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Abstract

Sleep is a puzzling behaviour that is ubiquitous throughout the animal kingdom, and

while it is implicated in many biological processes, its core function remains elusive.

Although the core advantage sleep provides for an animal is still debated, it is widely

accepted to be regulated by a two-step process that describes the circadian control of

sleep timing, ensuring an organism’s sleep-wake cycle occurs with the passing day and

night and a second homeostatic system which guarantees that animals fulfil their daily

amount and quality of sleep. The circadian aspects of sleep regulation are primarily

understood, but homeostasis is still a relatively mysterious process. In the last 20

years of studying sleep homeostasis in Drosophila melanogaster, a picture of the sleep

circuity and theories of the underlying molecular mechanisms that produce sleep need

have emerged. However, the homeostatic control of sleep is complex, with growing

evidence of multiple circuits that may differentially influence the amount and quality

of sleep determined by the waking environment. Understanding sleep regulation in

other species of the Drosophila genus may elucidate the emergence of sleep homeostasis

in the animal kingdom, utilising their evolutionary distance to compare the shared

fundamental aspects of sleep. In Chapter 3 of this thesis, I employed a comparative

approach in order to establish the circadian and homeostatic elements of sleep behaviour

in a selection of Drosophila species, including D.melanogaster, D.simulans, D.sechellia,

D.erecta, D.yakuba, D.willistoni, and D.virilis. I found a striking disparity in their

neuromodulatory sleep signalling and homeostatic response to a mechanical method of

sleep deprivation, while the circadian timing of sleep was broadly conserved. In Chapter

4, I investigated the underlying mechanisms of the homeostatic response using the tools

available in the D.melanogaster model and elucidated that alterations in their synaptic

strength dynamics may underscore the divergence in homeostasis observed.
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Chapter 1

Introduction

1.1 Sleep and its evolution

1.1.1 Sleep generalities

Sleep is a period of reversible quiescence where you are disconnected from the external

world but aroused by salient stimuli. For example, while a mother is unlikely to be

disturbed by the sound of a car alarm, they would quickly be awoken by the sounds

of a crying infant. During such rest periods, an organism cannot satisfy its essential

needs. One cannot forage for food, search for an appropriate mate, or remain vigilant

to potential threats from predators. Regardless of the apparent inefficiency of such

rest periods, every animal meticulously tested appears to partake in this behavioural

phenomenon[1], suggesting that sleep must encode a useful function in order to justify

the apparent deficits it presents to an organism and its persistence throughout evolution.

The enigma of sleep has engaged minds since records began, and in 500 BC, a Greek

philosopher, Alcmaeon of Croton, postulated that sleep occurred due to the withdrawal

of blood from the surface of the body to the interior larger blood vessels [2]. However,

the scientific sleep field is still a relatively new area due to the previous inaccessibility

of sleep for study and the initial thinking that sleep was a unitary ’off-period’[3]. In

the 1950s, the electroencephalogram (EEG) was employed to investigate brain activity

during sleep, and it was identified that the behaviour was composed of distinct stages,

with one such stage exhibiting the activity associated with an awake brain, greatly

challenging the previous conceptions of sleep. The EEG wake resembling sleep stage

was found to correlate with bouts of rapid ocular motion amongst bouts of long periods

of sleep without eye movement[4][5]. The former sleep stage was indicatively called rapid
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eye movement sleep (REM) and the latter non-REM (NREM) sleep. A key aspect of the

NREM stage is the delta (0.5-4Hz) slow wave activity (SWA), often referred to as slow

wave sleep (SWS). Since this finding, much work has been conducted to understand

sleep’s function and it has been implicated in many biological processes, including

development, immunity[6], waste clearance[7], learning[8], and synaptic homeostasis[9].

However, the essential function that sleep serves is still debated across the scientific

community, and no consensus has been reached on why animals require sleep[10].

1.1.2 Homeostatic and circadian regulation

Sleep is a complex and puzzling behaviour, and there are ongoing lines of study trying

to decode the origin and function of sleep. While there is debate about the unified

function of sleep, the conceptual framework for its regulation is widely accepted. In

the 1980s, Borbely et al.[11] proposed a model of sleep regulation whereby two processes

interact to determine sleep control. This two-process model describes a homeostatic

mechanism (Process S) that accounts for the amount and quality of sleep and a circadian

mechanism (Process C) that accounts for the timing of sleep with the passing of day and

night under the influence of the circadian clock. While the circadian impact on sleep is

rhythmic and has a constant cycle, sleep homeostasis is determined by the length and

quality of wakefulness, ensuring that an organism achieves its daily amount of sleep.

Process S represents sleep need, which builds through the waking period until reaching

an upper threshold, initiating sleep, and decreasing sleep need until it reaches a lower

threshold, triggering wake. The model attributes the upper and lower thresholds to

Process C. The framework established by Borbely and colleagues has been extensively

utilised in the sleep field to interrogate the underlying mechanism controlling sleep

behaviour. For example, the conceptualisation of a homeostatic process with building

sleep need provided a simplistic structure for investigating the biological underpinning

of sleep need and Process S. Sleep deprivation (SD) protocols confirm the existence of

Process S, as prolonging the waking period past the upper threshold and obstructing

the dissipation of sleep need results in a sleep episode of greater length or intensity,

in order to dissipate the sleep need signal. This period of compensatory sleep is often

referred to as rebound.

The model has undergone several revisions over the years[12][13], incorporating new re-

search findings, but it prevails as the widely accepted model of sleep regulation.
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1.1.3 Ubiquity of sleep behaviour

Sleep is ubiquitous throughout the animal kingdom and has been found to exist in both

vertebrate and invertebrate phylum.[1][14][15]. The maintenance of sleep across evolution

and pervasive selective pressures attests that sleep encodes a significant, beneficial role

to an organism. All mammals and birds are found to exhibit the REM and NREM

EEG electrophysiological recordings[16] initially identified in humans; however, across

phylogeny sleep is primarily described by its behavioural aspects, and quiescence in

animal species must satisfy the following criteria to be considered sleep (1) A circadian-

controlled state of quiescence - whether that be diurnal, nocturnal, crepuscular, or

arrhythmic. (2) A preferred position and posture, (3) with increased arousal thresholds,

distinguishing sleep from periods of immobility that occur during wake,(4) is rapidly

reversible when subjected to a more substantial stimulus, discriminating sleep from

torpor and (5) is controlled by homeostatic regulation. Such behaviours have been

described in vast animal phyla[17], and this section herein will summarise the sleep in a

selection of Chordata, Arthropoda, Nematoda, and Cnidaria animal species.

1.1.3.1 Chordata

Mammals

Humans (Homo sapiens) - experience monophasic sleep [18], sleeping in one

extended, largely uninterrupted, bout of immobility. Humans are in the company of

other primates, as most other mammals sleep in shorter bouts of polyphasic sleep. In

humans, the NREM stage comprises 4 phases which together make up for 75-80% of

total sleep[19]. The phases have a distinguishable EEG pattern and varying arousal

thresholds, as described in Fig 1.1. The NREM Stage 1 sleep is the transition from

waking before running through the sequential NREM Stages 2,3, and 4 before entering

REM sleep, after-which an individual re-enters stage 1. NREM and REM sleep stages

cycle 4-6 times throughout the night with a periodicity of 90-100 min[19].

