyb-G4 Su(var)3-9 KD/ nSyb-G4 0.28394 
BRP-Su(var)3-9 KD/ 
nSyb-G4 

BRP-Su(var)3-9 KD/ 
nSyb-G4 

0.15019 

 

the BRP knockdown in Su(var)3-9 KD flies, was not sufficient to mitigate the effect of 

the rebound response, as these flies, similarly to Su(var)3-9 KD flies, did not increase 

their sleep at the end of the sleep deprivation. BRP KD flies only, instead, exhibited 

normal rebound, as the parental controls (Figure 3.22B, Table 3.14). Despite the absence 

of changes in homeostatic sleep, different was the situation in terms of baseline sleep. 

The knockdown of both BRP and Su(var)3-9 led to a lower increase in baseline sleep, 

compared to what was previously observed in the Su(var)3-9 KD flies, suggesting a 

partial rescue of the phenotype (Figure 3.22C-D). Besides the lower amount of sleep, 

however, it was also easy to notice that the double knockdown flattened the activity peaks, 

which normal flies clearly show around the light transitions (morning and evening peaks). 

In order to evaluate any arrhythmicity, I decided to monitor all genotypes in constant 

darkness (DD). Over 14 days in DD, both parental controls and the single knockdowns 

of BRP and Su(var)3-9, have shown normal rhythmicity, displaying the usual activity 

peaks approximately at the same time of the day. However, BRP-Su(var)3-9 RNAi flies 

seem to slightly shift the activity bouts over the days, suggesting a circadian clock rhythm 

with a 27h-period (Figure 3.23B). Furthermore, on day 11, the activity pattern becomes 

completely flat, with no evidence of peaks. This may suggest that the addition of BRP 

knockdown in Su(var)3-9 RNAi flies may aggravate the phenotype, causing impairments 

in the circadian system, which was not affected when triggering the knockdown of 

Su(var)3-9 only. 

Finally, I decided to re-apply the same approach described above, by combining the  

knockdown of Synapsin, instead of BRP, to Su(var)3-9 RNAi flies. As similar as BRP, 

the addition of Syn knockdown did not improve the homeostatic response after 1 day of 

SD (Figure 3.24A-B). Apart from the two parental controls, all the RNAi flies, including  
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Figure 3.23.  The knockdown of BRP in Su(var)3-9 RNAi flies flattens the activity peaks in DD. 
A. Representative actograms in Su(var)3-9 RNAi flies, BRP-Su(var)3-9 RNAi, BRP RNAi, and parental 
controls, in DD condition: BRP-Su(var)3-9 RNAi flies progressively show flattened activity peaks over the 
days. B. Power analysis of the circadian period of activity in DD in all the genotypes, showing a period of 
27h in BRP-Su(var)3-9 RNAi flies. 
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Figure 3.24. The knockdown of Syn does not rescue the sleep impairments in Su(var)3-9 RNAi flies. 
A. Ethogram over three days in a row, where sleep deprivation occurs on the second day. Per each genotype, 
two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group (colored 
line). Rebound sleep is highlighted in blue. Only female flies were analyzed. Intermediate lines indicate the 
mean, while shaded areas represent the bootstrapped 95% confidence interval. B. Quantification of rebound 
sleep during the first 3 hours of the early morning, following SD. Statistically significant changes in sleep 
rebound have been found in parental controls only, after comparing SD to no SD groups. C. Ethogram wrap 
(average) of three days of baseline sleep in no SD flies and quantification of the total baseline sleep, where 
no differences were detected when comparing Su(var)3-9 KD/nSyb-G4 to Syn-Su(var)3-9 KD/nSyb-G4 
flies (p-value: 0.72) In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from 
pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals per each 
group is reported within the figure. 



 
Results: the role of H3K9me in sleep 
 

 117 

 

Table 3.15. Statistical differences between SD and no SD flies in rebound sleep, from Su(var)3-9 -Syn 
RNAi and reciprocal controls. 
 

Sleep during rebound 
no SD SD p-value 
CS/ Syn-Su(var)3-9 KD  CS/ Syn-Su(var)3-9 KD  0.00365 
CS/ nSyb-G4 CS/ nSyb-G4 3.6e-05 
Syn KD/ nSyb-G4 Syn KD/ nSyb-G4 0.06820 
Su(var)3-9 KD/ nSyb-G4 Su(var)3-9 KD/ nSyb-G4 0.09184 
Syn-Su(var)3-9 KD/ 
nSyb-G4 

Syn-Su(var)3-9 KD/ 
nSyb-G4 

0.27594 

 

Syn KD/nSyb-G4, did not rebound (Table 3.15). Furthermore, there were no changes in 

terms of baseline sleep, when comparing Su(var)3-9 KD to Syn-Su(var)3-9 KD, 

suggesting that the knockdown of Syn was not enough to rescue the usual sleep 

impairments observed in Su(var)3-9 RNAi flies (Figure 3.24 C-D). All these results may 

suggest that the higher level of BRP and Syn in Su(var)3-9 RNAi flies, does not represent 

the only factor driving the increase of the baseline sleep. The knockdown of Su(var)3-9 

probably causes the alteration of multiple mechanisms, that playing together, lead to 

severe consequences. 

3.4.2 Sleep and other H3K9 methyltransferases: Eggless and G9a 

Until now, I proceeded by perturbating the H3K9me, throughout the knockdown of 

Su(var)3-9, and subsequentially performing sleep analysis. However, as largely discussed 

in section 1.3.7, we know that in Drosophila there are also two more H3K9 histone 

methyltransferases, Eggless and G9a. In order to build a full picture of the contribution 

of the H3K9me in sleep regulation, I decided to analyze the sleep pattern, after triggering 

the pan-neuronal knockdown of Egg and G9a, distinctively. G9a KD/nSyb-G4 flies were 

fully viable, while the knockdown of Egg caused an adult semi-lethality: only half of the 

flies hatched and immediately died, preventing any possible sleep recording. Therefore, 

for Eggless only, I necessarily had to make the crosses using Elav-GAL4, another 

neuronal GAL4, which drives the expression of GAL4 during an earlier developmental 

stage, compared to nSyb-G4. As previously performed, flies were subjected to sleep 

deprivation, during sleep recording. 
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As reported in Figure 3.25, the knockdown of both Eggless and G9a did not lead to any 

impairment in baseline sleep: indeed, over three days, RNAi flies slept as similar as the 

parental controls. Very interesting is, however, the homeostatic sleep situation. While 

Egg RNAi flies exhibited an increase in sleep on the day following sleep deprivation, 

suggesting that this methyltransferase enzyme is probably not involved in sleep 

regulation, the knockdown of G9a showed no evidence of rebound response upon SD, in 

male flies. Female KD flies behaved as normal as parental controls, suggesting again, 

some kind of sexual difference (Figure 3.25C-D and Table 3.16). These results, taken  

 

Figure 3.25. The knockdown of G9a, but not Egg, impairs the rebound response in male flies. 
A, B. Ethograms over three days in a row, show the sleep pattern in G9a (A) and Egg (B), respectively. 
Sleep deprivation occurs on the second day: for each genotype, two groups of flies are shown: undisturbed 
control group (grey line) and sleep-deprived group (colored line). Rebound sleep is highlighted in blue. 
Females and males are analyzed separately. Intermediate lines indicate the mean, while shaded areas 
represent the bootstrapped 95% confidence interval.  C, D. Quantifications of rebound sleep during the first 
3 hours of the early morning, following SD in G9a (C) and Egg (D) flies, respectively. In all figures, * 
indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. Data 
shown is from three replicates and the N of the animals per each group is reported within the figure. 

 



 
Results: the role of H3K9me in sleep 
 

 119 

Table 3.16. Statistical differences between SD and no SD flies in rebound sleep, from Egg or G9a 
RNAi and reciprocal controls. 
 

G9a, female, sleep during rebound G9a, male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/nSyb-G4  CS/nSyb-G4 0.00013 CS/nSyb-G4 CS/nSyb-G4 0.00319 
CS/ G9a KD CS/ G9a KD 0.00012 CS/ G9a KD CS/ G9a KD 0.01274 
G9a KD / nSyb-G4 G9a KD / nSyb-G4 0.01579 G9a KD/ nSyb-G4 G9a KD / nSyb-G4 0.10115 

Egg, female, sleep during rebound Egg, male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/Elav-G4  CS/ Elav -G4 0.00628 CS/ Elav -G4 CS/ Elav -G4 0.00086 
CS/ Egg KD CS/ Egg KD 0.00140 CS/ Egg KD CS/ Egg KD 0.00505 
Egg KD / Elav -G4 Egg KD / Elav -G4 0.00181 Egg KD/ Elav -G4 Egg KD / Elav -G4 0.00323 

 

together, may suggest that G9a, and not Egg, plays a role in the homeostatic sleep 

regulation, possibly cooperating with Su(var)3-9, in this function. In order to validate this 

hypothesis, I decided to trigger the knockdown of the same targets in the ExFl2 neurons, 

cells where Su(var)3-9 has already been shown to operate, to regulate the homeostatic 

response. The aim here is, therefore, to see if G9a is also required for sleep in this specific 

population of neurons. Together with G9a, I also induce the knockdown of Egg, as a 

negative control: here I was not expecting any perturbation, following the results with 

Elav-G4. Only male flies were recorded this time. 

As shown in Figure 3.26, the knockdown of G9a specifically in the ExFl2 cells, triggered 

by exploiting the R72G06-G4 driver, phenocopied the results previously collected with 

nSyb-G4: the RNAi flies, in fact, were not rebounding upon SD, suggesting again 

impairments in the homeostatic response. On the other hand, Egg KD flies were able to 

normally recover on the day following SD, confirming again that Egg probably does not 

play any role in sleep regulation (Figure 3.26B and Table 3.17). G9a, instead, seems to 

be another good candidate for regulating homeostatic sleep. The fact that both G9a and 

Su(var)3-9 were shown to play the same role in the same class of neurons, leads to 

hypothesize that the two enzymes may collaborate for the completion of this function. 

Although there is no evidence of these methyltransferases in cooperating during the adult 

stage, there are certainly studies confirming their overlapping roles in the deposition of 

the H3K9me during development. Mis et al, for instance (2006), demonstrated the 

existence of a 
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Figure 3.26. G9a, but not Egg, controls the rebound response in the ExFL2 neurons. 
A. Ethogram over three days in a row, where sleep deprivation occurs on second day: per each genotype, 
two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group (colored 
line). Rebound sleep is highlighted in blue. Only males are analysed. Intermediate lines indicate the mean, 
while shaded areas represent the bootstrapped 95% confidence interval.  B. Quantification of rebound sleep 
during the first 3 hours of the early morning, following SD. In all figures, * indicates a p<0.05; ** p < 
0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from two replicates 
and the N of the animals per each group is reported within the figure. 

 

Table 3.17. Statistical differences between SD and no SD flies in rebound sleep, upon knockdown of 
G9a in the ExFL2 neurons. 
 

Sleep during rebound 
no SD SD p-value 
CS/ Egg KD  CS/ Egg KD  0.00294 
CS/ G9a KD CS/ G9a KD 0.00264 
CS/ R72G06-G4 CS/ R72G06-G4 2.8e-09 
R72G06-G4/ Egg KD R72G06-G4/ Egg KD 0.00039 
R72G06-G4/ G9a KD R72G06-G4/ G9a KD 0.05770 

 

genetic interaction between G9a and Su(var)3-9, across specific developmental stages. 

They found that the double mutation for both proteins led to very low viability: among 

706 embryos collected, only 8% managed to survive, reaching the adult stage. The single 
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mutants for G9a and Su(var)3-9 had, instead, 38% of viability. They also found that there 

appears to be a synergistic interaction between the two proteins, more pronounced during 

larval stages, since only 15.8% of the double mutants managed to move from larval to 

pupal stadium, against the 60.8% and 71.3% of the single mutants for G9a and Su(var)3-

9, respectively (Mis, Ner, and Grigliatti 2006). 

It is still unclear if G9a and Su(var)3-9 play a synergistic role during adulthood, too. 

However, my data suggest that this could be potentially possible. More future works are 

required, to better elucidate this hypothesis. 

3.4.3 Summary 

• The pan-neuronal knockdown of Su(var)3-9 leads to higher baseline levels of 

synaptic proteins, such as BRP and Syn, in RNAi flies compared to parental 

controls. 

• The simultaneous knockdown of Su(var)3-9 and BRP does not recover the 

rebound response upon SD, but partially rescues the baseline sleep level. 

However, RNAi flies appeared arrhythmic. 

• The simultaneous knockdown of Su(var)3-9 and Syn does not rescue any effects 

previously observed in Su(var)3-9 RNAi flies. 

• The knockdown of G9a in pan-neurons and more specifically in ExFl2 cells, also 

abolishes rebound sleep upon SD, suggesting a potential collaboration between 

G9a and Su(var)3-9 in the role of homeostatic sleep regulation. On the other hand, 

the knockdown of Eggless does not disturb sleep. 

3.5 Perturbations in sleep and consequential effects in 

H3K9me 

3.5.1 Sleep deprivation and H3K9me 

Thus far we proceeded by introducing perturbations at the H3K9me level, knocking down 

the three main histone modifiers involved in the deposition of this marker, and then 
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looking at the sleep behavior upon KD. This strategy allowed me to identify in Su(var)3-

9 mainly, but also in G9a, two more players involved in sleep control. In section 1.3.6, I 

described how histone modifications can be easily influenced by external factors in the 

environment. Therefore, as opposed to what was performed so far, I also asked whether 

perturbations in sleep may modulate and change the level of the H3K9me, in the brain of 

adult flies. Although it is already clear how sleep disturbances, such as sleep deprivation, 

can change epigenetic markers, like histone acetylation, the impact on H3K9 histone 

methylation has not been explored, yet. 

In order to better elucidate this area, I subjected wild-type flies (Canton-S) to different 

lengths of sleep deprivation: 1,3,5 and 7 days of SD. On the day when the SD was meant 

to end, I immediately dissected the adult fly brains, avoiding flies to recover from the loss 

of sleep by rebound response, and avoiding any restoration of accumulated synaptic 

strengths. Appropriate controls of flies not sleep-deprived were also dissected in order to 

make opportune comparisons. After dissection, adult brains were immuno-stained with 

two antibodies: anti-BRP and anti-H3K9me. Confocal projections of frontal brains are 

shown in Figure 3.27: as expected positive control for the sleep deprivation, the level of 

BRP increased, almost in parallel to the length of the SD. This is pretty much in line with 

previous findings from Gilestro et al 2009, where they found an accumulation of synaptic 

markers, such as BRP, upon SD, because of the net strengthening of synapses (Gilestro, 

Tononi, and Cirelli 2009). As mentioned above, I also stained the same brains with ab 

anti-H3K9me: as expected and reported in Figure 3.27B, this shows colocalization with 

DAPI, in the nuclei of the cell bodies. Here, the circumstances were very interesting: 

acute SD, given by 1 or 3 days of mechanical stimuli, did not impair or change the level 

of this epigenetic marker. However, a prolonged SD, such as 5 or 7 days, drastically 

increased the level of H3K9me, upon comparison to control individuals (Figure 3.27C 

and Table 3.18). These results suggest that only a more chronic perturbation of sleep may 

modulate the regulation of the gene expression, by increasing the H3K9me and, 

consequently, increasing the number of down-regulated genes. This hypothesis will be 

better elucidated and discussed in section 3.5.4, which describes the output from an RNA-

seq analysis. 
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Figure 3.27. Chronic dynamic SD causes an increase in the H3K9me level. 
A. Confocal projection of adult front brains stained with ab anti-H3K9me and anti-BRP, in sleep-deprived 
and control flies. An increased level of both BRP and H3K9me was detected in the brains, upon SD (only 
chronic SD for H3K9me). B. Magnified section of A, showing the colocalization of the signals between 
H3K9me and DAPI, in the nuclei of the cell bodies. C. Quantification of the normalized intensity, where 
*** indicates p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. 

 

Table 3.18. Statistical differences in BRP and H3K9me intensity, between CTRL and SD groups. 
 

BRP intensity H3K9me intensity 
Genotype1 Genotype2 p-value Genotype1 Genotype2 p-value 
CTRL 1 day SD 0.53102 CTRL 1 day SD 0.49527 
CTRL 3 days SD 3.6e-06 CTRL 3 days SD 0.84457 
CTRL 5 days SD 2.5e-07 CTRL 5 days SD 3.2e-07 
CTRL 7 days SD 0.00072 CTRL 7 days SD 0.00040 
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3.5.2 H3K9me in fumin mutants 

From the previous section, I found that only a prolonged dynamic SD leads to a higher 

level of H3K9me. This exciting finding was never discovered or remotely explored 

before. Therefore, further experiments were needed to give more confirmation. The first 

step was to dissect and analyze the adult brains of a short-sleeping mutant, called fumin. 

fumin, meaning “sleepless’ in Japanese, is characterized by a constant hyperactive 

behavior, due to a mutation in the dopamine transporter gene (dat). The loss of dat and, 

consequently, the persistent elevated level of dopamine, is the main responsible of this 

constant wakefulness. Furthermore, these flies have shown a decreased arousal threshold 

and no rebound response upon sleep deprivation. Their circadian rhythm, however, was 

not impaired (Kume et al. 2005; Kume 2006).  

The reason why I decided to focus on this specific fly strain is because it represents a 

genetically driven way of chronic sleep deprivation. Without even stimulating flies by 

dynamic SD, I dissected adult brains from both fumin and Canton-S flies, used as control, 

and stained again the brains with anti-BRP and anti-H3K9me. As shown in Figure 3.28A-

B, fumin flies exhibited higher levels of BRP, compared to CS flies. This was already 

discovered by S.Huang et al. (2020), who were analyzing a few short-sleeping mutants, 

including fumin (S. Huang et al. 2020). Their study found that sleep deficits can cause 

widespread changes in the organization of synapse molecules, such as BRP, mainly in the 

presynaptic active zone.  

Together with BRP, also the staining for H3K9me has shown increased levels of this 

epigenetic marker in fumin mutants, differently to CS, as shown in Figure 3.28C-D. This 

result further confirms the idea that chronic sleep deprivation, genetically or dynamically 

driven, causes higher deposition of this specific histone methylation in the nuclei of the 

neuronal tissue. 
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Figure 3.28. fumin flies show higher BRP and H3K9me levels. 
A-C. Confocal projections of adult front brains from CS and fumin, stained with ab anti-BRP (A) and 
anti-H3K9me (C). An increased level of both BRP and H3K9me was detected in the brains of fumin 
flies. B-D. Quantifications of the normalized intensity, where *** indicates p<0.001, from pairwise 
Wilcoxon rank sum test. 

3.5.3 The modulation of H3K9me after rebound sleep 

Previously, I revealed how the H3K9me level can be modulated by sleep deprivation, in 

the condition of prolonged stimuli. Indeed, acute SD was not found to affect this specific 

epigenetic marker. Given these assumptions, the next step was to understand if the 

increased H3K9me level, triggered by chronic SD, was a temporary or a more permanent 

change in the chromatin of the neuronal nuclei. In order to investigate so, I subjected  CS 

flies to, at least, 5 days of SD, the shortest period of sleep perturbation essential to induce 

the change. At the end of the dynamic stimulus, I then allowed flies to fully recover, by 

giving 1 or 3 days of resting period. Over this time, they could behave normally, probably 

recovering from sleep loss. Fly adult brains were finally dissected 
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Figure 3.29. CS flies exhibited higher H3K9me levels also upon 1 day of rest, after chronic SD. 
A-C. Confocal projections of adult front brains from CS, stained with ab anti-BRP (A) and anti-H3K9me 
(C). An increased level of H3K9me was still detected in the neuronal nuclei of flies subjected to SD, 
followed by 1 day of rest only. B-D. Quantifications of the normalized intensity, where *** indicates 
p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. 

 

Table 3.19. Statistical differences in BRP and H3K9me intensity, between CTRL and rested groups. 
 

BRP intensity H3K9me intensity 
Genotype1 Genotype2 p-value Genotype1 Genotype2 p-value 
CTRL SD-1 day 

of rest 
0.85826 CTRL SD-1 day 

of rest 
9.7e-05 

CTRL SD-5 days 
of rest 

0.20830 CTRL SD-5 days 
of rest 

0.81231 



 
Results: the role of H3K9me in sleep 
 

 127 

 

at the end of the resting period (1 or 3 days after SD) and immunostaining was performed 

using ab anti-BRP and anti-H3K9me. Appropriate controls of flies no sleep-deprived 

were also included, in order to allow suitable comparisons. 

One day of rest, following prolonged sleep deprivation, was already enough to restore the 

usual level of BRP. Indeed, as shown in Figure 3.29A-B, no difference was detected when 

comparing no SD flies to those who have undergone the actual manipulation. These 

results were expected, as Gilestro et al. showed similar data: a few hours of recovery upon 

SD were already sufficient to decline BRP level, suggesting that sleep is fundamental to 

downregulate the expression of synaptic proteins (Gilestro, Tononi, and Cirelli 2009). 

Aside from BRP, different was the outcome for H3K9me. Upon chronic SD, one day only 

of recovery was not enough to re-establish and decline the H3K9me level: these flies still 

experienced an extremely pronounced increment of this epigenetic marker, as shown in 

Figure 3.29C-D. However, prolonged SD followed by 3 days of resting period, allowed 

for full restoration of the usual level of H3K9me: flies subjected to this specific condition 

did not exhibit differences when compared to controls (see Table 3.19 for statistical 

comparisons). These data suggest that changes in the H3K9me, due to sleep disturbances, 

are only temporary and can be easily modulated by allowing individuals to rest and sleep 

for a longer period than 1 day. 

3.5.4 Differential expressed genes (DEGs) upon SD and knockdown of 

Su(var)3-9 
3.5.4.1 Acute vs chronic SD  

Thus far I have given new insights about a potential interconnection between 

H3K9methylation and sleep: perturbations in the main H3K9methyltranferas enzymes, in 

particularly Su(var)3-9 and G9a, lead to impairments in baseline and homeostatic sleep. 

On the other hand, sleep deficits due, for instance to chronic sleep deprivation, alter the 

level of the H3K9me deposition in the brains of SD flies, although only in a temporary 

way, when long recovery is allowed. In order to further analyze the linkage between sleep 

and this epigenetic marker, I decided to perform an RNA seq analysis, to look more 

deeply into the changes in the gene expression. In Figure 3.30, an illustrated scheme of 
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the strategy applied for this purpose, is shown. 10 days old flies were collected from the 

following genotypes: CS/ Su(var)3-9 RNAi and nSyb-G4/ Su(var)3-9 RNAi flies. A sleep  

 

Figure 3.30. Illustration of the RNA seq experiment. 
Illustrations are taken from https://commons.wikimedia.org/wiki, created under the Creative Commons 
license. 

deprivation of 1 or 5 days was triggered, in order to mimic both acute and chronic SD. 

Heads from all conditions, including appropriate controls of flies no sleep-deprived, were 

collected and RNA was opportunely extracted. Finally, samples were sent for sequencing 

and data were analyzed, in order to make comparisons and identify potential differentially 

expressed genes (DEGs).  Starting from acute SD, 1 day of sleep deprivation did not seem 

to affect too much the gene expression in CS/Su(var)3-9 KD flies: only a few genes were 

de-regulated when comparing SD to no SD individuals (one downregulated and 4 up-

regulated genes, Figure 3.31). This outcome is very different from what was previously 

observed in other studies (Cirelli, LaVaute, and Tononi 2005; Zimmerman et al. 2006), 

where higher numbers of targets were claimed to be deregulated. However, it is necessary 

to highlight that many differences can be spotted in the experimental and analysis 

methods applied in these works, compared to those that have been used in this project. 

For instance, the sleep deprivation method exploited in Cirelli’s study involves the use of 

a shaker, where flies are constantly subjected to dynamic stimuli. In my study, instead, 

the SD is given by a more specific stimulus that is only triggered when an individual is 

detected to be asleep. This avoids any unspecific effect due to habituation or a more 

stressful environment. In Zimmermann, different was the tissue source, since they 

extrapolated RNA from brains, while whole heads have been used here, and different was 

the age of the flies and the time when individuals were sacrificed. All these data, taken 

together, may explain the disparate results between this and other studies. 
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Figure 3.31. RNA-seq in Su(var)3-9 and parental control flies, upon acute SD. 
Volcano plots of differentially expressed genes in Su(var)3-9 RNAi (right side graph) and control flies (left 
side graph), after 1 day of sleep deprivation. Red dots are the down-regulated genes, while blue dots are the 
up-regulated genes. Unchanged genes are shown in grey. The x-axis represents the log2 (fold-change), 
while the y-axis is the -log10 (p-value) values of the DEGs. Only candidates with p-value < 0.05 and log2 
Fold change < -1.5 or >1.5, were considered statistically significant different. 

 

Going back to the results from the RNA seq upon acute SD, not many changes were also 

detected in the RNAi flies: 7 genes were found to be downregulated, while only 1 gene 

was up-regulated in the SD flies, compared to no SD. Despite the low number of de-

regulated genes in both parental control and KD flies, no matches were identified when 

comparing the targets found to be mis-regulated in the two genotypes. However, in both 

conditions, most of those targets were mainly involved in defense and immune responses. 

All the above-mentioned DEGs are listed in Table 3.20. We can conclude that the acute 

SD impacts the gene expression only minimally: this was true for both RNAi and parental 

control flies. 

More interesting was, instead, the result from the RNA seq upon chronic SD. As shown 

in Figure 3.32, 5 days of sleep deprivation causes the deregulation of many more target 

genes, compared to the outcome from the acute SD: approximately 85 genes were found 

to be down-regulated in the parental control CS/ Su(var)3-9 KD, when comparing SD to 

no SD flies. No up-regulated genes were identified. These exciting results could be 

possibly connected with my previous findings about the H3K9methylation level. Indeed, 

previously, I have shown that chronic sleep deprivation can lead to an increased level of 
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this specific epigenetic sign. Higher H3K9me level could also mean, consequently, higher 

number of down-regulated genes, which is what is visible from the RNA-seq outcome 

upon chronic SD. Further analysis, however, is definitely required in the future to validate 

the interconnection between those results. For instance, a CHIP-seq specific for the 

H3K9me will be beneficial in order to show that the loci match the lower expressed genes. 

Table 3.20. List of DEGs upon acute SD in Su(var)3-9 RNAi and parental controls. 
 
CS/ Su(var)3-9 upon SD nSyb-G4/ Su(var)3-9 upon SD 

Up-regulated Notes Up-regulated Notes 

CG14528 Predicted to be involved in 
protein processing. 

CG9377 Predicted to be involved in 
proteolysis 

CG15065 Predicted to be involved in 
defense response. 

Down-
regulated 

Notes 

CG30033 Expressed in adult fat body IM2 Involved in defense response. 
Tsf1 Involved during the immune 

response. 
GNBP-like3 Involved in defense response 

to other organism. 
Down-
regulated 

Notes IM23 Involved in antibacterial 
humoral response. 

CG33296 Predicted to enable 
neurotransmitter:sodium 
symporter activity. 

IM14 Involved in antifungal 
humoral response. 

  IM1 Involved in defense response. 
  CG43202 resistance to bacterial 

infection 
  l(2)efl Predicted to enable unfolded 

protein binding activity. 

 

Figure 3.32. RNA-seq in Su(var)3-9 RNAi and parental control flies, upon chronic SD. 
Volcano plots of differentially expressed genes in Su(var)3-9 RNAi (right side graph) and control flies (left 
side graph), after 5 days of sleep deprivation. Red dots are the down-regulated genes, while unchanged 
genes are shown in grey. No up-regulated genes were detected. The x-axis represents the log2 (fold-
change), while the y-axis is the -log10 (p-value) values of the DEGs. Only candidates with p-value < 0.05 
and log2 Fold change < -1.5 or >1.5, were considered statistically significant different. 
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In relation to these discoveries, interesting were also the data in the Su(var)3-9 RNAi flies. 

As shown in the right side of Figure 3.32, there are evidently, fewer down-regulated genes 

(only 7), upon chronic SD, in the KD flies. This could be potentially in line with previous 

results: given the lower expression of Su(var)3-9 enzyme, RNAi flies have exhibited lower 

levels of H3K9me, even in baseline conditions. This could mean that, upon chronic SD, 

these flies cannot respond by elevating the H3K9me level, which as a consequence, 

cannot lead to an increase in the number of downregulated target genes. However, as 

already mentioned, this remains a supposition and further experiments are required for a 

better validation. 

 

Figure 3.33. Gene Ontology enrichment analysis of down-regulated differentially expressed genes, 
upon chronic SD. 
GO for BP (biological processes) in CS/Su(var)3-9 KD (A) and nSyb-G4/Su(var)3-9 KD (B). The bars 
represent distinct ontology categories, and the length relies on the number of DEGs included per category. 
The two graphs were generated using the WebGestalt tool. 
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In order to explore a bit more in detail the biological processes in which these genes are 

involved, I also performed some Gene Ontology (GO) analysis: Figure 3.33 shows that 

in CS/Su(var)3-9 flies, the de-regulated genes are mainly involved in metabolic 

processes. In the RNAi flies (Figure 3.33B), instead, all the targets entirely relate to 

immune or general defense response. These last data remind the outcome from the RNA 

seq in the KD flies, upon acute SD, suggesting that immune response is probably not 

influenced by the H3K9methylation. 

Taken together these results support the idea that only a more prolonged SD can bring 

severe effects on the regulation of gene expression in control flies, while acute SD does 

not have a dramatic impact. This may support a study from 2019 (Noya et al. 2019), 

according to which the mRNA level, mainly of synaptic transcripts, is controlled by the 

circadian rhythm, while their proteins are regulated in a post-transcriptional manner, by 

the sleep-wake cycles, depending therefore, on the activity-rest period of the individual. 

Collectively, this may suggest that the acute SD does not modulate the transcript level, 

but it probably influences the translation of the synaptic proteome, in relation to the 

vigilance state. However, when prolonging the period of sleep deprivation, it is plausible 

that circadian and homeostatic drives interact, communicating with each other and 

influencing the mRNA level, under higher sleep pressure.  

Overall, my study provides new insights into the dynamic interplay between H3K9 

methylation and sleep, where I show that only chronic SD significantly impacts H3K9me, 

leading to alterations in gene expressions. However, we cannot exclude all the pleiotropic 

effects of histone methylation extending beyond sleep, potentially influencing cognitive 

function, metabolic processes, mood and psychiatric disorders, and developmental and 

aging processes. Understanding these pleiotropic phenotypes and their interactions can 

provide a comprehensive insight into the multifaceted role of histone methylation in 

health and disease, highlighting the importance of considering these factors in sleep 

research and therapeutic interventions. 