The final NREM sleep stages are often referred to as SWS due to their large-amplitude,

low-frequency SWA. SWS is widely considered to correspond to a deeper stage of sleep

due to various findings. Firstly, it is highest at the onset of sleep, mostly occurring

in the first 1/3 of the night, with decreasing intensity throughout the sleep period [19].

Secondly, the SWS stages are associated with increased arousal thresholds, indicative

of elevated sleep intensity[21]. Thirdly, the level of SWA is primarily determined by

the length of prior wakefulness[22] and increases in intensity during SD[23][24]. Finally,

compensatory recovery sleep is preferentially composed of this NREM SWA[25]. For

the reasons outlined here, NREM SWA is widely accepted as an electrophysiological
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NREM Stage 1 

Human sleep stage

NREM Stage 2 

NREM Stage 3-4 

REM 

Theta waves

Delta waves

Sleep spindles K-complex

Transition from wakefulness
Low amplitude, mixed frequency activity 
Contain theta waves (4-8 Hz)
Low arousal thresholds

Lengthens with each progressive cycle
Low amplitude, mixed frequency activity 
Contain sleep spindles (10-12 Hz) and K-complexes
Higher arousal thresholds than stage 1

Similar EEG pattern to wake 
Desynchronised low amplitude, mixed frequency 
activity
Short bout in the first sleep cycle
Lengthens with each progressive cycle
Arousal thresholds similar to stage 2 

Mostly occurs in the first third of the night
Synchronised large amplitude, low frequency SWA
delta waves (0.5-2 Hz)

Stage 3 : lasts a few minutes 

Stage 4 : makes up 10-15 % of total sleep 
                first cycle lasts approx 20-40 min
Highest arousal thresholds

EEG activity, duration and 
arousal thresholds

Figure 1.1: The stages and cycles of human NREM and REM sleep
Sleep cycles through NREM and REM stages through the sleep period. NREM stage
1 is the transition from wakefulness, and the EEG pattern contains low amplitude
and mixed frequency activity. NREM stage 2 is found to increase in duration with each
cycle, and the EEG trace is comparable to stage 1 but is associated with the occurrence
of K-complexes. NREM stages 3 and 4 comprise the SWA delta waves (0.5-2 Hz ) that
correspond to deeper stages of sleep and correlate with the highest level of arousal
thresholds. The final stage in the sleep cycle is REM sleep with desynchronised low-
amplitude & mixed frequency EEG activity comparable to wakefulness.[19]. Adapted
from Pan et al.[20].
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correlate of deep sleep and a primary marker of Process S during sleep [11].

The impact of sleep loss on REM sleep is less clear than on NREM. Total and selective

REM SD has been shown to increase REM sleep intensity; however, the results are

inconsistent and are usually less profound than the striking increases seen in the NREM

sleep[26][27][28]. Suggesting that while REM sleep is likely homeostatically regulated, it

is largely overshadowed by the need for NREM recovery.

Rats (Rattus) - are nocturnal mammals that have polyphasic bouts of sleep. It

is generally thought polyphasic sleep occurs as it allows for reoccurring vigilance and

reduced risk of predation[18]. Rat sleep predominately occurs during the light phase,

but they are found to rapidly cycle through bouts of wake, NREM, and REM sleep over

the full day[29]. The electrophysiological aspects of NREM and REM sleep are primarily

comparable between humans and rodents, with large amplitude low-frequency oscilla-

tions during NREM sleep and desynchronised low amplitude high-frequency patterns

similar to wake during REM[30]. Rat sleep, however, has yet to be shown to have the

distinct stages of NREM described in humans, and their periods of such sleep are much

shorter[31]. Nevertheless, NREM SWS is associated with sleep drive, revealed by the

significantly increased levels of NREM SWS after 24 hr enforced waking[32].

Monotremes (Monotremata) - are primitive egg-laying mammals that diverged

from other mammalian species approximately 130 million years ago[33] and today com-

prise just 5 extant species. Their early evolutionary divergence from other mammalian

species and egg-laying physiology make them an exciting study for the evolution of

sleep. An initial study of monotreme sleep in the enchinda[34] identified an NREM

sleep stage but concluded that there was no evidence of REM. During quiescence, no

period of desynchronised EEG activity was accompanied by rapid eye movements, as

widely reported in other mammals. The study attempted to identify whether periods

of desynchronised activity during quiescence correlated with any other behavioural or

physiological characteristics of mammalian REM sleep, for example, increased arousal

thresholds and cardiac irregularity. No such correlates were found. However, the study

of sleep in another monotreme species, the platypus[35], found that they spend up to 8

hours a day in their detectable REM sleep, more than any other mammal tested. Con-

versely to the echidna study, the investigators identified a REM sleep stage based on

the behavioural characteristics and, following this, observed the EEG and electrocardio-

gram (ECG) activity within the defined behavioural bouts of quiescence. Phasic head,

bell, and eye movements were associated with moderate to high amplitude EEG mea-

surements, unlike the hallmark low amplitude activity usually found with REM. This

described platypus REM stage had elevated arousal thresholds and decreased cardiac

rhythmicity, which is common to REM in other mammals[36]—suggesting that a REM

5



sleep stage may well exist in the monotreme species but that the cortical desynchroni-

sation evolved later and is unrelated to its function. However, it is unclear whether the

REM sleep that is reported in these small number of studies is indeed a true reflection

of REM sleep and the monotreme data is often excluded from comparative studies[37].

It is important to note that the platypus study was only carried out in 4 individuals and

that the animals are stated to not acclimatise well to captivity. Therefore the results

observed are unlikely to match wild sleeping patterns.

Birds

Birds are the only non-mammalian class to demonstrate REM and NREM sleep un-

equivocally. Their NREM SWS of high-amplitude, low-frequency activity and REM

sleep of low-amplitude, high-frequency comparable to wakefulness[38] determines the

homology with mammalian sleep stages. Birds exhibit unihemispheric sleep, a phe-

nomenon rarely found in mammals and appears restricted to marine animals[39]. In

unihemispheric sleep, an animal engages in sleep in one cerebral hemisphere at a time

while the other is awake, and animals often keep one eye open to remain connected to

the external environment[40].

Pigeons (Columba livia) - have been found to sleep on average 44% of the day,

and their rest periods have elevated arousal thresholds, determined by application of

an electric shock[41]. Birds have a stereotypical sleeping position of immobility with

a lowered head, and eye movements accompany REM sleep. Pigeon sleep appears

to be homeostatically regulated, and one study found increases in total duration of

REM, but not NREM sleep after long-term SD[42]. Another study, however, showed

that after 12 hr SD with gentle handling, there was a global increase in SWA, as an

increase in spectral power density, during subsequent sleep, suggesting that comparably

to mammalian sleep, NREM is recovered in the form of increased SWA intensity[43].

White-crowned sparrow (Zonotrichia leucophrys) - are migratory birds that

show a diurnal sleeping pattern with EEG correlates of REM and NREM sleep[44]. While

no changes in the duration of REM and NREM sleep were found after 6 hr SD, increases

in the spectral power density were found during NREM in the first 2 hours following

SD, which declined in the subsequent hours as the animals slept[45]. Again, mimicking

what is observed in mammals, where the SWA activity correlates with increased sleep

pressure, and suggesting that the white-crowned sparrow sleep is under the control of

homeostatic regulation.