 

3.5.4.2 The effects of Su(var)3-9 knockdown in DEGs 

Finally, I also analyzed the RNA seq data to monitor the effect of the knockdown of 

Su(var)3-9, by comparing the RNAi with the parental control, upon baseline condition (no 
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SD). The pan-neuronal RNAi of Su(var)3-9 leads to a down-regulation of 522 genes and 

an up-regulation of 265 genes. After performing GO analysis, shown in Figure 3.34, it 

was clear that the main affected biological processes were involved in metabolism 

regulation. Among the down-regulated GO categories, I found of particular interest, the 

polyamine metabolic process category (Figure 3.34C).  

Polyamines are organic compounds, specifically, polycationic alkylamines, usually 

produced from L-ornithine or from decarboxylation of amino acids. They are involved in 

several biological processes, such as the synthesis and stabilization of both nucleic acids 

and proteins, cell signaling, cell growth, development, etc. (Hesterberg, Cleveland, and 

Epling-Burnette 2018; Pegg 2016). The most important polyamines are putrescine (put), 

spermidine (spd) and spermine (spe). Very recently, it has been found that polyamine can 

influence behaviors, such as sleep. For instance, Bedont et al (2023) show that both  

 

Figure 3.34. The Su(var)3-9 knockdown in pan-neurons causes the deregulation of many genes. 
A. Volcano plot of differentially expressed genes, upon KD of Su(var)3-9. Red dots are the down-regulated 
genes, while blue dots are the up-regulated genes. Unchanged genes are shown in grey. The x-axis 
represents the log2 (fold-change), while the y-axis is the -log10 (p-value) values of the DEGs. Only 
candidates with p-value < 0.05 and log2 Fold change < -1.5 or >1.5, were considered statistically significant 
different. B-C. GO in BP (biological processes) for up-regulated genes(A) and down-regulated genes (B). 
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The bars represent distinct ontology categories, and the length relies on the number of DEGs included per 
each category. The two graphs were generated using the WebGestalt tool. 

 

knockdown and mutation of the spermidine synthase (spds), the enzyme converting 

putrescine to spermidine, increases total sleep (Bedont et al. 2023). Furthermore, flies fed 

with putrescine exhibit a similar increase in sleep, suggesting that this specific polyamine 

is probably one of the main players in sleep regulation. This study was also in line with 

other previous results, such as Kanaya et al. 2020, showing sleep gain upon knockdown 

of the ornithine aminotransferase (oat) (Kanaya et al. 2020). 

Given all these assumptions, very interestingly, Su(var)3-9 RNAi flies exhibited down-

regulation of several components of the polyamine pathway, including spds or oat. As 

suggested by Bedont, it is plausible that the deregulation of polyamines may have 

contributed to change the baseline sleep level in the RNAi flies. It is good to remind at 

this stage, that the knockdown of Su(var)3-9 causes an increase of baseline sleep, 

following the results from the knockdown of spds or oat, above mentioned to lead to 

higher baseline sleep, too. More investigations are required in the future, in order to test 

if polyamines and Su(var)3-9 are truly connected and responsible for sleep regulation.  

3.5.5 The influence of chronic SD in Su(var)3-9 level 

Thus far I have given new insights about a potential interconnection between 

H3K9methylation and sleep: in particular, I have shown how a more prolonged sleep 

deprivation leads to an increased level of this specific epigenetic marker. The next step 

was then, to understand if the methyltransferase enzymes, specifically Su(var)3-9, could 

mirror the level of H3K9me. Given the increase of H3K9me, I hypothesized that the 

activity of Su(var)3-9 needed to be even more intense, over chronic SD. In order to 

validate this hypothesis, I decided to monitor and quantify by immune-staining, Su(var)3-

9 protein, in the brains of chronically sleep-deprived flies. Unfortunately, it was not 

possible to find any available antibody specific to Su(var)3-9. Therefore, I decided to 

resort to a different strategy. Instead of subjecting sleep deprivation to Canton-S flies, I 

performed the experiment using a transgenic fly stock, kindly donated by Brenneke J. 

This fly has a GFP peptide, fused to the C-terminal of Su(var)3-9. This allows the 

generation of a Su(var)3-9-GFP fused protein, where Su(var)3-9 can be easily detected 
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by GFP-staining. A detailed scheme of the transgenic construct used to express the above-

mentioned protein is reported in Figure 3.35. 

 
Figure 3.35. Transgenic construct to generate Su(var)3-9-GFP fused protein. 
Partial map of the Pacman clone CH322-164L18, containing the Su(var)3-9 locus with C-terminal 
GFP_Precission_V5_3xFLAG. Reproduced from SnapGene software (www.snapgene.com). 

 

https://www.snapgene.com/
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Figure 3.36. Su(var)3-9-GFP tagged flies exhibited higher BRP, H3K9me, and Su(var)3-9 protein 
levels upon chronic SD. 
A,C,E. Confocal projections of adult front brains from Su(var)3-9-GFP tagged flies, stained with ab anti-
BRP (A), anti-H3K9me (C) and anti-GFP (E). An increased level of all three targets was detected in the 
brains of flies subjected to SD. B-D-F. Quantifications of the normalized intensity, where *** indicates 
p<0.001, from pairwise Wilcoxon rank sum test. 

Su(var)3-9-GFP flies were, therefore, sleep deprived for 5 days, and adult brains were 

dissected and immune-stained using ab anti-GFP, together with anti-H3K9me and BRP, 
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as positive controls for the SD. As shown in Figure 3.35 (A-B-C-D), SD flies exhibited 

higher BRP and H3K9me levels, as expected. In addition, the level of Su(var)3-9 was 

detected to be increased: this result suggests that, over prolonged SD, there might be a 

higher activity of Su(var)3-9, generated by an increase of its protein level (Figure 3.36 E-

F).  

Besides the increased protein level, I wanted to further dissect the impact that chronic SD 

has on Su(var)3-9 transcripts regulation. Data from RNA seq showed that the mRNA 

level of Su(var)3-9 was not impaired upon chronic SD, in the parental control CS/ 

Su(var)3-9 KD. It is fundamental to remember that the RNA seq was performed in whole 

heads: in order to further validate this result, I decided to quantify by qPCR, the transcript 

level in brain tissues. As shown in Figure 3.37, together with Su(var)3-9, I decided also 

to monitor BRP mRNA level: in both cases, no change was detected when comparing 

 

Figure 3.37. qPCR in adult brains of CS flies, upon chronic SD. 
Transcript levels of BRP and Su(var)3-9 are shown, respectively in red and blue bars (no SD in light color, 
SD in dark color). No changes were detected when comparing SD to no SD flies. Data shown is from two 
biological replicates: per each replicate, 50 brains were dissected in each condition. 

 

SD to no SD condition. This outcome is in line with the work from Nova et al. 2019, 

already mentioned previously, where they found that, while transcript expression is 

modulated by the circadian clock, sleep/wake cycles influence the protein expression via 

a post-transcriptional regulation (Noya et al. 2019). The strong sleep pressure generated 
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by the chronic SD may be, therefore, the main player responsible for the increase of BRP 

and Su(var)3-9 proteins, leaving their transcript levels in a baseline condition. 

3.5.6 Behavioral effects upon inhibition of Su(var)3-9-expressing cells 

Given the evident correlation between Su(var)3-9 and sleep, I wanted to focus more on 

detail in the identification of the brain areas where Su(var)3-9 is mostly expressed. In this 

regard, I was able to find a GAL4 line, which is driving the expression of GAL4 

specifically in the cells expressing Su(var)3-9. The first step was to cross this line to an 

UAS-mcd8-GFP line (membrane-bound GFP reporter gene), to allow the Su(var)3-9 

visualization by immunostaining, using ab anti-GFP. Figure 3.38 shows the BRP and GFP 

colocalization. Su(var)3-9 seems to be widely expressed, showing neuronal projections 

into specific recognizable regions. For instance, it is clear the expression in some lobes 

of the MB (seen in section 3.3.4 to have a partial sleep phenotype upon Su(var)3-9 KD in 

this region) and in the insulin-producing cells (ILPs), implicated in metabolic homeostasis 

and life span regulation, and in response to different types of stress (Broughton et al. 

2005; Clancy et al. 2001). In particular, the expression pattern of 3 to 7 DILPs (2-3-5) 

resembles the expression pattern of Su(var)3-9 shown in Figure 3.38: mainly in the dorsal 

protocerebrum and the dorsal part of the median bundle (Giannakou and Partridge 2007). 

Interestingly, from the RNA seq analysis, most of the ILPs were detected to be de-

regulated upon knockdown of Su(var)3-9: in particular, ILP-2,3 and 5 were found to be 

downregulated, while ILP-6 was up-regulated. Ablation of ILPs was found in another 

work (Cong et al. 2015), to decrease total sleep in mutant flies: unfortunately, this result 

seems not to be in line with my results (probably given the different circumstances), 

suggesting that the sleep phenotypes observed in Su(var)3-9 KD, are not depending on 

the insulin-pathway. Indeed, from section 3.3.1, I have shown that the specific KD of 

Su(var)3-9 in the sNPFs neurons, known to be implicated in insulin signaling, did not 

impair sleep in RNAi flies, further excluding this pathway from my investigation. 



 
Results: the role of H3K9me in sleep 
 

 139 

 

Figure 3.38. Expression pattern of Su(var)3-9-GAL4. 
Confocal projections of adult front brains in Su(var)3-9-GAL4/ uas-mCD8-GFP, stained with ab anti-GFP 
(green) and anti-BRP (magenta). 

Finally, from Figure 3.38, other cells around the subesophageal ganglion zone (SEZ) were 

also visualized, although it was not possible to precisely define the identity of these set 

of cells. 

The next step was then, to test the Su(var)3-9-GAL4 line: the goal was to inhibit the 

neurons covered by this driver and record the behavior of the flies, to see if there was any 

recapitulation of the sleep-phenotypes observed upon knockdown of Su(var)3-9. The 

strategy exploited was to over-express the thermosensitive allele shibirets (Shits), a 

GTPase required for endocytosis, which allows synaptic transmission at <22° C, but 

reduces neurotransmitter release at 29°C, causing synapse inhibition (Damke et al. 1994; 

Kosaka and Ikeda 1983; Duffy 2002b). The idea was to trigger the inhibition of synapse 

release in the adult phase: flies were, therefore, raised at 18°C and only for experimental 

recording, they were given 1 day of baseline sleep at 22°C and three days at 29°C, during 

which sleep deprivation of 1 day was also subjected, in order to validate any homeostatic 

sleep effect. As shown in Figure 3.9 C-D, at 22°C, when synapse blockage was 

technically not enhanced yet, Su(var)3-9-GAL4/uas-Shits flies already experienced higher 

baseline sleep, compared to the parental controls: indeed, both male and female showed 

higher sleep, specifically during the light phase. After increasing the temperature to 29°C, 

the rise in total sleep was more pronounced in female flies: they slept more than controls 

over the whole day, during the day and night time (Figure 3.39E-F). This result 

recapitulates  
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Figure 3.39.  The inhibition of Su(var)3-9-expressing cells only partially resembles Su(var)3-9 RNAi 
effects. 
A. Ethogram over three days in a row, where sleep deprivation occurs on the second day. Per each genotype, 
two groups of flies are shown: undisturbed control group (grey line) and sleep-deprived group (colored 
line). Rebound sleep is highlighted in blue. Female and male flies were analyzed separately. Intermediate 
lines indicate the mean while shaded areas represent the bootstrapped 95% confidence interval. B. 
Quantification of rebound sleep during the first 3 hours of the early morning, following SD. Statistically 
significant changes in sleep rebound have been found in all the genotypes, after comparing SD to no SD 
groups. C-E. Ethogram wraps (average) of baseline sleep in no SD flies, before (C) and after (E) the 
increase of temperature. D-F. Quantification of the total baseline sleep, in relation to Figures C and E, 
respectively. Light and dark phases are analyzed separately. In all figures, * indicates a p<0.05; ** p < 
0.005; *** p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from two replicates 
and the N of the animals per each group is reported within the figure. 
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Table 3.21. Statistical differences between SD and no SD flies in rebound sleep, and between 
genotypes in baseline sleep, ± inhibition of Su(var)3-9-expressing cells. 
 

female, sleep during rebound male, sleep during rebound 
no SD SD p-value no SD SD p-value 
CS/UAS-shits  CS/UAS-shits 4.1e-06 CS/UAS-shits CS/UAS-shits 0.00314 
CS/ Su(var)3-9-G4 CS/ Su(var)3-9-G4 1.8e-07 CS/ Su(var)3-9-G4 CS/ Su(var)3-9-G4 1.6e-05 
UAS-shits / 
Su(var)3-9-G4 

UAS-shits / 
Su(var)3-9-G4 

1.7e-06 UAS-shits / 
Su(var)3-9-G4 

UAS-shits / 
Su(var)3-9-G4 

0.00042 

female, baseline sleep 22°C, light phase male, baseline sleep 22°C light phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
8.2e-07 CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.00248 

CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

4.9e-05 CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

6.0e-06 

female, baseline sleep 22°C, dark phase male, baseline sleep 22°C, dark phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.26596 CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.00013 

CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

4.6e-05 CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

0.12677 

female, baseline sleep 29°C, light phase male, baseline sleep 29°C, light phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.00869 CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.26386 

CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

1.3e-10 CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

0.00016 

female, baseline sleep 29°C, dark phase male, baseline sleep 29°C, dark phase 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
4.9e-07 CS/UAS-shits UAS-shits / 

Su(var)3-9-G4 
0.42091 

CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

1.0e-05 CS/ Su(var)3-9-G4 UAS-shits / 
Su(var)3-9-G4 

0.19311   

 

the same effect observed upon Su(var)3-9 RNAi in female baseline sleep. However, 

strange was the situation for males: in fact, after switching the temperature from 22 to 

29°C, no increase in sleep was detected when comparing Su(var)3-9-GAL4/uas-Shits flies 

to controls. In addition, upon 1 day of sleep deprivation, flies from all conditions were 

able to respond to the dynamic stimulus, by increasing rebound sleep during the following 

early morning (Figure 3.39A-B). Statistical comparisons are reported in Table 3.21. 

These data taken together suggest that the synapse blockage of Su(var)3-9-expressing 

neurons, only partially recapitulate the sleep impairments observed mainly in the baseline 

sleep of Su(var)3-9 KD flies. Furthermore, no similarities were found in terms of 

homeostatic sleep deficits. One explanation could be that, besides the reduced 

neurotransmitters released in Su(var)3-9-GAL4/uas-Shits flies, Su(var)3-9 protein is still 
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fully functional in this condition, meaning that no differentially expressed genes should 

be detected if comparing to parental controls. Therefore, DEGs in Su(var)3-9 RNAi flies 

may explain the deregulation of molecular pathways involved for instance in sleep 

homeostasis regulation. Further investigations are required in the future to better elucidate 

this missing piece. 

3.5.7 Summary 

• Chronic, but not acute, sleep deprivation, increases the level of H3K9methylation 

in the nuclei of neuronal cell bodies, compared to not-sleep-deprived fly brains. 

• fumin mutant flies, known to exhibit a constant hyperactive behavior, also showed 

higher levels of H3K9methylation in the neuronal tissue, compared to Canton-S 

flies. 

• The increase of H3K9methylation upon chronic SD is a reversible phenomenon: 

3 days of rest, following 5 days of SD, are sufficient to restore the normal level of 

this epigenetic mark. 

• The pan-neuronal RNAi of Su(var)3-9, interferes with the process of decrease in 

gene expression, normally observed upon chronic (but not acute) sleep 

deprivation in control flies. 

• The pan-neuronal RNAi of Su(var)3-9 leads to a down-regulation of 522 genes 

and up-regulation of 265 genes, targets mainly involved in the metabolic 

processes, such as polyamine regulation processes. 

• Chronic SD enhances the protein (and not mRNA) level of Su(var)3-9. 

• The synapse blockage of Su(var)3-9-expressing neurons, only partially 

recapitulates the sleep impairments observed in the baseline sleep of Su(var)3-9 

KD flies. Furthermore, no similarities were found in terms of homeostatic sleep 

deficits. 
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Chapter 4  

Results: the role of DNA 

damage/repair in sleep 

4.1 Introduction 

Sleep is evolutionarily conserved across the animal kingdom. Besides this, the precise 

function of sleep is still not well understood, remaining an uncovered question in the field 

of neuroscience. Revealing the aim of sleep will be fundamental, not only to further 

elucidate the molecular pathways driving this phenomenon, but also to elucidate the 

complex correlations between sleep and aging process, and neurodegenerative diseases.  

Among the hypothesized theories in the field, there is one which hypothesizes that sleep 

is required to re-establish homeostasis in the brain, by repairing all the unbalances 

occurring over wakefulness. Indeed, as already described in the introduction, the neuronal 

activity allowing learning and memory formation during the wake phase comes to a cost: 

the progressive accumulation of synaptic strengths requires more consumption of energy 

and cellular supplies, which, at the of the day, causes synaptic saturated levels, 

unfunctional for memory formation. This recalls the need to return to a sustainable level: 

sleep time is when synaptic strengths are reset (Tononi and Cirelli 2003). In addition, 

sleep is also thought to clear, the brain from toxins and metabolic waste, accumulated 

during awake (Xie et al. 2013).  

Together with these theories, there is another hypothesis emerged very recently, which 

hypothesizes that DNA damage may contribute to driving sleep. Indeed, neuronal activity 

during enriched wakefulness can cause DNA double-stranded breaks (DSBs). In both 

mice and flies, these breaks are believed to alleviate the structural constraints which limit 

the transcription of genes associated with immediate neural plasticity (Bellesi et al. 2016; 

Madabhushi et al. 2015). In this context, it is essential to highlight that repairing DNA 

damages in neurons is much slower, compared to dividing cells, suggesting that these 
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damages may easily accumulate in the brain (Nouspikel and Hanawalt 2000). Several 

studies in various animals, such as zebrafish, mice, and partially in flies as well, have 

shown that normally during wakefulness there is an accumulation of DNA damages, 

which drastically decreases over night-time, during sleep (Bellesi et al. 2016; D. Zada et 

al. 2019; Cheung et al. 2019). A challenging aspect of understanding the purpose of sleep 

lies in discerning whether it serves as a fundamental function in its own right or if it 

capitalizes on extended periods of rest for other beneficial purposes. Nevertheless, there 

is substantial evidence pointing towards a reciprocal relationship between DNA damages 

and sleep. Zada et al. found that the deliberate induction of DNA double-stranded breaks 

through pharmacological means causes an increase in sleep in zebrafish. Interestingly, 

they found that specifically during sleep there is increase of chromosome dynamics which 

results in facilitating the repair of DSBs. On the other hand, sleep deprivation has been 

shown to reduce the expression of DNA repair genes and increase the occurrence of DBSs 

in human blood cells (Cheung et al. 2019; D. Zada et al. 2019). All these findings, taken 

together, suggest a complex interplay between sleep and the repair of DNA damages: this 

was mainly explored in mice and zebrafish, while less described in Drosophila. With the 

aim to further investigate the mechanisms underlying the axis sleep-DNA damage, I 

decided to investigate in more detail this field in flies too, aiming to give more proof of 

evidence. 

4.2 The reciprocal correlation between sleep and DNA 

damage 

4.2.1 Sleep deprivation and the effects in DNA damage 

Bellesi et al. already found that an enriched wake environment, full of climbing, social 

interactions, and flights, can increase the DSBs in fly brains. This method does not 

preclude that the DNA damage may be the result of other forms of stress and not just the 

lack of sleep itself. For this reason, the first step was to subject flies to a proper and more 

specific form of sleep deprivation. As previously described, I combined the ethoscopes 

with optomotors, devices able to induce the rotation of tubes containing single flies, only 

when these are detected to be asleep by the computer. The idea was to enhance SD for 1 
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or 5 days in Canton-S flies, dissecting adult brains immediately at the end of dynamic 

stimulus, to avoid flies rebounding and resting. Brains tissues were then, immune-stained 

using ab anti-H2Av and anti-DCP1. H2Av, the only H2A variant in Drosophila, 

represents a chimeric version of H2AX and H2AZ variant families, typical of mammals 

(Baldi and Becker 2013). As similar as H2AX function, also H2Av is mostly implicated 

and required in the repair of DNA damages: indeed, in response to DSBs, the C-terminal 

tail of H2Av is usually phosphorylated at Ser137 (Madigan, Chotkowski, and Glaser 

2002). H2Av can be spread in the chromatin, but only the H2Av located close to the 

damage will be phosphorylated. The lack of H2Av phosphorylation can cause the 

accumulation of apoptotic marks, as shown by Madigan 2002. Furthermore, as similar as 

H2AZ, H2Av is also implicated in chromatin-mediated regulation of the transcription 

(van Daal and Elgin 1992; Santisteban, Kalashnikova, and Smith 2000; Adam et al. 2001). 

In conclusion, H2Av staining can be used to detect signs of DSBs. 

On the other hand, DCP-1 is an effector caspase, one of the first discovered members of 

the family of ICE/CED-3 proteases, involved in apoptosis and general cell death 

programming. Very recently was also found to be involved in the autophagy regulation 

(DeVorkin et al. 2014). Staining for DCP-1 can be exploited to mark any sign of 

apoptosis.  

As shown in Figure 4.1A-B, flies subjected to sleep deprivation, no matter the length of 

the stimulus, experienced a higher number of DSBs and consequently a high level of 

H2Av marker: 5 days of SD leads to an even more drastic increase of H2Av, found in the 

nuclei from brain tissues. A zoomed-in section is shown in Figure 4.1E. Regarding the 

DCP-1 staining, very interestingly, 1 day of SD did not bring any change, compared to 

no sleep-deprived individuals. However, a chronic SD, finally causes a higher DCP-1 

signal, meaning higher apoptotic marks (Figure 4.1B-C and Table 4.1). These results, 

taken together, suggest that even a shorter period of SD, such as 1 day, can lead to an 

increased number of DSBs. However, only the accumulation of many more damages, due 

to a chronic lack of sleep, may trigger to a caspase cascade, as initiation of apoptosis. 
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Figure 4.1. General sleep deprivation causes increased number of DSBs, while only chronic SD leads 
to initiation of apoptosis. 
A-C. Confocal projections of adult front brains from CS flies stained with ab anti-H2Av (A), anti-DCP-1 
(C). An increased level of both targets was detected in the brains of flies subjected to chronic SD. Acute 
SD only raises the H2Av level. B-D. Quantifications of the normalized intensity, where *** indicates 
p<0.001 and n.s p>0.05, from pairwise Wilcoxon rank sum test. E. Magnified section from Figure A, 
showing in more detail DSBs and apoptotic marks in control and 5-days sleep-deprived flies. 
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Table 4.1. Statistical differences in H2Av and DCP-1 intensity, between CTRL and SD groups. 
 

H2Av intensity DCP-1 intensity 
Genotype1 Genotype2 p-value Genotype1 Genotype2 p-value 
CTRL 1 day SD 0.00031 CTRL 1 day SD 0.83275 
CTRL 5 days SD 5.5e-06   CTRL 5 days SD 0.00143 

4.2.2 H2Av signal, a marker for DNA damages, in dFB neurons 

From the previous section, I found that sleep deprivation promotes the accumulation of 

DSBs and in the case of a more prolonged dynamic stimulus, even the accumulation of 

apoptotic markers. While analyzing the immunostaining described in Figure 4.1, I noticed 

that the H2Av signal was not only restricted in the neuronal cell bodies, mostly located 

in the front part of the brain, but it was also detected in the central complex, specifically 

in the dorsal fan-shaped body. As shown in Figure 4.2, it is quite clear that the staining 

of H2Av is approximately localized around layers 6 and 7 of dFB. Furthermore, in the 

SD conditions, both 1 and 5 days in length, there are clearly more H2Av markers, 

compared to the control. Although the increase of H2Av in dFB of SD flies confirms what 

was already observed in the previous section, I found odd this particularly data, given the  

 
Figure 4.2. H2Av signals in the dFB neurons. 
Confocal projections of adult brains from CS flies, focused on the central complex region. Brain tissues 
were stained with ab anti-H2Av. As pointed out in yellow arrows, H2Av markers are shown 
approximately around layers 6 and 7 of dFB, with higher intensity in the sleep-deprived conditions, 
compared to controls. 
 

peculiar localization of H2Av. Indeed, as a histone protein, I was expecting to find this 

variant of H2A only in the nuclei of cell bodies.  Although it is not clear yet from the 

literature what is the exact localization of H2Av in the adult brain, it is a certain fact that 

during embryogenesis, the balance in the nuclei of histone proteins, including the variant 

H2Av, is regulated by the lipid droplets. Lipid droplets represent cytoplasmic organelles, 

which mainly work as storage of fat and proteins from various cellular compartments, 
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including histones (Z. Li et al. 2014). Balancing the histone levels is crucial for several 

processes, such as genome stability and transcription regulation. In the specific case of 

H2Av, regulating the right ratio of this histone is fundamental to avoid hypersensitivity 

to H2Av overexpression, which can lead to an increase in DNA damages and eventually 

to embryonic death. Zhihuan li et al. proposed the hypothesis where this buffering system 

may be not just typical of the embryonic stage. Only more recently, lipid droplets were, 

indeed, also found in the adult brains (Ralhan et al. 2021). Here, these storages have been 

found to control the response to cellular stress, like oxidative stress or starvation, in order 

to maintain the health of the brain. Lipid droplets were found in various cells, such as 

neurons, microglia, and astrocytes. As similar as the embryonic stage, in the adult brain, 

these droplets were found to store different types of proteins, including potentially H2Av, 

although there are no current studies confirming this hypothesis. As a plausible 

explanation of my results, it is possible that H2Av is normally stored in the lipid droplets 

across the central complex, which act as a homeostatic driver upon sleep pressure, to 

regulate the distribution of this histone variant when required. This explanation remains 

only a hypothesis and further validations would be required in the future. 

4.2.3 The pharmacological induction of DSBs and the effects in sleep 

From previous sections, it was obvious that dynamic sleep deprivation can lead to the 

accumulation of DSBs and, eventually, initiation of apoptosis, in the cell bodies of adult 

brain tissues. This was probably happening because, assuming sleep functioning as a 

DNA repair driver, there were no right requirements and conditions to allow the complete 

repair of damages, progressively accumulating due to the lack of sleep.  

On the other hand, as already observed in zebrafish, I was also supposing the existence 

of a reciprocal correlation between sleep and DNA damage in Drosophila, too. In their 

work, Zada et al 2019 found that the pharmacological induction of DSBs caused a 

following increase in sleep in fish (D. Zada et al. 2019). This result was never proved in 

flies. Therefore, I decided to test it first, using a similar approach. In order to induce 

DSBs, I fed flies with Etoposide, an anti-tumor drug acting as an inhibitor of the DNA 

topoisomerase II, normally implicated in the cleavage and re-ligation of DNA double-

strand, during several DNA processes (Figure 4.3). The binding of the Etoposide prevents 

the re-ligation step, leading to the accumulation of permanent DSBs. No guidelines  
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Figure 4.3. Schematic illustration of the Etoposide’s mechanism of action. 
Under normal circumstances, the topoisomerase 2 (TOP2) binds the DNA, to facilitate the creation and 
release of DNA double-strand breaks, by passing through a TOP2-DNA cleavage complex (TOP2cc). 
However, the addition of the Etoposide leads to the trapping of the Top2cc. In case the latter is not properly 
repaired, TOP2 will be removed by nucleases and the DSBs will remain permanent (W. Zhang et al. 2021). 
 

in the literature were available on how to treat adult flies with Etoposide: therefore, I 

started running a few tests. The very first approach was to dissolve the drug in the usual 

fly food, reaching 1mM of concentration. Canton-S flies were fed with food + Etoposide 

for 3 hours, preceded by 15 h of starvation (they were placed into tubes containing only 

agar and water), in order to make them likely to eat more food the following day. At the 

end of the three hours of treatment with the drug, flies were moved back into normal food, 

and behavior was recorded for the following days. Furthermore, together with CS, I also 

decided to run the same test in fumin mutants. These flies, as mentioned in section 3.5.2, 

are known to be very hyperactive, showing little amount of sleep over the whole day. 

Given their sleep pattern, I thought that it would have been easier to see any etoposide 

effect on sleep, if any. As shown in Figure 4.4A-B, the treatment with Etoposide (Eto) 

did not lead to any change in terms of sleep amount: no increase of sleep was detected 

when comparing flies fed with food + Eto, to flies fed with food + DMSO (the solvent 

used to dissolve the drug). This result was true for both CS and fumin flies. Assuming 

that the concentration of the drug was too little, or the length of the treatment was too 

short, I decided to change a few experimental settings: I increased the concentration to 

2.5mM, extended the treatment time to approximately 30h, and finally, also extended the 

starvation period to 24h (only 20h for fumin, given the lethality effect due to longer 

starvation periods). As shown in Figure 4.4C-D, this time the outcome was more 

intriguing: CS flies treated with Eto exhibited higher total sleep amount, compared to 

control flies (DMSO), over the days following the treatment. This increase  
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Figure 4.4. Treatment with Etoposide 2.5mM increases sleep amount in Canton-S flies. 
A,C. Baseline sleep profiles of Canton-S (green lines) and fumin (orange lines) male flies. Appropriate 
controls of flies fed with food+DMSO are shown in grey lines After a starvation period, highlighted in 
yellow (15h in A and 20-24h in C), a treatment with the Etoposide, highlighted in blue, was following (3h 
in A and 30h in C). Immediately after the treatment, flies were moved back into normal food. Intermediate 
lines indicate the mean, while shaded areas represent the bootstrapped 95% confidence interval.  B,D. 
Quantifications of total sleep amounts, over the days following the Eto treatment. Significative changes 
between treated and control flies are shown only in CS, fed with 2.5mM Eto (D). In all figures, ** indicates 
a p < 0.005; n.s. p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from three replicates and 
the N of the animals per each group is reported within the figure. 