Reptiles

It is important to understand non-avian reptilian sleep, as it can illuminate how sleep

manifests in the brain of non-endothermic vertebrates with a rudimentary neocortex.
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While comprehensive studies on non-avian reptilian sleep are scarce, a picture of the

behavioural aspects of their sleep has emerged. However, there are conflicting results

on the electrophysiological sleep patterns and whether they share homology with mam-

malian and bird REM and NREM sleep[46].

Iguanas (Iguana iguana and Ctenosaura pectinatas) - were found to have

4 vigilance states, described as active awake, quiet awake, quiet sleep, and active sleep.

During the sleep states, Iguanas have a specific sleep posture, where they lie motionless

on their torso, with their limbs relaxed in a backward position, and their head rest-

ing on a surface with closed eyelids[47][48][49]. Crude interrogation of the sleep states

with manual tapping in the Ctenosaura pectinata produced a response indicative of

decreased arousability[48]. A methodical electric shock arousal threshold paradigm in

the Iguana iguana supported this result[49]; however, these studies were carried out in

two different species of lizard. The Iguana iguana sleep appears to be influenced by

the homeostat since 48 hr enforced waking with manual handling results in approx-

imately 16 hr period of continuous sleep[49], primarily comprising quiet rather than

active sleep. For comparison, the iguanid was found to sleep an average of 12 hours

under baseline conditions. Notably, the investigators remark that the Iguana iguana

animals responded to the enforced waking interventions with threat, attack, and escape

behaviours. This raises the issue found in many SD paradigms, but none more plainly

evident than here, that researchers may be capturing sleep-independent, stress-induced

effects of the SD method. EEG recordings in Ctenosaura pectinata and Iguana iguana

quiet and active sleep states showed distinct patterns, with active sleep sharing com-

monalities with active wake, yet did not show the epochs of REM sleep. The quiet sleep

EEG recordings, while distinct from the wake and active sleep lizard activity, showed

no likeness to NREM sleep[47][48][49]. This demonstrates that while distinct sleep stages

likely exist within lizards, their homology to endothermic vertebrates is uncertain.

Bearded dragons (Pogona vitticeps) - while many early electrophysiological

studies of sleep states in non-avian reptiles failed to find correlates of REM and NREM

sleep, a more recent study of local field potential (LFP) recordings in the bearded

dragon, Pogona vitticeps demonstrated homology. Shein-Idelson et al.[50] observed

behavioural sleep with high-amplitude sharp waves that show delta SWA, typical of

NREM delta SWS. The sharp wave sleep was interspersed between periods of desyn-

chronised activity and sporadic eye movements, a possible homologue of REM[50]. These

results were confirmed within a second study[51]; however, their investigations of another

lizard species, Salvator merianae, found two disparate sleep stages with no electrophys-

iological relevance to mammalian and bird REM and NREM sleep.

Fish
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Zebrafish (Danio rerio) -exhibit a diurnal sleep state, where periods of larval

inactivity lasting 10 min occur predominately at night, associated with specific pos-

tures - either floating with their head in a downward position or horizontally near the

bottom of the chamber[52]. Similar results are found in adults, but the bouts of activity

are much shorter, lasting up to 4 min [52][53] where the fish float horizontally with their

heads facing upward. The quiescence is accompanied by increased arousal thresholds

when presented with a mechanical [52] or light[54] stimulus in larvae and a mechanical [52]

or electrical [53] stimulus in adults. The characterised zebrafish sleep displays evidence

of homeostatic regulation, with periods of 6 hr enforced wakefulness with mild vibration

leading to increased sleep with elevated arousal thresholds[52]. However, Yokogawa et

al.[53] found that in adult zebrafish, rebound only occurred in constant dark conditions,

as terminating of the SD at the beginning of the morning and onset of the light had

no rebound. A significant advantage of zebrafish neurobiological research is the optical

transparency of larval zebrafish, allowing for in vivo measurement of neuronal activity.

A 2018 study[55] assayed the neuronal signal in sleeping larval zebrafish measuring the

fluorescent Ca2+ signal in their neocortex homologue, the dorsal pallium. They iden-

tified two-distinct activity traces of sleep – short-term bursting and propagating wave

sleep, which indicate commonalities with NREM SWS and REM sleep, respectively,

supporting the existence of distinct sleep stages in lower vertebrates.

1.1.3.2 Arthropoda

Insects

Cockroaches (Leucophea maderae and Blaberus giganteus) - were one of

the first invertebrate animals identified to present with sleep behaviour. It was well stud-

ied for its circadian waking activity (i.e., locomotion)[56], and in 1983, the focus shifted

to its periods of quiescence to establish if it was representative of sleep behaviour. The

quiescence was found to be controlled by homeostatic regulation, with enforced waking

protocols in the Leucophea maderae cockroach resulting in a subsequent elevation in

rest[57]. A following study in the Blaberus giganteus cockroach identified that the bouts

of inactivity coincided with increased latency of response to a vibrational stimulus,

displaying the elevated arousal thresholds that are constitutive of sleep behaviour[58].

Honey Bees (Apis mellifera) - were also among the first invertebrate species

to be investigated in the context of sleep. As a diurnal species, they exhibited periods

of rest in the nest at night with a specific position within the combs of the nest and

characteristic antennae movements, which were also observed under lab conditions[59].

Crucially, the response to stimuli was reduced while in the characteristic posture. Fur-
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ther studies since the description of honey bee sleep found that there are three discrete

sleep phases, discerned by the sleep bout duration and classification of their anten-

nae movements[60]. Arousal threshold analyses established that the deepest stage of

sleep occurred at the midway point of a sleep bout and correlated with high levels of

antennae immobility; thus, it is commonly used as a metric for sleep depth in honey

bees. Finally, SD protocols employing a tilting device that produced rolling movements

to isolated honey bees found that 12hr night phase SD resulted in increased levels of

antennae immobility during the following night, rather than immediately after the SD

had ceased, supporting that honey bee sleep is likely controlled by the homeostat[61].

Fruit flies (Drosophila melanogaster) - at the turn of the millennia, this

powerful invertebrate model emerged that had the behavioural hallmarks of sleep

and has since been utilised for the mechanistic probing of the enigmatic behaviour.

D.melanogaster have a diurnal rest-activity pattern, with males having an additional

period of rest during the day, known as the siesta[62]. Hendricks et al.[63] demonstrated

with visual observation that flies were found to have a specific rest position and posture,

preferring to rest close to, but facing away from the food with a hankered down position

(in experimental tubes, see Materials and methods 2.2.2). Fly sleep has been monitored

by automated infrared and automated video tracking. Both methods revealed bouts

of immobility that preferentially occur during the night phase[63][64][65]. D.melanogaster

rest has been shown to have increased arousal thresholds using mechanical[64], visual[66],

auditory[67] and olfactory stimuli[68], which is rapidly reversible with a stronger stimu-

lus. Finally, SD with a mechanical stimulus results in a consequential bout of increased

quiescent duration; therefore, the humble fruit fly satisfies all the behavioural criteria

of sleep. D.melanogaster is the focus of this thesis and will be discussed in more detail

in the next chapter.

1.1.3.3 Nematoda

Chromadorea

Nematode roundworm (Caenorhabditis elegans) - after the substantiation of

sleep behaviour in D.melanogaster, attention was directed to the nematode roundworm,

C.elegans, to elucidate whether sleep behaviour was exhibited in lower invertebrates.