 

seems to mainly occur during the night phase. These results indicate that CS flies fed with 

Eto may have accumulated a very high number of DSBs: as a consequence, they spent 

more time in sleep over the following days, probably with the aim to repair those damages 

and restore the health in the brain tissue. This reminds findings in fish from Zada et al 

2019, further suggesting that the reciprocal correlation between sleep and DNA damages 

is possibly conserved across the species. 
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On the other hand, fumin flies did not experience the same behavior: in fact, individuals 

treated with the drug did not increase total sleep, compared to controls. This may suggest 

that the genetic mutation occurring in these flies, perhaps masks or obscures any effect 

given by the etoposide, which is, therefore, not enough to enhance sleep amount. 

4.2.4 The pharmacological induction of DSBs in female flies 

Similar to fish, the pharmacological induction of DSBs in flies also led to an increase in 

total sleep over the days following the treatment with the drug. For this experiment, I was 

only testing male flies. Therefore, the next step was to apply the same approach to female 

Canton-S flies, asking whether the response to accumulated DSBs was conserved 

between the sexes.  

Similarly to males, female CS flies were starved for 24h and treated with Etoposide for 

approximately 30h. The following day, flies were transferred back to tubes containing 

normal food, and sleep was monitored over the following days. As shown in Figure 4.5A-

B, 2.5mM concentrated Etoposide did not lead to any impairments or change in the sleep 

amount of treated flies, compared to controls. The next step was therefore to increase the 

concentration of the drug, bringing it from 2.5mM to 5mM. As reported in Figure 4.5C-

D, with this different experimental condition, treated female flies finally exhibited higher 

total sleep amounts: the rising of sleep was spread over the whole day, during both light 

and dark phases. However, differently from males, the response in sleep to accumulated 

DSBs was only experienced over the first 3 days following the treatment with the drug. 

After this period, the increase of sleep ended, making the sleep pattern similar to control 

flies. To better elucidate these results, it is essential to highlight that female flies used in 

this experiment were collected after mating: as already known from the literature, mated 

females require higher consumption of food, to allow efficient egg production (Camus et 

al. 2018; Bradley and Simmons 1997). This means that the absence of perturbations upon 

2.5mM Etoposide treatment is certainly not due to lower food intake. Furthermore, studies 

conducted in my lab (data not published), have discovered that mated females lack any 

rebound sleep response upon starvation or dynamic sleep deprivation, suggesting that 

biological drives, such as the mating status, are able to balance or modulate the sleep 

needs. Therefore, it is possible that DSBs accumulated in mated females generate a higher 
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threshold compared to male flies, that only a double Etoposide concentration is able to 

exceed, leading to a raised level of sleep amount. 

 
Figure 4.5. Treatment with Etoposide 5mM, but not 2.5mM, increases sleep amount in female 
Canton-S flies. 
A, C. Baseline sleep profiles of Canton-S female flies. After a starvation period, highlighted in yellow 
(24h), a treatment with the Etoposide, highlighted in blue, was followed (30h). Immediately after the 
treatment, flies were moved back into normal food. Intermediate lines indicate the mean, while shaded 
areas represent the bootstrapped 95% confidence interval.  B, D. Quantifications of total sleep amounts, 
over the days following the Eto treatment. Significant changes between treated and control flies are 
shown only in flies fed with 5mM Eto (D). In all figures, ** indicates a p < 0.005; n.s. p>0.05, from 
pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals per each 
group is reported within the figure. 

4.2.5 The influence of dFB neurons to regulate sleep in response to 

DSBs 

Upon a certain threshold level of DSBs, sleep is enhanced with the aim to allow essential 

nuclear maintenance which allows, by prolonged off-line periods, repair of DNA 

damages. This suggests that DNA damages may act, in neurons, as a homeostatic driver 
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for sleep. The next step was, therefore, to better elucidate the mechanisms responsible for 

this sleep response. Several neuronal regions, mainly located in the central complex of 

the adult brain tissue, are already known to regulate homeostatic sleep in response to 

environmental stimuli. The idea is that there is a sort of communication between the 

accumulated DSBs and any of these neuronal regions, in order to trigger increase of sleep. 

Among these regions, the dFB neurons are known to represent one of the master players 

in homeostatic sleep drive. Therefore, I decided to inhibit this class of neurons and feed 

the same flies with Etoposide, in order to see their reaction in sleep, upon 

pharmacologically induced-DSBs. 

In order to switch off the dFB, I over-expressed the thermosensitive allele shibirets, 

already introduced and described in section 2.4, in the cells covered by the driver 

R72G06-GAL4, known to target particularly the FB. As described by Sha Liu (2016), the 

normal synaptic inhibition of these neurons, causes a decrease in sleep, mostly at 

nighttime (Liu et al. 2016). After setting up the crosses, flies were raised at 18°C and 

moved to 29°C upon hatching, for the whole experimental period of recording. The 

increase in temperature is what determines the actual activation of Shi and, consequently, 

the inhibition of the targeted cells (dFB). Together with UAS-shits/R72G06-GAL4 flies, 

also the parental control CS/ UAS-shits was tested. In order to induce DSBs, the same 

experimental settings described in the previous sections were applied: flies were starved 

for 24h and then treated with 2.5mM Etoposide for approximately 30h. Immediately after 

the drug feeding, flies were moved back into normal food and sleep was quantified over 

the following days.  

As shown in Figure 4.6, CS/ UAS-shits flies increased their total sleep amount over the 

days following the treatment with Etoposide. This result confirms what was previously 

shown, where also Canton-S flies increased their total sleep upon drug-feeding. On the 

other hand, UAS-shits/R72G06-GAL4 flies exhibited a different behavior. They reduced 

their normal baseline sleep, confirming previous studies, but more interestingly, they did 

not respond to the Etoposide treatment by increasing sleep. Indeed, there were no 

significant changes when comparing Eto-treated with DMSO-treated flies, as shown in 

Figure 4.6B. These data may suggest that dFB neurons may be truly responsible for the 

sleep response to the accumulated DNA damages. This would be in line with another 

study, which claims that the FB region is also responsive to other harmful stimuli, such 
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as electric and heat shock (Hu et al. 2018). However, more analysis is required in order 

to validate this hypothesis. 

 

Figure 4.6. Treatment with Etoposide 2.5mM did not increase sleep amount in UAS-shits/R72G06-
GAL4 flies. 
A. Baseline sleep profile of CS/ UAS-shits (green line) and UAS-shits/R72G06-GAL4 (red line) male flies. 
Appropriate controls of flies fed with food+DMSO only are shown in grey lines. After a starvation period, 
highlighted in yellow (24h), a treatment with the Etoposide, highlighted in blue, was followed (30h). 
Immediately after the treatment, flies were moved back into normal food. Intermediate lines indicate the 
mean, while shaded areas represent the bootstrapped 95% confidence interval.  B. Quantification of total 
sleep amounts, over the days following the Eto treatment. Significative changes between treated and control 
flies are shown only in CS/ UAS-shits, fed with 2.5mM Eto (D). In all figures, ** indicates a p < 0.005; n.s. 
p>0.05, from pairwise Wilcoxon rank sum test. Data shown is from three replicates and the N of the animals 
per each group is reported within the figure. 

 

Finally, some brains from all the described conditions were also immediately dissected at 

the end of the drug treatment and immune-staining experiments with ab anti-H2Av and 

anti-DCP-1 were performed. Figure 4.7 shows that CS/ UAS-shits flies increased both 

levels of H2Av and DCP-1 upon treatment with Etoposide, as expected, meaning a higher 

level of DSBs and initiation of apoptosis. Very different was, instead, the situation for 

UAS-shits/R72G06-GAL4 flies. No differences in both H2Av and DCP1 levels were 

detected when comparing flies treated with the drug to controls. This was peculiar and 

unexpected (see Table 4.2 for statistical comparisons). Furthermore, as shown in the 

zoomed-in section in Figure 4.7B, the H2Av baseline distribution in UAS-shits/R72G06-
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GAL4 flies (no treated condition) was dissimilar to that one in the parental control. In the 

latter, in fact, H2Av seems to be restricted in the nuclei of the cell bodies, while in the 

UAS-shits/R72G06-GAL4 flies, the distribution appears more spread, showing some 

 

Figure 4.7. Etoposide treatment increases number of DSBs and enhances apoptosis in CS/ UAS-shits 
but not in UAS-shits/R72G06-GAL4 flies. 
A. Confocal projections of adult front brains from CS/ UAS-shits and UAS-shits/R72G06-GAL4 flies, 
stained with ab anti-H2Av and anti-DCP-1. An increased level of both targets was detected in the brains of 
CS/ UAS-shits flies, only. B. Magnified section from Figure A, showing in more detail H2Av signals in all 
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conditions. C. Quantifications of the normalized intensity, where * indicates a p<0.05; ** p < 0.005; *** 
p<0.001; n.s p>0.05, from pairwise Wilcoxon rank sum test.  

 

 

Table 4.2. Statistical differences in H2Av and DCP-1intensity, upon ETO treatment, between UAS-
shits/R72G06-GAL4 and parental controls. 
 

H2Av intensity DCP-1 intensity 
DMSO ETO p-value Genotype1 Genotype2 p-value 
CS/UAS-shits CS/UAS-shits 0.0046 CS/UAS-shits CS/UAS-shits 0.0193 
R72G06-
G4/UAS-shits 

R72G06-
G4/UAS-shits 

0.9659 R72G06-
G4/UAS-shits 

R72G06-
G4/UAS-shits 

0.6945 

 

signals localized also in the cytoplasm, reminding more likely the H2Av distribution in 

the parental control subjected to Etoposide. The outcome of this experiment is very 

complicated to interpret. First, it is unclear why the synaptic inhibition of the dFB neurons 

should not allow the accumulation of the DSBs upon drug treatment and why the baseline 

distribution of H2Av in the same flies is not just restricted to the nuclei of the cell bodies, 

as it is for parental control. However, the fact that UAS-shits/R72G06-GAL4 flies do not 

experience increased DSBs, may explain their behavior, in particularly why they do not 

respond to Etoposide treatment by increasing their total sleep. Although FB neurons are 

known to regulate feeding behavior, here we can probably exclude the idea that the 

inhibition of these cells may reduce the total food intake (meaning minor effects due to 

Etoposide). Indeed, other studies, such as Sareen P 2021 and Musso P 2021, already found 

that the inhibition of a specific set of FB cells does not impair total food consumption, 

but only the preference of choice, if any (Sareen, McCurdy, and Nitabach 2021; Musso, 

Junca, and Gordon 2021). In any case, more research is required, in order to better 

elucidate these results and the potential role of the dFB neurons in sleep regulation upon 

DNA damages.  

4.2.6 Summary 

• General sleep deprivation causes an increased number in DSBs, while only 

chronic SD leads to initiation of apoptosis in the brain of adult flies. H2Av signals, 

markers for DNA damages, were also detected in the Fan-shaped body neurons. 

• Pharmacological induced DSBs trigger increase of sleep in male Canton-S flies. 



 158 

• Female Canton-S flies require a higher dosage of Etoposide to increase their 

baseline sleep. 

• Treatment with Etoposide did not increase sleep amount upon synaptic blockage 

of the Fan-shaped body neurons (UAS-shits/R72G06-GAL4 flies). 

4.3 Consequences upon pan-neuronal knockdown of 

DNA repair-related genes  

4.3.1 p53 and ATM RNAi: the effects in sleep 

Thus far, I have demonstrated that the accumulation of DNA damages can act as a 

homeostatic driver of sleep: pharmacologically induced DSBs, in fact, lead to increased 

baseline sleep in flies treated with the drug. Although I could detect a higher level of 

H2Av (marker for DSBs) in the cell bodies of brain tissues from drug-treated flies, 

differentially to controls, from these results I cannot exclude any impairments in other 

tissues, too. In fact, by feeding flies with Etoposide, known to be an anti-tumor drug, it is 

possible that the DSBs are triggered not only in the brain, but elsewhere such as the gut 

tissue. For this reason, I found it fundamental to test a second strategy aiming to induce 

DSBs specifically in the neuronal tissue. In order to do so, I exploited the GAL4-UAS 

system to investigate the RNAi of two DNA-repair-related genes, specifically p53 and 

ATM, in the brains of adult flies. Knocking down these targets should trigger accumulated 

unrepaired DNA damages in neurons. From section 1.4.4, we already described the DNA 

repair pathway, explaining the usual cascades triggered by different types of DNA 

damages. In Figure 4.8, an illustrated schematization of the DNA repair in response to 

double-stranded breaks (DSBs) is shown: the protein kinase ATM (ataxia telangiectasia 

mutated) acts upstream of a cascade where p53 plays a key role in regulating cell cycle 

arrest, DNA repair and apoptosis in the case of cells where accumulated damages could 

not be repaired. Given all this information, I decided to induce and test the knockdown of 

ATM or p53, using the pan-neuronal driver nSyb-GAL4. After hatching, baseline sleep 

of flies was recorded for 2 days in a row. Furthermore, three different ages were 

considered and analyzed, 3, 17, and 28 days old, in order to see if aging would aggravate 
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Figure 4.8. Schematic illustration of ATM and p53 activation in response to DSBs. 
The histone variant H2Av is phosphorylated (gH2Av) upon DSBs, acting as a scaffold for the MRN 
complex (Mre11-Rad50-Nbs1), which recruits and activates the kinase ATM. ATM, consequently, 
phosphorylates targets, such as p53, implicated in several processes, including DANN repair. 

 

the phenotype, in case of any, due to higher accumulation of damages. Figure 4.9 shows 

that the ATM knockdown did not lead to any change in the baseline sleep of young flies 

(3 days old), compared to their parental controls. On the other hand, p53 RNAi flies 

exhibited higher sleep over the whole day. Only older flies (28 days old) experienced 

longer sleep specifically during the light phase, for both ATM and p53 knockdown. 

Peculiar and singular was the behavior of middle-aged ATM RNAi flies, showing reduced 

sleep during the night phase. To summarize, these results suggest that p53 knocked-down 

flies sleep more than usual, no matter the age, while the RNAi of ATM leads to higher 

baseline sleep, only during the light phase in older flies (see Table 4.3 and Table 4.4 for 

statistical comparisons). I found these data very promising and in line with my previous 

findings. The increase of sleep seen here, upon knockdown of these two DNA repair-

related genes, reminds, in fact, of the effects observed by feeding flies with Etoposide 

food. Before proceeding with more studies, however, I thought it essential to better 

validate the two knockdowns. Indeed, I assumed that p53 and ATM RNAi, supposedly 
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characterized by less efficient DNA repair, needed to increase their sleep in order to 

compensate for the elevated number of DNA damages. 

 

Figure 4.9. Increased baseline sleep was triggered upon p53 KD and also in old ATM KD flies during 
light phase. 
A, C. Ethogram wraps (average) of baseline sleep upon p53 KD (A) and ATM KD (C). Parental controls 
are shown in grey lines, while RNAi flies in colored lines (blue for p53 and red for ATM). Baseline sleep 
of three different ages, is also analyzed and shown in separate graphs. Intermediate lines indicate the mean, 
while shaded areas represent the bootstrapped 95% confidence interval.  B, D. Quantification of the total 
baseline sleep, extrapolated from figure A and C, respectively. Light and dark phases are analyzed 
separately. In all figures, * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s p>0.05, from pairwise 
Wilcoxon rank sum test. Data shown is from two replicates and the N of the animals per each group is 
reported within the figure. 
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Table 4.3. Statistical differences in baseline sleep, between p53 RNAi and parental controls, across 
different ages. 
 

p53, 3 days old, dark p53, 3 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-p53 UAS-p53 / nSyb-G4 0.00066 CS/UAS-p53 UAS-p53 / nSyb-G4 5.0e-06 
CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.00692 CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.00066 

p53, 17 days old, dark p53, 17 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-p53 UAS-p53 / nSyb-G4 0.24113 CS/UAS-p53 UAS-p53 / nSyb-G4 0.01591 
CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.08948 CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.00049 

p53, 28 days old, dark p53, 28 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-p53 UAS-p53 / nSyb-G4 0.02846 CS/UAS-p53 UAS-p53 / nSyb-G4 0.00049 
CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.54813 CS/ nSyb-G4 UAS-p53 / nSyb-G4 0.00016 

 

Table 4.4. Statistical differences in baseline sleep, between ATM RNAi and parental controls, across 
different ages. 
 