C.elegans possess a simple nervous system comprised of only 302 neurons. The worms

demonstrate quiescent behaviour during the transitional periods of their four larval

stages, known as lethargus and often described as developmental sleep[69]. Compared

to the larval and adult stages, mechanical and olfactory interrogation of lethargus re-

vealed an altered response to arousing stimuli. Outside of lethargus, approximately
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40% of the responses to a mechanical stimulus are composed of complex behaviours,

for example, reorientating, acceleration, and shrinking. However, during lethargus, the

complex behaviours are restricted to less than 10% of the responses, and the worms

predominately perform brief backward movements. This demonstrates that to study

the evolution of sleep, the behavioural criteria of sleep behaviour, framed within the

mammalian lens, often requires expansion to capture distantly related species’ sleep

phenotypes. Homeostatic response to enforced wakefulness with a mechanical stimulus

is observed in the nematode worm, with a short and sharp increase in quiescence in

response to a weak stimulus or a subdued, yet longer lasting overall increase in qui-

escence after a stronger stimulus[70]. Finally, this sleep-like state described has since

been found to have an identifiable posture which has been described as hockey stick-

like[71][72]opposed to their usual sinusoidal shape.

1.1.3.4 Cnidaria

The sleep states described so far have been found in animals with a central nervous

system (CNS). However, sleep states have been identified in organisms that lack a CNS

and, therefore, do not have a brain. Cnidarians, one of the first metazoans to have

evolved tissue-level organisation, have a nerve net that innervates most parts of their

body[73]. The nerve net shares aspects with higher invertebrate and vertebrate nervous

systems, including synaptic transmission and neurochemicals[74]. More recently, sleep-

like-states have been described within the cnidarian phylum[75][76].

Scyphozoans

Upside-down jellyfish (Cassiopea spp.)- while the Cassoiopea upside-down jel-

lyfish rarely swims, they continuously pulse by relaxing and contracting their bell. By

measuring the pulse rate, Nath et al.[75] identified that these jellyfish have diurnal ac-

tivity rhythms, with a reduction in pulsations during the night phase, and are most

inactive in the last 6 hours of the night. In order to test whether this rest was ac-

companied by decreased arousability, the investigators designed an arousal paradigm

that utilised their natural movement behaviours. The jellyfish prefer settling on a solid

surface, and on placement into the experimental tank, they travel to the bottom. The

researchers built a cylindrical arena with a filter screen bottom that they placed inside

the tank. As the jellyfish characteristically positioned themselves on the filter screen,

the cylindrical arena was lifted and then lowered, leaving the animal floating in the

arena. By measuring the time to the first pulse and time to the bottom, they estab-

lished that the animals had increased arousal thresholds during the night phase, with

more extended periods of both metrics in the night compared to the day. Finally, forced

movement with a water pulse every 20 min during the night phase led to a reduction in
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pulsations in the subsequent light phase, which was, once again, matched with increased

arousal thresholds.

Hydrozoans

Hydra (Hydra vulgaris) - are freshwater cnidarians found in temperate and

tropical regions. They are elementary organisms with only two cell layers and a tubular

body with a mouth and tentacles on one end and a basal disk on the other[77]. With

the identification of sleep states in other cnidarians, a key study from 2020[76] set out

to investigate whether this simple organism also had sleep states. Firstly, the Hydra

were found to show diurnal behaviours, quiescent more in total in the night phase,

but also the rest architecture was made up of more prolonged bouts. This quiescence

was reversible when interrupted by a light pulse, with reduced latency to arousal with

increased light intensity. The rest was associated with increased arousal thresholds,

with elevated latency to arousal during extended rest bouts. The Hydra seemingly

does not have endogenous circadian rhythms, as the rhythmic behaviours ceased in

artificial 24 hr light and 24hr dark conditions. Remarkably, their rest is subject to

homeostatic regulation, as both mechanical and temperature-induced sleep deprivation

during the night phase led to sleep rebound on the subsequent day, indicating that

these simple, CNS-less organisms exhibit a sleep-like state.

1.1.4 Proposed functions of sleep

There are many different theories of sleep function, and no single concept fully satisfies

all the physiological, molecular, and cellular evidence of sleep across the animal king-

dom. It is generally considered that sleep likely encompasses a combination of many

aspects of the proposed theories surrounding its function[10]. Nevertheless, the theories

can be broadly characterised as those concerning adaptive, restorative, and cognitive

processes.

1.1.4.1 Adaptive theories

The adaptive sleep theories broadly cover the energy conservation[78] and inactive[79]

origins of sleep. The circadian influence on the sleep-wake cycle determines the timing

of sleep. For example, humans are diurnal and restrict their activity to the day and

sleep to the night. The energy conservation theory[78] proposes that sleep reduces

an organism’s energy consumption during a period it is less suited for. Therefore,

restricting energy expenditure to the time of day when it can more effectively execute

its essential needs (i.e., mating, hunting, and feeding). However, this passive process
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of overall energy conservation is challenged by the finding that sleep itself is relatively

energy-consuming, with a minimal reduction compared to wake[80].

The inactive theory of sleep proposes that it initially emerged as a state of adap-

tive inactivity comparable to the dormancy found in unicellular organisms and plants.

Dormancy allows organisms to survive in hostile environments and sleep may have orig-

inated as a daily torpor to shield animals from the danger of exploring an environment

they are less suited to, therefore improving survival[79]. It may well be that sleep ini-

tially emerged as a period of daily torpor to limit risk exposure and acquired additional

physiological functions through exaptation.

1.1.4.2 Restorative theories

A prevailing concept of sleep is that it serves an essential function of restoration and

repair from the physiological and metabolic constraints of wake. In support of this

theory, protein synthesis is commonly found to be upregulated during sleep, including

those involved in growth and repair[81]. Another facet of the restorative theories of sleep

is the depletion of harmful byproducts accumulated during activity[82].

Metabolic processes - Multiple genes have altered expression between sleep and wake,

including a preferential upregulation in transcripts involved in biosynthesis pathways[83].

This upregulation is thought to account for replenishing molecular and cellular com-

ponents that were diminished during wake. Besides restoring depleted stores, sleep is

evidenced to allow clearance of harmful byproducts of waking metabolic activity. For

example, activity correlates with increased reactive oxygen species (ROS) production

during aerobic metabolism and the elevated energy demands associated with high neu-

ronal activity[84]. In the mammalian brain, waste removal is mediated by cerebrospinal

fluid circulation with the interstitial fluid. Indeed, spontaneous and induced sleep drives

this exchange and glymphatic clearance, implicating sleep in waste removal[7].

1.1.4.3 Cognitive function

While many of the functions of sleep remain undetermined, it has an unequivocal as-

sociation with cognitive processes. Firstly, SD results in various detrimental cognitive

effects, including defects in decision-making, attention, learning, and memory[85]. In

the last century, a picture has emerged of the role of sleep in learning and memory. In

human studies, SD following training protocols impairs behavioural performance and

brain activity during retesting[86]. Furthermore, brain regions that are activated during

training tasks have been found to exhibit substantially elevated activity in the following

sleep period[87].
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The ability to form dynamic memories allows organisms to respond to changes in the

environment and increase the likelihood of success in a task (hunting, mating, social

interactions) based on the retrieval of information from past experiences. This memory

process relies upon three categories: encoding, consolidation, and retrieval[88]. The

initial formation of a memory trace during encoding is weak and susceptible to removal;

during consolidation, the labile memory is strengthened and transformed into stable

long-term memories[88]. Memory consolidation arises due to the ability of our brains

to remain plastic; that is, neurons can dynamically alter their structure and activity

in response to neural signals, in some cases with long-lasting changes that underpin

memory formation[88]. The largest share of synaptic strength is accumulated during

wake, where an organism continually collects and responds to sensory information from

the environment to carry out complex behaviour[89]. A recent area of thinking is that

sleep downscales weaker synapses and strengthens stronger ones to maintain substantial

memories and remove the likely unimportant connections[90].