ATM, 3 days old, dark ATM, 3 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-ATM UAS- ATM/ nSyb-G4 0.59764 CS/UAS-ATM UAS- ATM/ nSyb-G4 0.00022 
CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.06984 CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.56347 

ATM, 17 days old, dark ATM, 17 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-ATM UAS- ATM/ nSyb-G4 0.02356 CS/UAS-ATM UAS- ATM/ nSyb-G4 0.05657 
CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.00523 CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.01848 

ATM, 28 days old, dark ATM, 28 days old, light 
Genotype 1 Genotype 2 p-value Genotype 1 Genotype 2 p-value 
CS/UAS-ATM UAS- ATM/ nSyb-G4 2.0e-05 CS/UAS-ATM UAS- ATM/ nSyb-G4 0.00276 
CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.28595 CS/ nSyb-G4 UAS- ATM / nSyb-G4 0.01430 
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Figure 4.10.  Sleep deprivation increases DNA damages in the brains of p53 RNAi, but no ATM RNAi 
flies. 
A. Confocal projections of adult front brains from CS/ UAS-p53 KD, nSyb-G4/UAS-p53 KD, CS/ UAS-
ATM KD and nSyb-G4/UAS-ATM KD flies, stained with ab anti-H2Av. An increased level of H2Av signal 
was detected in the neuronal nuclei of all SD conditions, excepting nSyb-G4/UAS-ATM KD. B. 
Quantifications of the normalized intensity, where * indicates a p<0.05; ** p < 0.005; *** p<0.001; n.s 
p>0.05, from pairwise Wilcoxon rank sum test.  
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Table 4.5. Statistical differences in H2Av intensity, between genotypes upon knockdown of p53 and 
ATM. 
 

p53, H2Av intensity ATM, H2Av intensity 
Genotype 1 Genotype 1 p-value Genotype1 Genotype2 p-value 
CS/UAS-p53 
SD 

CS/UAS-p53 no 
SD 

0.0125 CS/UAS-ATM 
SD 

CS/UAS-ATM no 
SD 

0.0531 

nSyb-G4/UAS-
p53 SD 

nSyb-G4/UAS-
p53 no SD 

0.0461 nSyb-G4/UAS-
ATM SD 

nSyb-G4/UAS-
ATM no SD 

0.2793 

CS/UAS-p53 no 
SD 

nSyb-G4/UAS-
p53 no SD 

0.0253 CS/UAS-ATM 
no SD 

nSyb-G4/UAS-
ATM no SD 

0.7232 

 

Thereby, I hypothesized that prolonged sleep deprivation should probably aggravate the 

knockdown effect, due to an even higher accumulation of DSBs. To better investigate this 

hypothesis, I first subjected both knocked-down flies and their reciprocal parental 

controls, to 5 consecutive days of dynamic SD. At the end of the stimulus, flies were 

immediately collected, and adult brains were dissected, to perform immunostaining 

experiments. Brains were stained with anti-H2Av, in order to monitor the level of DNA 

damages. As shown in Figure 4.10, the parental control CS/p53 KD exhibited increased 

number of DSBs upon chronic SD, consistent with my previous findings. Also the 

knockdown of p53, upon SD, experienced increased H2Av compared to no SD condition: 

however, the most interesting aspect, here, is the fact that when comparing CS/p53 KD 

and nSyb-G4/p53 KD in each condition (no SD and SD, distinctively), it is evident the in 

both cases the RNAi of p53 drastically aggravates the phenotype, meaning that the 

knockdown alone already accumulates the DNA damages (Figure 4.10B and Table 4.5). 

This means that, for instance, in nSyb-G4/p53 SD flies, the elevated signal of H2Av is 

given by the sum of the actual sleep deprivation and the knockdown effects. These results 

in p53 can probably also explain the data from the behavioral analysis: given their higher 

baseline level of DNA damages, these flies need to compensate by increasing sleep, trying 

constantly to attempt and activate DNA repair mechanisms, which paraphs cannot be 

accomplished properly. At this step, more experiments are required to better elucidate the 

consequences of the knockdown of p53. 

In the case of ATM, the circumstances were different. As normally expected, CS/ ATM 

KD fly brains have shown higher levels of H2Av upon chronic SD, compared to 

undisturbed fly brains. However, peculiar was the situation for the knockdown: ATM 

RNAi flies, in fact, did not show a higher accumulation of DNA damages upon sleep 

deprivation. Furthermore, when comparing nSyb-G4/ ATM KD to the parental control 
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CS/ ATM KD flies, in no SD condition, no changes were detected, meaning that the 

knockdown of ATM alone did not induce DSBs in the brain tissues of KD flies. These 

data result complicated to interpret and somehow resemble previously described data, 

where the synaptic inhibition of dFB did not enhance the accumulation of DSBs, upon 

treatment with Etoposide. It remains unclear exactly what can prevent the increase of 

DNA damages, despite the influence of a stressful condition, such as drug treatment or 

chronic SD. 

4.3.2 p53 and ATM RNAi: the effects in lifespan upon chronic SD 

It has been known that prolonged sleep deprivation does not have a significant impact on 

the lifespan of Drosophila Melanogaster. Geissman et al. (2019) triggered sleep 

deprivation in flies every day for their whole life, without observing lethality upon 

comparisons to undisturbed flies (Geissmann et al. 2019). This may suggest perhaps that 

additional stressors are required together with sleep deprivation to cause lethality. In the 

previous section, I observed that the knockdown of p53 aggravated and increased the 

accumulation of total DNA damages, usually observed upon chronic SD only. These 

results drove me to hypothesize that the RNAi of DNA repair-related genes, alongside 

chronic SD, would reduce the lifespan of KD individuals, due to accumulated DSBs that 

cannot be properly repaired, given the interfered DNA repair mechanisms usually 

occurring during sleep.  

The knockdown of both p53 and ATM was enhanced by exploiting the GAL4/UAS 

system. After hatching, flies were subjected to 5 consecutively days of sleep deprivation. 

Appropriate controls of undisturbed flies were also included. Immediately after the SD, 

flies were placed into new tubes and their lifespan was manually scored over more than 

a month. As shown in Figure 4.11A, p53 KD flies that were not sleep-deprived, did not 

show any change in the lifespan, compared to both parental controls CS/p53 KD and 

CS/nSyb-G4. However, sleep-deprived knocked-down flies, instead, exhibited a much 

lower lifespan: significative changes were observed not only when compared to SD 

parental controls, but also when comparing knocked-down SD to knocked-down no SD 

flies, suggesting that the actual combination of the effects from chronic SD and the 

knockdown, results deleterious for the flies. These results are very promising and confirm  
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Figure 4.11. Chronic SD reduced lifespan in p53 RNAi but not in ATM RNAi flies.  
The lifespan of p53 (A) and ATM (B) knocked-down flies, together with parental controls. SD conditions 
are shown with continuous lines, while no SD (undisturbed flies) are shown with dash lines. The Y-axis 
represents the survival probability, while X-axis is the age of the flies, over more than a month. Log-
Rank tests were performed for statistical comparisons between conditions, where * indicates a p<0.05; 
** p < 0.005; *** p<0.001; n.s p>0.05. 
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Table 4.6. Statistical differences in lifespan, between genotypes upon knockdown of p53 and ATM. 
 

p53, lifespan ATM, lifespan 
Genotype 1 Genotype 1 p-value Genotype1 Genotype2 p-value 
CS/UAS-p53 no 
SD 

nSyb-G4/UAS-
p53 no SD 

0.02	
	

CS/UAS-ATM 
no SD 

nSyb-G4/UAS- 
ATM no SD 

3e-06	
	

CS/UAS-p53 
SD 

nSyb-G4/UAS-
p53 SD 

1e-04	
	

CS/UAS- ATM 
SD 

nSyb-G4/UAS- 
ATM SD 

4e-06	
	

nSyb-G4/UAS-
p53 SD 

nSyb-G4/UAS-
p53 no SD 

0.02	 nSyb-G4/UAS- 
ATM SD 

nSyb-G4/UAS- 
ATM no SD 

0.7	
	

CS/nSyb-G4 SD nSyb-G4/UAS-
p53 SD 

7e-04	
	

CS/nSyb-G4 SD nSyb-G4/UAS- 
ATM SD 

1e-05	
	

CS/nSyb-G4 no 
SD 

nSyb-G4/UAS-
p53 no SD 

0.2	
	

CS/nSyb-G4 no 
SD 

nSyb-G4/UAS- 
ATM no SD 

8e-05	
	

 

my hypothesis where additional stressors to chronic SD can lead to lethal consequences. 

On the other hand, ATM RNAi flies, in both SD and no SD conditions, reduced their 

lifespan compared to the parental controls. Furthermore, no significative changes were 

detected when comparing sleep-deprived RNAi flies to RNAi that slept undisturbedly 

(Figure 4.11B). This may mean that the drastic reduction in the lifespan of ATM KD flies 

is solely due to the effects of the knockdown and is not conditioned by chronic sleep 

deprivation, suggesting that the impairments related to the ATM RNAi are already 

deleterious. We can conclude that prolonged sleep deprivation affects lifespan in p53 

RNAi flies, while more complicated are the circumstances for ATM RNAi flies. 

4.3.3 Summary 

• The pan-neuronal knockdown of DNA repair-related genes, in particularly p53, 

leads to increased baseline sleep. p53 RNAi flies, in fact, have shown higher sleep 

over their whole life, in particular during the light phase. These flies also 

experienced a higher accumulation of DSBs in the brains, which may act as a 

sleep-pressure driver. The knockdown of ATM only increased sleep in aged flies: 

strangely, chronic SD did not lead to the accumulation of DNA damages. 

• p53 RNAi flies experienced reduced lifespan, upon chronic sleep deprivation, 

compared to parental controls, suggesting that the accumulated un-repaired 

damages may be the main cause of the reduced longevity. ATM RNAi flies 

experienced a drastic reduction in longevity, which was caused by the effects of 

the actual depletion of ATM and not the chronic SD. 
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Chapter 5  

Discussion 

5.1 H3K9methylation and sleep 

5.1.1 Su(var)3-9, a key player in methylating sleep 

In the past decade, the emerging role of histone modifications in sleep regulation has 

come to the forefront. As covered in the introduction, while significant progress has 

linked epigenetic markers, such as histone acetylation, to sleep, there are other 

modifications that remain less explored and understood in this context, and addressing 

this gap requires more comprehensive research. Therefore, this project is dedicated to 

exploring the possible involvement of specific histone modifiers in sleep, with a particular 

focus on key enzymes associated with H3K9 methylation in Drosophila Melanogaster, 

including G9a, Eggless, but mainly Su(var)3-9, the main subject of this exploration. This 

research revolved around examining the profound effects and involvement in sleep 

regulation of Su(var)3-9, known to be a primary agent for H3K9 methylation. 

 

The project starts by knocking down Su(var)3-9 pan-neuronally: RNAi flies immediately 

exhibited a notably affected baseline sleep, compared to parental controls. In particular, 

these flies experienced a higher sleep amount on average, which was more remarkable in 

females than in males. Indeed, female flies showed a prominent rise in sleep during both 

light and dark phases, while males only during the transition from light to dark. This was 

the first episode of sexual differentiations I came across while pursuing my project. 

Interestingly, the increase in sleep was characterized by longer sleep episodes, while bout 

numbers remained as similar as control, suggesting therefore a more consolidated sleep 

in the RNAi flies, probably reflecting a deep sleep state. Further analysis allowed me to 

highlight that the higher level of synaptic marker proteins, such as BRP or Syn, detected 

in the RNAi flies, is only partially responsible for the increased baseline sleep. In this 

regard, I mentioned the intriguing work from Huang et al., where they found that the 
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increase of brp copies leads to an increase in baseline sleep in a dosage-dependent 

manner: the more copies they were triggering, the higher the baseline sleep increase. 

Given this observation, I induced the knockdown of Su(var)3-9, together with BRP, in 

order to observe a potential mitigation of the phenotype in the baseline sleep. Removing 

BRP and simultaneously depleting Su(var)3-9, helped in reducing the total sleep, 

compared to Su(var)3-9 RNAi only flies. However, these flies appeared also slightly 

arrhythmic on DD exposure, making the scenario more complicated. The depletion of 

Syn, instead, only further aggravated the phenotypes. These data suggested that there are 

probably other key players, downstream of Su(var)3-9 KD, more responsible for the 

increased baseline sleep. 

 

Another layer of interest was added when exploring the contributions of Su(var)3-9 across 

the two main drives of sleep: the circadian and the homeostatic drive. My data suggested 

excluding any implication of Su(var)3-9 in the regulation of the circadian rhythm: RNAi 

flies, in fact, exhibited the usual morning and evening peaks, and no changes in rhythm 

were observed in DD condition, or changes in sleep by knocking-down Su(var)3-9 

specifically in the circadian neurons, the PDF-expressing cells. However, different were 

the circumstances for the homeostatic sleep: upon sleep deprivation, wild-type flies are 

known to respond by showing a rebound sleep on the day following the SD, to partially 

recover from the sleep loss (J. C. Hendricks et al. 2000; Shaw et al. 2000a). This was 

always displayed by both parental controls, CS/UAS-Su(var)3-9 RNAi and CS/nSyb-

GAL4 flies. By exploiting the main method of sleep deprivation applied in this project 

(dynamic SD), flies were subjected to a mechanical rotation of the glass tube, every time 

they were detected to be asleep. When sleep deprived by dynamic, Su(var)3-9 RNAi flies 

failed to show any rebound response, suggesting impairments in the homeostatic sleep 

regulation upon depletion of this specific H3K9 methylase. Interestingly, the sleep 

rebound upon other SD methods, such as starvation or male-male interaction, was not 

affected. This last result, together with previous data collected in my group, may suggest 

that dynamic SD is a more specific method for triggering sleep disturbance and stress due 

to the actual lack of sleep, while sleep responses to starvation and MM are probably 

driven by other mechanisms and form of stresses, perhaps more related to metabolic 

changes and aggression behavior, respectively (Keene et al. 2010; Hasegawa et al. 2017; 

Gilestro, Tononi, and Cirelli 2009; Beckwith et al. 2017; Machado et al. 2017). Although 
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this remains only a hypothesis, it comes in handy to highlight the role that Su(var)3-9 

may play specifically in sleep. 