1.1.5 Evolution of REM and NREM sleep

While sleep or sleep-like states have been found across phylogeny in organisms with

a nervous system; it is still unclear whether they have typical sleep stages driven by

shared mechanisms[16].

The activity patterns derived from the EEG are mainly generated from synaptic con-

nections within the cortex[91][92]. The neocortex origin of this activity is likely the cause

of the changes seen in the NREM and REM EEG activity profile in reptiles[93] due to

their primitive pallium homologues[40]. More recently, neuronal signatures comparable

to REM and NREM sleep have been described in the zebrafish[55] when investigating

the neuronal activity in their neocortex homologue. With the same line of reasoning,

the lack of characteristic EEG-derived waveforms in invertebrates may be due to the

lack of a neocortex, and their sleep may have distinct stages with mechanistic and

functional similarities. For example, while characteristic SWA delta waves are rarely

found in invertebrates, changes in electrical activity indeed exist[94][95]. It is essential

to understand what is underlying and causing the EEG activity to investigate whether

the mechanisms are conserved. NREM high amplitude, low activity EEG patterns in

the delta range arise due to synchronicity in local neuronal circuits[96]. A recent investi-

gation of D.melanogaster network-specific neuronal activity identified delta oscillations

within a known sleep regulatory and sensory processing circuit[97]. The existence of

NREM sleep characteristics in D.melanogaster is supported by the evidence that a gene

identified in mice to regulate NREM sleep, SIK3, has conservation in D.melanogaster,

and mutations in the SIK3 gene leads to sleep defects[16][98]. Suggesting that SWS
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may well be an evolutionarily conserved strategy for regulating sleep across neuronal

circuits.

For many years, it was thought that REM sleep only occurred in mammals and birds

due to the lack of consensus in the studies of non-avian reptiles[46]. It was thus con-

sidered that REM sleep evolved convergently from a common ancestor[99][100], which

likely exhibited a primitive precursor to REM sleep[101]. However, this has been chal-

lenged with the identification of both NREM and REM sleep states in the Pogona

vitticeps lizard[50][51]. More investigation is needed in other lizards and reptilian species

as the same study that identified REM and NREM signatures in the Pogona vitticeps

lizard found no such pattern in the Salvator merianae lizard[51]. Nevertheless, this

evidence suggests that the emergence of REM sleep in the animal kingdom may have

occurred much earlier than initially thought. REM sleep has only been described in

vertebrates, with the exception of the cephalopod cuttlefish. The cuttlefish were found

to have homeostatically regulated periods of quiescence, with evidence of a REM-like

sleep stage associated with rapid eye movements and muscle twitching[102]. The lack of

evidence of REM sleep in other invertebrate creatures may suggest that NREM sleep

evolved earlier and is a more ancestral form of sleep. However, further research is re-

quired as REM sleep is more challenging to investigate in lower invertebrate organisms

that do not have ocular movement or easily identifiable muscle twitches. The lack of

such behaviours should not dismiss the possibility that lower invertebrates may have

a functionally comparable sleep stage. D.melanogaster will likely serve as a valuable

model for determining the presence of REM-like sleep states by measuring the syn-

chronicity of neuronal populations to identify distinct stages[16].

1.1.6 Variability of sleep

Across the animal kingdom, there is large variability in sleep duration, even just within

land-dwelling mammals. The African elephant sleeps a reported 2 hours[103] , yet the

big brown bat sleeps up to 20 hours[79]. A close relative to this bat species, the fruit

bat, requires 15 hours of daily sleep[104]. One explanation for this variability is that the

big brown bat requires a longer period of sleep to fulfil an essential function, and the

fruit bat can simply achieve this in a restricted time frame, potentially through sleep of

greater depth. This scenario is unlikely due to the lack of evidence that shorter sleeping

mammals have elevated levels of the electrophysiological marker of sleep depth, NREM

SWS, duration or intensity[79]. The adaptive inactive hypothesis of sleep provides an-

other reason for this phenomenon. The big brown bat best navigates its environment

with echolocation and preys on mosquitoes that are active from dusk until dawn. There-
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fore the animal is best suited to expend energy during this time frame when it can most

efficiently interact with its environment and carry out essential behaviours. While if it

were to be active in the light phase, it would be at higher risk of predation by preda-

tory birds[79]. However, one should be cautious about such comparisons about sleep

duration, with different experimental paradigms and conditions between studies. The

variation in sleep across closely related species requires further study within a controlled

comparative investigation to elucidate what has driven the observed changes.

Intraspecies sleep variation also occurs and is well-demonstrated within several marine

mammals[105]. Dolphins and orcas exhibit severe postpartum sleep suppression, often

forgoing sleep over periods of weeks[106]. Moreover, fur seals alternate from the land and

the water, migrating to the latter during winter months with an extensive reduction in

their sleep time when compared to their land sleep patterns[107][105]. Extended sleepless

periods are also found in migratory birds. The white-crowned sparrow migrates 4,300

km between Alaska and the west coast of North America during the spring and fall.

Captivity studies found that the birds sleep 63% less during the migratory period com-

pared to non-migratory seasons[44]. These examples, taken together, demonstrate the

adaptability of sleep in an organism depending on its behavioural drive and ecological

requirements.

Notably, the investigators did not detect any increase in the spectral power of the

EEG activity during the migratory bird’s sleep periods, suggesting that the sleep loss

was not recovered with bouts of greater depth, despite the drastic changes in their

sleep[44]. Indeed, all the above examples of sleep adaptability were devoid of detectable

recovery. Reminiscent results were seen in D.melanogaster, where SD with a male and

female pair led to considerable sleep loss without any recovery rebound. In contrast,

pairs of male flies recovered sleep lost from the social male-male interactions. It was

postulated that the sexual arousal evoked from the male-female interaction modulated

sleep [108]. Therefore, sleep can be postponed without recovery in scenarios where other

more pressing behavioural drives take precedence. However, whether the behavioural

drive modulations of sleep are shared across species and the underlying mechanisms

responsible remain to be seen.

1.1.7 Conserved neurochemical regulators of sleep

At first glance, there are many seemingly conserved neurochemical regulators of sleep.

The central wake-promoting neurochemicals of mammalian arousal include acetylcholine,

dopamine, glutamate, norepinephrine, and hypocretin. The main sleep-promoting neu-

rochemicals are adenosine, serotonin, GABA (γ-aminobutyric acid), and melatonin[109].
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Strikingly, these key neuromodulators of mammalian sleep have been found to have

similar effects in even distantly related animals like the zebrafish[110] and fruit fly[111].

Mammalian neuromodulatory brain regions are primarily conserved in the zebrafish[112],

and there is significant conservation between zebrafish and mammalian neurotrans-

mitter sleep effects[100]. The most studied is hypocretin, of which neurons project to

many of the same arousal cells as within mammals. Functionally, over-expression of

hypocretin results in increased locomotion in larval zebrafish, supporting a conserved

wake-promoting effect[54]. However, a 2007 study[53] found that hypocretin exhibited

sleep-promoting action, opening up the direction of hypocretins influence on the sleep-

wake cycle to debate.