 

The next step was to validate whether the knockdown of Su(var)3-9 was causing 

impairments in sleep from developmental or specifically from adult stages. Accumulated 

evidence has, in fact, highlighted the impact that epigenetic regulation has on animal adult 

behavior: in Drosophila, in particular, I already mentioned the key role played by G9a 

(another H3K9 methylase fundamental during development), in learning and memory 

formation, both short term memory (STM) and long term memory (LTM) and also 

foraging behavior (Kramer et al. 2011; Anreiter, Kramer, and Sokolowski 2017). Another 

example is the histone demethylase (HDM) KDM5, known to regulate STM and LTM 

(Zamurrad et al. 2018). With the aim to understand whether Su(var)3-9 is also implicated 

specifically in adult behavior regulation, I exploited the GeneSwitch GAL4 system, 

which allows to temporally-control the expression of GAL4. Knocking-down Su(var)3-9 

specifically only in the adult stage, recapitulates the previous findings in the context of 

homeostatic sleep: RNAi flies, in fact, did not show any rebound sleep upon SD. However, 

the baseline sleep remained unchanged, suggesting that Su(var)3-9 needs to be pan-

neuronally depleted from an earlier stage, to create a more catastrophic scenario, which 

can lead to impairments in the total amount of sleep. This is probably in line with previous 

studies in mammals, showing that sleep disturbances in young individuals are very often 

linked to perturbations of epigenetic marks occurring during development, in relation to 

environmental factors, such as alcohol consumption or depression during pregnancy 

(Pesonen et al. 2009; El-Sheikh et al. 2012; Toffol et al. 2019).  

5.1.2 Su(var)3-9 in the central complex and MB 

Thanks to a meticulous screen of GAL4 lines, I was able to identify three main brain 

regions requiring Su(var)3-9 for sleep regulation: dFB, EB, and MB, all known to be 

involved in homeostatic sleep. The knockdown of Su(var)3-9 in all three regions 

abolished the rebound response upon dynamic SD: this was observed in both female and 

male flies after knocking down Su(var)3-9 in dFB and EB. However, in MB, only male 

flies exhibited this peculiar behavior, while females showed a rebound response similar 

to parental controls. This was another sign of sexual differentiation: in fact, I previously 

mentioned differences in the baseline sleep observed between females and males upon 



 
Discussion 
 

 171 

pan-neuronal knockdown of Su(var)3-9. It was already found that epigenetics can be 

responsible for a general sexual dimorphism: epigenetic modifications are fundamental 

for both the establishment and maintenance of sex differences in the brain and behavior 

(McCarthy et al. 2009; McCarthy and Nugent 2015). To give an example, Kurian et al., 

for instance, found that a decreased level of the methyl-CpG-binding protein 2 (MeCP2) 

in the amygdala of newborn rats, by small interfering RNAs, leads to differences in 

behaviors. Male young rats usually tend to play more than female: however, this sex 

difference was completely abolished upon reduction of MeCP2, as male rats reduced their 

social play behavior. (Kurian et al. 2008). Another study compared the distribution of 

H3K4me between male and female mice throughout the genome, finding approximately 

248 genes with increased H3K4me in females: very interestingly, most of these target 

genes are associated with synaptic function and when the authors were evaluating their 

expression by RT-PCR, they did not detect differential expressions when comparing 

females to males. This very surprising result suggested that both males and females 

severely regulate these genes, but with different epigenetic mechanisms (Shen et al. 

2015). Given all these observations, I am, therefore, not surprised to find differences in 

the behavior of male and female flies upon knockdown of Su(var)3-9. 

 

Focusing on the role of Su(var)3-9 in the central complex, I was able to determine two 

specific sets of cells in which the H3K9 methylase is expressed: ExFl2 and R5 neurons. 

Here, I highlighted a redundant function in sleep homeostasis regulation: the knockdown 

of Su(var)3-9 in both types of neurons led to the absence of rebound sleep. Interestingly, 

the genetic activation of ExFl2 cells failed to induce the increase in sleep (previously 

observed by Liu et al. 2016) when simultaneously triggered with Su(var)3-9 KD, 

suggesting an essential role of the methylase in the sleep-related-functioning of ExFl2 

cells. On the other hand, the knockdown in the R5 cells also affected the baseline sleep, 

given that female RNAi flies increased their total sleep, compared to parental controls 

(although male baseline sleep remained unchanged, suggesting another example of sexual 

differentiation). As reported in the introduction, it is good to remind that ExFl2 and R5, 

located in the dFB and EB, respectively, were shown to be interconnected: indeed, R5 

cells regulate sleep passing throughout the ExFl2 neurons (Donlea et al. 2018; Liu et al. 

2016). Mapping the neural circuitry and synaptic connections within these regions, 

possibly using optogenetics or chemogenetics, could reveal how Su(var)3-9-mediated 

H3K9 methylation integrates signals to regulate sleep. The differential impact on males 
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and females in these regions also warrants investigation into sex-specific neural network 

configurations. 

 

In addition, I showed that also G9a, another fundamental H3K9 methylase in Drosophila, 

seems to play a role in sleep regulation specifically in the ExFl2 cells. In fact, its 

knockdown in these neurons abolished again the rebound response upon 1 day of dynamic 

SD, in male flies. The knockdown of Eggless, instead, did not affect sleep in any manner, 

not even upon pan-neuronal depletion. These results are pretty much in line with previous 

findings: while few works have published the key roles played by G9a in different 

behaviors, such as learning, memory, courtship, and foraging (Kramer et al. 2011; 

Anreiter, Kramer, and Sokolowski 2017), any evidence about Eggless in the context of 

behavioral regulation, has been ever published. Furthermore, despite the lack of evidence 

about a potential cooperation between Su(var)3-9 and G9a in the adult stage, the existence 

of a genetic interaction between these two enzymes during specific developmental stages 

was already discovered by Mis et al. (Mis, Ner, and Grigliatti 2006). Therefore, this study 

could be the very first evidence of Su(var)3-9 in adult behavior, played, perhaps, with the 

cooperation of G9a. 

 

Finally, I tried to test the capacity of RNAi flies to learn, upon knockdown of Su(var)3-9 

specifically in the MB region. The method applied was courtship conditioning, largely 

described in section 3.3.4. Unfortunately, the outcome of the experiment did not allow 

me to fully calculate the learning index: KD flies, in fact, resulted in completely opposite 

behaviors during training sessions, depending on the status of the female they were paired 

with. When paired with mated females, KD male flies exhibited a very low courtship 

index (CI), while when paired with virgin females, they were much more attracted to 

them, showing a higher CI. I propose that the knockdown of Su(var)3-9 could deregulate 

the expression of olfactory receptors, fundamental to sense pheromones such as cVa, 

typically released by mated females, allowing flies to differently integrate olfactory cues 

and, perhaps, to better distinguish mated from virgin females. In this regard, from the 

RNA seq analysis comparing Su(var)3-9 RNAi to parental controls, one olfactory 

receptor, the Or63a, appeared to be upregulated upon knockdown. Although Or63a is 

known to respond to volatile chemicals, its precise function in the context of courtship is 

not clear yet and more investigations are required to understand whether this candidate 

may be partially responsible for the Su(var)3-9 RNAi mating behaviors. 
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5.1.3 A real crosstalk between H3K9 methylation and sleep 

 

The plot took a more interesting twist when I started hypothesizing the existence of a 

reciprocal crosstalk between sleep and H3K9 methylation. Thus far I described the effects 

in sleep regulation upon depletion of the three main H3K9 methylases in flies, G9a, 

Eggless, and Su(var)3-9, with deeper attention to the latter. But, on the other hand, what 

are the effects of H3K9 methylation upon sleep disturbances? In order to fully understand 

the reciprocal correlation between sleep and this specific epigenetic mark, I subjected 

wild-type flies to different periods of SD and monitored the level of H3K9me in the brain 

of SD flies, compared to no SD. The outcome was very fascinating: while acute SD (1 or 

3 days of mechanical stimulation) did not seem to trigger any perturbation, a more 

prolonged SD, such as 5 or 7 days in a row, drastically increased the level of H3K9me in 

the neuronal cell bodies. To confirm the theory that chronic SD has an evident impact on 

H3K9me, I dissected and analyzed brains from a short-sleeping mutant, fumin, known to 

be constantly hyperactive, finding that also these flies are normally characterized by 

increased H3K9me compared to the baseline level in Canton-S flies. Recent studies have 

already highlighted evidence of perturbations in the epigenetic landscape upon sleep 

deprivation: research in mammals found increase of DNA methylation upon sleep loss 

(Massart et al. 2014; Narwade, Mallick, and Deobagkar 2017); short-sleeping individuals 

(<6.8h) also experienced an altered DNA methylation pattern, specifically in 52 genes, 

compared to long-sleeping individuals (>7.8h) (Wong et al. 2015). In terms of histone 

modifications, sleep deprivation reduces histone acetylation levels, known to trigger 

transcriptional activation: upon this condition, Duan et al., for instance, found increased 

expression of histone deacetylase 2 (HDAC2) and decreased level of histone 

acetyltransferase CBP in mice. This leads to general declined acetylation in H3 and H4, 

with consequential deficits in learning and cognitive impairments (Duan et al. 2016). 

These examples are listed here to prove the existence of a real crosstalk between sleep 

and epigenome. However, until now there was no evidence of the impact of sleep 

deprivation specifically in the H3K9 methylation. Therefore, this project led to a new 

discovery, which may help in generating biomarkers that can be associated with 

prolonged-forced wakefulness and sensitivity to sleep loss. 
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Another significant question was to understand whether this change in the epigenome 

could return to its original state after sleep recovery following the SD. Therefore, I sleep-

deprived flies for at least 5 days and gave them 1 or 3 days of resting period, before 

dissecting their brains. Interestingly, only flies that were allowed to recover for 3 days in 

a row, were able to reduce their H3K9me back to baseline level, while flies that could 

only rest for 1 day, kept an increased H3K9me. Unfortunately, the current research on 

how much permanent epigenetic changes are upon SD is very poor. As suggested by 

Gaine et al., future studies are definitely required to explore and understand if these 

alterations can be reverted to baseline levels upon normal sleep patterns (Gaine, 

Chatterjee, and Abel 2018). Therefore, once again, this study offers a new insight into the 

duration of an altered histone modification, the H3K9 methylation, in relation to chronic 

SD. It is not clear yet if the amount of recovery sleep needed to restore the baseline level 

is dependent on the gravity of the sleep loss: it is possible that longer SD stimuli, such as 

10 days, need more than 3 days of resting period, in order to re-establish the epigenetic 

balance. 

 

Further analysis allowed me to deeply explore the origin of the increased H3K9me, 

finding in Su(var)3-9 a fundamental key player. By exploiting a GFP-tagged Su(var)3-9 

fly line, I monitored the protein level of Su(var)3-9 upon 5 days of SD (the minimum 

period found to increase the H3K9me level): very interestingly, Su(var)3-9 was found to 

be increased in the neuronal tissue, suggesting that this enzyme is definitely responsible 

for the modulation of its epigenetic mark, upon chronic SD. I cannot exclude, however, 

also a potential contribution of the other H3K9 methylases, such as, more likely, G9a, 

given the promising results upon its knockdown, which suggested a presumed 

cooperation with Su(var)3-9. Upon chronic SD, the protein level of Su(var)3-9 is 

enhanced: this leads to increased H3K9me, which theoretically, should cause an increase 

in down-regulated genes. This was exactly the outcome of an RNAseq analysis 

accomplished on nSyb-G4/UAS-Su(var)3-9 RNAi and CS/UAS-Su(var)3-9 flies. Upon 5 

days SD, CS/Su(var)3-9 exhibited an increase in downregulated target genes, compared 

to the same flies in no SD condition. However, the RNAi flies did not show such a 

difference, when comparing SD to no SD flies: only a tiny number of genes was 

downregulated upon SD. I found this result an exciting outcome, although more analyses 

are probably required to fully define the circumstances: despite the reduced H3K9me 

level in Su(var)3-9 RNAi fly brains, it would be interesting, for instance, to monitor the 
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level of the epigenetic mark in the same flies, upon chronic SD: the expectation is that, 

even upon the dynamic stimulus, the H3K9me level cannot be increased. 

A schematic illustration of the most remarkable findings of this study is shown in Figure 

5.1. 

 
Figure 5.1. The interplay between and H3K9methylation 

5.1.4 Future works and remarks 

Despite these promising and impactful findings revealing H3K9me as a regulator of sleep, 

more extensive research and work will be required in the future to better outline and 

define a clearer and more complete picture. Some questions, in fact, have remained 

pending. The pan-neuronal knockdown of Su(var)3-9 leads to a general increase in 

baseline sleep: this was partially observed when depleting Su(var)3-9 specifically in the 

R5 neurons. However, here, the increase of baseline sleep was only detected in female 

and not in male flies, suggesting that other populations of neurons, together with the R5 

cells, may be implicated in this function. A screening of other GAL4 lines would be 

beneficial to fully address this gap. Furthermore, my data showed that the simultaneous 

depletion of Su(var)3-9 and BRP, only partially restored the effects in baseline sleep: 

although these flies experienced a reduced sleep, compared to Su(var)3-9 RNAi only flies, 

their sleep was detected to be still higher than parental controls. This implies that more 

deregulated targets, due to the Su(var)3-9 RNAi, are probably responsible for the effects 

in baseline sleep regulation: a starting point for a deeper investigation, could be the 

outcome of the RNAseq, which has highlighted a detailed list of de-regulated genes in 
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Su(var)3-9 knocked-down flies. This will contribute to giving new insights for an in-

depth molecular pathway. In addition, it would be interesting to deeply investigate the 

role that Su(var)3-9 was found to play specifically in dFB, EB, and MB neurons to 

understand the reasons for its redundant function across these regions, aiming to identify 

the importance of H3K9me, across the central complex, in the context of homeostatic 

sleep. 

Another fundamental step will be to validate the hypothetical interaction between 

Su(var)3-9 and G9a, both found to abolish rebound sleep after 1 day of dynamic SD, upon 

knockdown. These two proteins were found to cooperate during development: evidence 

during adulthood, instead, was never published. Future experiments where Su(var)3-9 

and G9a are knocked down simultaneously, may be extremely relevant to observe any 

aggravation of the phenotypes. Also, co-immunoprecipitations may be helpful to reveal 

potential interactions. Finally, a further step will be to better elucidate the effects in 

H3K9me upon SD. My data have exhaustively shown the crucial effects of chronic SD 

specifically on H3K9 tri-methylation. However, mono and di-methylation were never 

dissected in this project: one hypothesis that I have formulated is that acute SD (1 or 3 

days) may impact H3K9 di-methylation (or mono), while chronic SD influences H3K9 

tri-methylation. Immunostaining specifically for H3K9 di-me may be relevant to fully 

address this question. Here, it is also essential to highlight that G9a is mainly responsible 

for the H3K9 di-methylation: looking at the protein level of G9a over SD will be also 

extremely important to clarify the existence of a sort of complementation between 

Su(var)3-9 and G9a in sleep regulation.  

5.2 DNA damage and sleep 

5.2.1 Lack of sleep and accumulation of DSBs 

The precise function of sleep remains an unresolved question in the field of neuroscience. 

In this regard, several theories have been proposed and hypothesized, and, among those, 

one in particular believes that sleep is fundamental to restoring homeostasis in the brain, 

by repairing all the unbalances occurring during wakefulness, including DNA damages. 