The invertebrate D.melanogaster also shares many of the above neurochemical regula-

tors with comparable sleep results[100]. A well-described shared neuromodulator is the

arousal-promoting impacts of dopamine. Alongside the findings that dopamine feeding

causes arousal, interrogation of the neuronal mechanisms identified that dopaminergic

(DAN) clusters of neurons project to, and inhibit, sleep-promoting neurons in the fly

brain to initiate wake[113][114]. The arthropod norepinephrine homologue, octopamine,

similarly shows conservation and has wake-promoting effects in D.melanogaster [115]

and further homology is evidenced with GABA[116]. Whereas acetycholine[117][118] and

glutamate[119][120]are implicated in both sleep and wake circuits.

The recent Hydra cnidarian study found that dopamine was, in fact, sleep-promoting

in this nerve net organism, suggesting that the dopamine arousal promotion may have

occurred with the development of a CNS[76]. Studies often concentrate on the neuro-

modulators that are shared with mammalian sleep regulation. While this is a practical

approach to understanding the aspects of sleep that are potentially shared in a com-

mon ancestor, studying the differences may elucidate the neurochemical and neuronal

circuitry alterations that may underpin the variability of sleep across animal species.

1.1.8 Ecological determinants of sleep

While a unified function of sleep across the animal kingdom is unknown, data from

many different animals can inform us about the intrinsic and ecological factors that

influence sleep, and provide explanation for the inter and intra species variations that

are observed. Sleep and wakefulness has been found to have extensive and widespread

impacts on gene expression[121][122][123] and is thought that sleep amount and architecture

in determined by the interaction between the genetic factors[124][125] and an animals

environment. Levels of predation, mating & food availability, and temperature (among

other factors) are suggested to impact the manifestations of sleep within a species[100].
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As sleep is a period of immobility where an organism is largely shut off from the

external environment, it is logical to consider that sleep poses an increased risk from

predation. In many cases, however, it has been found that sleep largely reduces the

risk of predation. Animals often seek safe sleeping settlements to avoid interaction with

predators during a time when they are less suited to the environment, and therefore

would be at higher risk of predation[79]. The risk of predation greatly varies from

phylum to phylum and species to species, and sleep behaviour may well in part be

shaped by an animals risk[18]. A comparative study of the impact of ecological factors

on mammalian sleep identified that overall predatory risk was the greatest predictor

of REM sleep, and the second of NREM, with animals associated with a higher risk

of predation during sleep in the wild found to perform less REM and NREM under

laboratory conditions[126]. Indeed, there is evidence across the animal kingdom of sleep

behaviour which can be explained by a motivation for predatory surveillance. For

example, wild ducks have elevated levels of unihemispherical sleep when sleeping at the

edge of a group, and respond with escape behaviours when presented with threatening

visual stimuli in their open eye[127]. While the ducks in the centre of the group largely

slept bihemispherically with both eyes closed. This demonstrates the adaptability of

sleep not only to remain vigilant to predation risk but also within social groups.

Mating and food availability both impact sleep behaviour. Sandpiper birds greatly

reduce sleep during the mating season, and this drastic reduction in sleep does not

impinge on their activity or performance. In fact, sandpipers which had a more severe

sleep suppression were found to produce more offspring[128]. Highlighting that sleep is a

trade-off where other behaviours are neglected . Starvation leads to a reduction in sleep

in mammals[129] and flies[130], in the latter the sleep reduction is related to hyperactivity.

The sleep suppression and hyperactivity presumably act to increase foraging and the

likelihood of encountering a food source. D.melanogaster research has found evidence

that the control of feeding and sleep share neuronal pathways[131][132]. Contrastingly,

birds, reduce activity in response to food deprivation, likely as a method of energy

preservation[133]. More studies across the animal kingdom are needed to understand

the reason for the disparate results , and understanding the mechanistic alterations will

shed light on how environmental perturbations modulate sleep.

Temperature acts as a circadian zeitgeber (ZT - timekeeper) that entrains and synchro-

nises circadian rhythms with daily fluctuations in temperature. In mammals, there is a

close relationship between thermoregulation and sleep, and many animals sleep prepara-

tory behaviour includes actions that will provide them with a warmer environment - for

example, nest building, curling up, and huddling in groups[134]. Indeed, in mammals,

the ambient temperature is an important factor that influences the transition from wake
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to sleep, and alterations in brain temperature are associated with the REM and NREM

sleep states, with brain cooling found at the transition of wake to NREM. In contrast,

transitions to REM or wake correlate with increases in brain temperature[134].

Ambient temperature also influences sleep in insects, likely via different mechanisms

due to their poikilothermic nature, whereby they rely on the environment to maintain

a stable temperature. In D.melanogaster, the distribution of their daily sleep and

wake cycles is modified by the external temperature. At around 25◦C the animals

sleep preferentially during the nighttime, with an overall shorter siesta sleep period

during the day. However, at lower temperatures, they exhibit shorter siesta periods and

extended nighttime sleep, while in warmer conditions, the preference for sleep switches

to the daytime, with increased nighttime activity. Parisky et al.[135] reported that

elevated daytime sleep exhibited at higher temperatures was due to a combination of

circadian and homeostatic influences on sleep. Components of the circadian clock were

required for initial temperature-induced daytime sleep elevations. However, they were

not necessary for increased day sleep following a temperature-induced night period of

reduced rest. This key paper demonstrated how external cues, homeostatic regulation,

and circadian sleep control interact to determine sleep behaviour.

While there is evidence of the ecological factors that have shaped sleep across the animal

kingdom in individual species, a comparative approach across species and ecology in a

single investigation will help understand the alterations in the sleep and arousal circuits

that have driven the observed changes.

From mammals with complex nervous systems with an extraordinary number of neurons

to elementary cnidarians with a nervous system consisting of a simple nerve net, sleep

or sleep-like states appear to persist. In many examples from the animal kingdom,

there is likely striking homology in the neural circuits, highlighted by the conserved

action of neurochemicals. At the same time, sleep manifests in varying ways (i.e., du-

ration, adaptability & stages), likely depending on complex interactions of ecological,

environmental, and intrinsic drives. Investigation of such complexities in higher-order

vertebrates is often challenging, with the enormous number of intricate synaptic con-

nections (in humans, a single neuron is thought to connect to tens of thousands of other

neurons). The study of sleep in simpler invertebrate models presents the opportunity

to interrogate fundamental aspects of sleep in less extensive neural circuits that are

likely shared across animal life.
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1.2 D.melanogaster as a model

1.2.1 A powerful model

1.2.1.1 History of D.melanogaster in research

D.melanogaster, commonly called the fruit or vinegar fly, is one of the most advanced

and valuable models for studying biological processes. While the first laboratory use

of D.melanogaster occurred in 1901 under the lead of William Castle[136], the origin

of D.melanogaster research is credited mainly to Thomas Hunt Morgan. His team pi-

oneered the use of D.melanogaster within research after a groundbreaking discovery,

revealing unknown concepts about genetic inheritance[137]. While housing a population

of fruit flies for a year, Morgan identified a white-eyed male fly in a population of the

wild-type brilliant red-eyed flies. Subsequent breeding schemes carried out by Morgan

identified that the inheritance of the white-eyed trait closely resembled that of the pos-

tulated sex determination by a sex factor or what we now refer to as the X chromosome.

Additional investigation by crossing this white-eyed mutant male with red-eyed female

flies resulted in an all-red-eyed progeny. Further crosses with the F1 progeny produced

male and female red-eyed flies and only male white-eyed flies. Examination of the in-

heritance of the trait with a cross of the red-eyed females to white-eyed males found an

equal ratio of red to white eyes in both sexes. Providing the first definitive evidence of

the inheritance of traits within chromosomes and fine-tuning the framework provided

by Gregor Mendel of Mendelian genetics[138]. This seminal work and what followed

led to the award for the Nobel Prize in Physiology or Medicine in 1933. Fast forward

to today, and the widespread use of the D.melanogaster model has furthered our un-

derstanding of genetics and inheritance, development[139], immunity[140], learning[141],

circadian rhythms[142], and ageing[143], serving as one of the most effective tools for

dissection of the genetic and molecular underpinnings of biological processes.

The flies’ relatively short lifespan and low associated maintenance costs make them

very appealing models, with the ability to rapidly generate large numbers of genetically

identical individuals under controlled rearing conditions. However, their advantages go

much further than these practical benefits. The fruit fly is a relatively simple organ-

ism with approx 12-15K genes compared to the estimated human 20-25K. Its genome

was fully sequenced in the year 2000[144] and has since been found to have sequence

homology with 60-70% of human disease genes[145]. The power of D.melanogaster as

a model organism primarily comes from their genetic tractability and elegant genetic

tools developed specifically in melanogaster, that allow for the spatial and temporal reg-

ulation of gene expression to study gene function. Alongside this, there are numerous
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databases available for use, including FlyBase[146] with genetic and genomic information

on Drosophilidae based on large-scale genomic studies and primary research, and stock

centers (Bloomington Drosophila Stock Center -BDSC - https://bdsc.indiana.edu/ &

Vienna Drosophila Research Center VDRC - https://stockcenter.vdrc.at) for ordering

an array of fly stocks for study.

1.2.1.2 Elegant genetic toolbox

Over the last 100 years of research, sophisticated genetic tools have been slowly built

upon, leading to the powerful model we have today for interrogating biological processes’

genetic, cellular, and molecular underpinnings. Both chemical and ionising mutagens

were identified in D.melanogaster with ethyl methanesulfonate (EMS) feeding[147] and

X-rays[148] leading to mutagenesis. Forward genetic screens carried out on mutant spec-

imens to identify corresponding phenotypes led to the functional annotation of many

genes. For example, in 1976, Dudai and colleagues tested 500 potential X-chromosome

mutant lines after mutagenesis with EMS for learning impairments with an aversive

olfactory paradigm[149]. From this approach, the investigators identified a learning and

memory mutant, which they coined dunce, and which has since been characterised as a

phosphodiesterase involved in cyclic adenosine monophosphate (cAMP) regulation[150].

Later, the identification and development of P-element transposition, based on an en-

dogenous transposable P-element in the fly genome[151], was invaluable in developing

gene disruption and novel transgenic technologies[152]. The transposable P-element en-

coded a transposase enzyme that binds to the P-element’s inverted terminal repeats,

facilitating its movement to a new genomic location. Researchers developed a system

based on this P-element mechanism whereby the transposase gene is replaced with

an exogenous gene of interest (GOI) for integration into the fly genome. Injection of

the engineered P-element with the GOI alongside an independent source of the nec-

essary transposase would allow for the insertion of the P-element into the developing

germline[153]. The GOI is incorporated alongside a dominant marker for confirmation

of the integration of the P-element into the genome. Many tools have since been de-

veloped based on this transformation method, including enhancer traps to track the

spatiotemporal expression of genes throughout development[154][155].

The use of P-element insertion led to the design of one of the most important tools

for spatially restricted gene expression in a D.melanogaster geneticists toolbox: the

binary GAL4-UAS expression system (Fig 1.2). GAL4 is a transcriptional activator

protein that was identified in the yeast genome[156]. In 1998, Brand and Perrimon took
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advantage of this yeast endogenous transcriptional activator, transforming the GAL4

into the fly genome either downstream of a defined promoter or under the control

of a tissue-specific native enhancer[157]. An upstream activation sequence (UAS) that

the GAL4 binds was integrated into another fly genome upstream to a reporter gene.

With this binary design, crossing a parent with a GAL4 construct to one with the

UAS transgene results in progeny that contains both the GAL4 under the control of

a tissue-specific promoter/enhancer and the UAS – reporter gene sequence. Thus,

promoter/enhancer activity will lead to transcription of the GAL4, which will bind to

the UAS resulting in the reporter gene transcription in a tissue-specific manner. Since

its advent, tissue-specific GAL4s have been generated for almost every tissue, with

the resolution of small subsets of cells and thousands of lines readily available in stock

centres. This has permitted unprecedented specificity in genetic, molecular, and cellular

mechanism investigations. One major disadvantage to P-element transformation is

that there is no control over the location of the integrated vector into the genome[158].

Thus a new transformation system has become the preferred method, whereby a serine

recombinase from the PhiC31 bacteriophage is utilised for its specific recombination

of the attB and attP binding sites[158]. Generation of transgenic flies with designated

attP binding sites allows for the transformation of vectors with the corresponding attB

binding sites for specific locational integration of transgenes into the host genome.

Common UAS lines that are used include exogenous fluorescent proteins (for example,

green fluorescent protein - GFP) to track the spatiotemporal expression of the GAL4,

overexpression of genes to elucidate function, and the rescue of genes from a mutant

background. The development of RNA interference (RNAi) systems incorporated into

the UAS has allowed for the discrete dissection of the impact of a knockdown (KD) of

a target gene. RNAi technology takes advantage of an endogenous mechanism for con-

trolling protein expression. In 1998, a pivotal study in C.elegans identified that double-

stranded RNA (dsRNA) caused sequence-specific inhibition of protein expression[159].

Over the past decades, D.melanogaster transgenic genome-scale libraries have been

generated, where the sequence-specific dsRNA is combined with a UAS, allowing for

tissue-specific KD of target genes for the study of their function[160]. RNAi is an ad-

vantageous method for gene KD because:

1. It is fast and relatively straightforward

2. It allows for not only sequence-specific but tissue-specific KD of target genes, medi-

ated by a GAL4

3. Generation of genome-scale libraries allows for large-scale screening of lines gener-

ated in the same host strain, limiting non-specific phenotypes due to genetic background
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Figure 1.2: The GAL4-UAS system
The GAL4 is a yeast transcriptional activator that is expressed in a tissue-specific
manner under the control of a native enhancer or promoter. When expressed, the
GAL4 binds to the UAS resulting in the transcription of a downstream transgene. This
binary expression system allows for the spatiotemporal control of gene expression.

alterations.