Research in various animal systems, mostly in zebrafish and mice, found that during wake 

time there is, in fact, an accumulation of DNA damages, which reduces in number during 
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sleep over night-time (Bellesi et al. 2016; D. Zada et al. 2019; Cheung et al. 2019). In 

addition, Zada et al. found an increase in baseline sleep in zebrafish, upon 

pharmacological induction of DSBs: they showed that sleep is essential to induce 

chromosome dynamics which allow the repair of DSBs. The transcription of DNA repair-

related genes is, instead, reduced upon sleep deprivation.  

 

This project aimed to give more insights into the reciprocal correlation between sleep and 

DNA damage/repair in Drosophila Melanogaster, where only a little progress has been 

achieved so far: new findings in flies may have important implications for dissecting 

similar processes in more complex organisms and understanding how sleep can influence 

DNA stability and overall health. One of the very first results was to find that flies 

subjected to both acute and chronic sleep deprivation experienced an increased number 

of DSBs. This data confirmed what was previously achieved in flies by Bellesi et al, 

although I believe it is fundamental to differentiate between the SD method applied in 

their study and the one used in this project. Indeed, in their paper, the authors placed the 

flies in an enriched environment, which included a very large tube, containing numerous 

individuals: here, flights, climbing, social interactions, etc. could occur (Bellesi et al. 

2016). In my system, individual flies are sleep-deprived by using the optomotor, already 

discussed to be a system specifically designed to disturb only sleep. Therefore, I can state 

that the DSBs marked in my data could be considered as a consequence of sleep loss only 

and not of other conditions. On the other hand, in Bellesi’s work, there are certainly more 

variables that may have influenced the accumulation of the damages, due to a more 

stressful environment. Clearly, to strengthen the findings linking sleep deprivation and 

DNA damage in Drosophila melanogaster, it would be beneficial in the future to 

implement more rigorous controls to exclude stress as a potential artifact. For instance, 

stress hormones, such as octopamine, or stress-related markers can be measured in sleep-

deprived and control flies. Western blots to detect stress-related proteins (e.g., heat shock 

proteins) and DNA damage markers (e.g., phosphorylated H2Av or p53) should be also 

performed. Additionally, sleep deprived flies can be treated to mitigate stress (e.g., 

antioxidants or stress hormone inhibitors): if DNA damage persists despite the reduction 

of stress markers, it strengthens the argument that sleep deprivation is the primary cause. 

Finally,  genetic mutants or RNAi lines that are deficient in stress response pathways could 

be also exploited. These comprehensive approaches will ensure the observed DNA 

damage is directly attributable to sleep deprivation. 
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Another new insight from my data was to find an accumulation of neuronal apoptotic 

marks when sleep-depriving flies, only chronically: acute SD, in fact, did not lead to this 

increase, after comparison to undisturbed fly brains. This interesting outcome is probably 

in line with previous findings: DNA repair of damages in neurons represents a very slow 

process, compared to more dividing cells (Barzilai, Biton, and Shiloh 2008): this means 

that numerous lesions can easily accumulate and if not promptly repaired, due for instance 

to prolonged sleep deprivation, they may lead to initiation of cell death. Acute SD, 

presumably, is still a stressful condition which, however, can be controlled without 

difficulty: the accumulated DSBs (less in number compared to those related to chronic 

SD) would be normally repaired, at the end of the stimuli. The accumulation of neuronal 

apoptotic markers in chronically sleep-deprived flies highlights the vulnerability of 

neurons to DNA damage and the critical role of sleep in neuronal health. This observation 

is consistent with the notion that neurons, being post-mitotic cells, have limited capacity 

for DNA repair, making them more susceptible to damage accumulation and subsequent 

cell death under prolonged stress conditions. 

5.2.2 The reciprocal correlation between sleep and DNA damage 

In the first section of this second project, I have shown the resulting effects in DSBs, upon 

the lack of sleep. Given the promising results, there were more questions that I started to 

ask: on the other way around, what are the consequences in sleep, upon induction of 

damages? Is there a reciprocal correlation between sleep and DNA damage? As observed 

in zebrafish by Zada et al., pharmacologically induced DSBs lead to an increase in 

baseline sleep in flies, too. Canton-S male flies fed with Etoposide, an anti-tumor drug 

acting as an inhibitor of the DNA topoisomerase II, were found to sleep more on the days 

following the treatment: this was seen when using a high dosage of Etoposide, suggesting, 

perhaps, that a certain amount of DSBs is required to exert sufficient homeostatic pressure 

for increase in sleep. In addition, this was even more pronounced in female flies, where a 

doubled dosage of Etoposide was necessary to enhance the change in baseline sleep, 

suggesting that females may be somehow more resistant than males to this specific 

stressful condition. In this regard, female flies were initially thought to be generally more 

resistant than males to various types of stresses (Pomatto, Tower, and Davies 2018): 

evidence confirmed, for instance, their easier resistance to starvation and desiccation 
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stress (Chandegra et al. 2017; Lin et al. 2023). However, studies about other forms of 

stress, such as oxidative stress, are much more controversial, concluding that there is no 

sex difference, but several factors that can influence the response to this kind of stress, 

like the strain or the age (Niveditha et al. 2017; Weber et al. 2012; P. C. Lovejoy et al. 

2021; Belyi et al. 2020). To conclude, female and male flies experience the same sleep 

response, but with distinct drug concentrations, although the reasons for this difference 

are not clear yet. 

 

Differently from CS, mutant fumin flies fed with Etoposide, did not respond to the 

treatment by increasing their baseline sleep: there were no differences when compared to 

negative controls. As previously mentioned, these flies are characterized by a mutation in 

the dopamine transporter gene (dat): the loss of dat causes persistently elevated levels of 

dopamine, responsible for their constant wakefulness. Several studies have suggested the 

contribution of dopamine to sleep homeostasis. Mutants for dopamine transporters in both 

flies and mice exhibited generally prolonged wakefulness and also reduced sleep rebound 

upon enriched wakefulness (Greenspan et al. 2001; Wisor et al. 2001; Kume et al. 2005; 

M. N. Wu et al. 2008b). The fact that fumin flies are not minimally influenced by 

Etoposide treatment, may preclude that the regulation of dopamine levels is an essential 

requirement to exert homeostatic pressure for an increase in sleep, upon DNA damage 

signalling. Interestingly, dopamine itself was linked to increased oxidative stress and 

DNA damages and, consequently, to the onset of neurological diseases (Fazeli et al. 

2010). Therefore, it is possible that the high levels of dopamine in fumin mutants could 

interfere with the signaling pathways that trigger sleep in response to DNA damage, 

highlighting a potential link between neurotransmitter regulation and genomic stability. 

It would be very interesting in the future to monitor the lifespan of these flies upon 

treatment with the drug, to highlight any reduction in their longevity. 

 

Finally, dorsal fan-shaped body neurons were found to be implicated in enhancing sleep 

after the accumulation of DSBs. The genetic inactivation of these cells (precisely, the 

ExFl2 neurons, largely discussed in the previous sections), which abolishes the sleep 

increase seen with DNA damage, points to a specific neural circuitry that mediates the 

sleep response. This finding opens avenues for exploring how different brain regions 

coordinate to integrate DNA damage signals and regulate sleep. Despite this very 

promising result, it was unclear the fact that the synaptic inhibition of the dFB neurons 
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did not allow the accumulation of the DSBs upon drug treatment: in addition, the baseline 

distribution of H2Av in the same flies was not just restricted to the nuclei of the cell 

bodies, as it is for the parental control. Overall, advanced techniques such as optogenetics 

and functional imaging could be employed to map the neural circuits involved in sleep 

regulation upon DNA damage. Understanding the connectivity and activity patterns of 

neurons in response to DNA repair signals will shed light on the neural basis of sleep 

homeostasis. 

5.2.3 DNA repair-related genes in sleep functioning 

To avoid unspecific effects of the Etoposide, I triggered the neuronal knockdown of 

specific DNA repair key players, p53 and ATM, to facilitate the accumulation of DSBs 

only in the brain tissue. p53 RNAi flies experienced a general increase in baseline sleep 

over the whole day in young flies: however, this increase was occurring predominantly 

during the light phase in aged flies, probably due to the general reduction of sleep that 

flies normally experience during aging. These results, in line with my previous findings, 

further suggest that the accumulation of DSBs in the brain enhances the increase of sleep, 

which remains consistent over the lifespan in RNAi flies, due to the problematic repair of 

the damages. This was confirmed by immunostaining experiments, which highlighted a 

higher baseline level of H2Av, a marker for DNA damages, in the brains of knockdown 

flies, compared to parental controls. Very interestingly, chronic sleep deprivation reduced 

the lifespan in p53 knockdown flies: this was the very first insight into lethal impacts 

upon SD stimuli, as Geissman et al. previously found that prolonged SD has usually 

minimal lethal consequences in wild-type flies (Geissmann, Beckwith, and Gilestro 

2019). Therefore, according to the results of this study, it appears that flies with 

suppressed p53 experience an accumulation of DNA damage, which prompts an elevated 

requirement for sleep to support DNA repair. As a result, chronic sleep deprivation 

appears to elevate DNA damage levels, potentially resulting in premature mortality. 

 

Contrary to p53 RNAi flies, the circumstances for ATM RNAi flies were more 

complicated to interpret. The reduction of ATM in neurons had no discernible impact on 

the sleep patterns of young adult flies. This outcome was surprising, given that ATM 

plays a pivotal role as a central regulator in the DNA damage response pathway (DDR) 

and triggers p53 activation: a phenotype more similar to p53-related data was, in fact, 
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expected. This may imply that p53 activation is more likely not orchestrated only by 

ATM, but, instead, occurs through alternative pathways, thereby enabling effective DNA 

repair and subsequently resulting in less DNA damage to prompt heightened sleep 

requirements. The absence of sleep response in ATM knockdown flies, was also 

confirmed by immunostaining, which showed that the baseline level of DNA damages 

remained unchanged, compared to parental controls. Unexpectedly, the same flies also 

did not accumulate DSBs upon prolonged SD: these results are still not fully understood. 

Only older flies appeared to sleep more than parental controls during the light phase, as 

similar as p53 RNAi flies: this may imply that only over aging, these flies become more 

sensitive to DNA damages. In addition, the lifespan of ATM RNAi flies was extremely 

affected, compared to parental controls’: even flies not subjected to chronic SD 

experienced, in fact, a very reduced longevity, suggesting that the knockdown itself is 

incredibly deleterious. After all, it is already known that mutations in the ATM gene in 

humans lead to the development of a genetic disorder, the ataxia-telangiectasia (AT), 

characterized by heightened sensitivity to radiation, neural degeneration, weakened 

immune function, premature aging and increased susceptibility to cancer (Shiloh 2003). 

All available evidence strongly supports the notion that ATM plays a pivotal role in 

safeguarding the integrity of the genome. Considering that in this work the knockdown 

of ATM was only triggered in the brain (leading, therefore, to less deleterious 

consequences than ATM mutations), it remains still unclear why young RNAi flies 

appeared to behave normally: one explanation may lie in the partial overlapping role that 

ATM and ATR play in repairing DNA damages. Besides ATR and ATM have been found 

to be mainly required for SSBs and DSBs, respectively, there is also evidence of a more 

complex interplay between these two proteins (Williams and Zhang 2021; W. Li and 

Yanowitz 2019). It is plausible that some of the damages not promptly repaired, as a 

consequence of the knockdown of ATM, are still recognized and opportunely fixed by 

ATR: only upon aging, when the only action of the latter could be not sufficient anymore, 

the effects become more severe. This remains only and hypothesis and more deeper 

investigations are required to better elucidate the circumstances. 

 

A schematic illustration of the most remarkable findings of this study is shown in Figure 

5.2. 
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Figure 5.2. The interplay between sleep and DNA damage. 

5.2.4 Future works and remarks 

The knockdown of p53 and ATM occurs starting from developmental stages. To ensure 

that the phenotypes observed are specifically related to adult impairments, it would be 

beneficial to repeat the experiments by exploiting the nSyb-GAL4-GeneSwitch, already 

introduced in Chapter 2. Furthermore, given the fact that all the experiments for this 

project have been accomplished in male flies, it is fundamental to test females, too. In 

general, female flies tend to sleep less than males on average, showing most of the sleep 

episodes during the night phase. In addition, they normally exhibit greater susceptibility 

to SD and prolonged SD can result in some level of lethality (Geissmann, Beckwith, and 

Gilestro 2019). Therefore, it would be very intriguing to investigate how sleep deprivation 

affects the lifespan of female ATM or p53 RNAi flies, in comparison to their male 

counterparts. Initial findings from this study suggested that female flies require higher 

doses of Etoposide than males to impact their sleep, indicating a different resistance to 

the effects of DNA damage. Further exploration of this sexual dichotomy could yield 

valuable insights. Another future strategy would be to assess further the role in DNA 

repair of specific brain regions normally responsible for regulating sleep homeostasis. I 

already showed some preliminary results, that promote the ExFl2 neurons, located in the 

fan-shaped body, as key players to trigger sleep upon accumulation of DNA damages. In 

the future, it will be interesting to enhance the knockdown of p53 or other DNA repair-

related genes, specifically in this area, and dissect the effects on sleep and lifespan of 
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RNAi flies, compared to controls. Finally, the ultimate objective will be to unveil a neural 

pathway connecting the realms of sleep and DNA repair. 

5.3 Conclusions 

To conclude, in this thesis, I have presented and dissected the interplay between sleep and 

genomic dynamics, upon changes in DNA, at two different levels. First, I have focused 

on sleep in the context of epigenetics, normally involving modifications localized on 

“top” of the DNA. At this level, I particularly investigate the correlation between sleep 

and H3K9 histone methylation, finding in this epigenetic mark a key role in governing 

sleep-related changes in gene expression. Chronic sleep deprivation, whether induced 

mechanically or through genetic manipulation, results in an overall reduction in gene 

expression, primarily driven by the activity of H3K9 methylation in the brain. In this 

regard, I found that the pan-neuronal knockdown of Su(var)3-9, one of the main H3K9 

methylases in flies, prevents sleep-specific alterations in gene expression and disrupts the 

fly’s internal homeostatic regulation in sleep. These results were also partially replicated 

upon knockdown of G9a, another fundamental methylase, suggesting, perhaps, a potential 

collaboration with Su(var)3-9 in this related function of sleep regulation. In the second 

part of this thesis, I have focused on sleep, in the context of DNA damages inside the 

double helix, such as double-strand breaks (DSBs). The study sheds light on the pivotal 

role of sleep in DNA repair, where the main progress has been achieved in other model 

systems, such as zebrafish. Chronic sleep deprivation leads to the accumulation of DSBs 

in the adult fly brain, which can enhance initiation of apoptosis. Furthermore, inducing 

DSBs pharmacologically in flies results in an increase in baseline sleep, further promoting 

DNA damage as a homeostatic drive for sleep. Very interestingly, knocking down DNA 

repair-related genes, particularly p53, in neurons, results in increased sleep, due to 

elevated levels of DNA damage in the brain. Also, chronic sleep deprivation decreases 

lifespan in these flies: the absence of sleep can aggravate the circumstances, due to 

impaired DNA repair mechanisms. 

Overall, understanding the cellular mechanisms behind the regulation and function of sleep 

may offer opportunities to identify in the future, more specific therapies, or general 

biomarkers, which can enhance the quality of restorative sleep for individuals struggling 
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with sleep disorders and can provide key insights to better elucidate the interconnection 

between sleep, ageing, cognitive deficits and, eventually, neurodegenerative disorders. 
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