Further temporal controls have been integrated into the system with the development

of the TARGET[161], GeneSwitch[162] and AGES[160] approaches. The TARGET system

implements a yeast-derived GAL4 repressor, the GAL80 protein[163]. A temperature-

sensitive variant of the GAL80 protein was cloned into the fly genome under the control

of a ubiquitous tubulin promoter, repressing GAL4 activity at lower temperatures and

allowing expression at temperatures >30C. While this has added significant value to the

research area, allowing for the spatiotemporal investigation of transgenes, the higher

temperatures necessary for the activation of the GAL4 can have independent impacts

on the organism, as D.melanogaster are ectotherms and heavily rely on the ambient

temperature. Implementing drug-inducible systems produces spatiotemporal control

that can be achieved without the need for temperature changes. A hormonal inducible

GAL4 system, commonly referred to as GeneSwitch, utilises the RU486-dependent

GAL4 progesterone-receptor fusion protein. Only in the presence of the hormone an-

tiprogestin (RU486) does the RU486-dependent GAL4 bind to the UAS and activate

the downstream targets. However, this system is incompatible with previous GAL4

lines, and the drug has been found to cause independent phenotypes[164]. A recently

developed non-toxic drug inducible system uses the auxin-degron system identified in
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plants, engineered to a GAL80. The Gal80 suppresses GAL4 activity in the absence of

the auxin drug, and thus auxin feeding leads to GAL4 expression.

Over the last century of D.melanogaster research (alongside the leaps made in the

intricate knockout, KD, and over-expression of transgenes), transgenic constructs have

been developed that aid in their genetic tractability and the setting up of genetic

crosses. In order to carry out controlled genetic experiments, it is essential to have

stable inbred stocks in which transgenic manipulations are easily identified. Many

visible markers are employed for the X (white/ yellow), 2nd (Curly), and 3rd (stubbly)

chromosomes, which allow researchers to track their desired construct in a genetic

cross[165]. Since the progeny will inherit one allele from each parent, the presence

or absence of the visible marker will inform the inheritance of the desired construct.

In addition to this, the development of balancer chromosomes which have multiple

inversions and thus inhibit viable offspring that have inherited recombinant alleles,

prevents unwanted recombination[166]. One obstacle to stable mutant stocks is that

mutations are often homozygous lethal and, thus, over time, are lost from a population.

Balance chromosomes address this as they are recessive lethal; therefore, the only viable

progeny are the heterozygous mutant and balancer chromosome flies.

1.2.1.3 Drosophila neurobiology

D.melanogaster is an attractive model for the study of neurobiology – with a relatively

simple CNS made up of a brain and ventral nerve chord. They have around 250,000 neu-

rons compared to 86 billion in humans. Despite their small size, D.melanogaster orches-

trate an array of complex behaviours, including courtship[167] and aggression[168], that

share homology with mammals. In executing behaviour, animals must integrate sensory

cues through neuronal circuits to determine output. Courtship in D.melanogaster is an

intricate and robust sequence carried out in male flies that even occurs in flies raised

in complete isolation. The courtship behaviours in D.melanogaster include the initial

orientation, followed by tapping of the prospective female mate, wing vibration and

production of the courtship song, licking of the female genitalia, and attempted cop-

ulation by thrusting the male genitalia toward the female. Many of these behavioural

series will be carried out before female receptivity and successful copulation[167]. This

complex series of actions relies on several genes[169] and the integration of auditory,

olfactory, gustatory, and visual sensory systems[170]. Aggression is well described in

males with motor execution, including charging, wing threat, tussling, fencing, and

lunging[168]. They have been found to establish hierarchies based on the fights winner

and loser status, which impacts future aggressive behaviour[171]. In recent years females

have also been shown to have robust aggressive actions. Some are shared with males

23



(i.e.charging & fencing), while they also carry out sex-specific behaviours (headbutting

& shoving)[172][173]. Several genes, hormones, neurotransmitters, neuropeptides, and

pheromones influence aggression[174]. The complex behaviours exhibited by fruit flies

make them a suitable model for the dissection of the circuits that control behaviour.

The combination of genetic screens and refined behavioural assays has aided in identi-

fying genes involved in behavioural outputs. For example, the core components of the

circadian clock were established with the testing of mutants for disruption of rhythms in

eclosion and locomotion[175]. As discussed earlier, utilisation of the GAL4-UAS system

led to the development of refined GAL4s, and lines have been generated that induce gene

expression either pan-neuronally (nSyb-gal5, elav-gal4), within glia cells (repo-GAL4)

and in subsets of D.melanogaster neurons. A recent project at the Janelia Research

Campus generated a collection of GAL4 lines in which a short fragment of DNA con-

trols the expression of GAL4, allowing for GAL4 expression in much smaller subsets of

neurons integrated into the genome within a known attP using the PhiC31 system[176].

This collection covers almost all of the neurons in the fly brain. The array of GAL4

lines are publicly available at the BDSC, alongside confocal images of the expression

of each line which can be found at the FlyLight project (https://flweb.janelia.org/cgi-

bin/flew.cgi)[176]. Such tools allow for the detailed interrogation of the spatial role of

genes and neuronal populations in behaviour. As well as interrogating genes, trans-

gene systems have been developed which allow for manipulating neuronal circuits via

silencing and activating neurons.

Silencing Silencing of neuronal cells can be achieved by blocking either the

synaptic transmission or excitability of the neuron membrane. This is often accom-

plished by incorporating a target transgene that impacts transmission or excitability

under the control of a UAS sequence, allowing for targeted manipulation of global or

local neurons[177]. Synaptic transmission can be inhibited by expressing a neurotoxin

that blocks neurotransmitter release, the tetanus toxin (TNT), thus impeding neuronal

signalling[178]. TNT-mediated silencing is irreversible, and the preferred method is the

expression of a reversible temperature-sensitive dynamin orthologue, Shibire. Shibire

is involved in synaptic vesicle endocytosis, responsible for the cleaving of synaptic

vesicles for the membrane and, therefore, essential for synaptic transmission[179]. The

temperature-sensitive protein functions normally at the permissive temperatures below

20◦C but undergoes conformational changes at the restrictive temperatures above 30◦C,

resulting in a dysfunctional protein and impeding vesicle release, causing a synaptic

blockade[177]. The ability to control neuronal signalling in a reversible temporal manner

has allowed the study of specific neurons in a circuit at different stages of a process

or behaviour. For example, shibireTS-driven silencing of the D.melanogaster learning
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and memory centre, the mushroom body (MB), at different stages of memory process-

ing identified a specific MB circuit involved in olfactory memory retrieval but not in

formation or consolidation[180]. Blocking excitability of the neuronal membrane can be

achieved by manipulating ion channels that determine the excitability of a neuron—for

example, the inwardly rectifying potassium channel, Kir2.1[181]. Overexpression causes

membrane hyperpolarization and therefore inhibits action potential firing[182].

Activating The manipulation of ion channels can also produce the activation

of neurons. Overexpression of the bacteria-derived sodium channel, NaChBac, causes

membrane depolarization and increased excitability[183]. A standard neuronal activation

tool is the expression of another temperature-sensitive gene, encoding the transient

receptor potential cation channel, TrpA1, which depolarizes membranes at temperatures

> 27◦C[184]. Using this tool, Chen et al.[185] characterised the role of Allatostatin A

(AstaA) expressing neurons in feeding and sleep with TrpA1 activation. Another way

of examining neuronal function is to activate neurons temporally with light-sensitive

channelrhodospins channels, for example, Channelrhodopsin-2 (blue light) or Chrimson

(red light). This light-induced neuronal activity is termed optogenetics[185].

Downstream targets of subsets of neurons can be probed due to the development of

other binary expression systems, which work independently of the GAL4/UAS method.

The LexA/LexAop system works comparably to the GAL4/UAS system; LexA is a

bacterial-derived transcriptional activator that can be expressed in a tissue-specific

manner. Upon expression of LexA, it interacts with the LexAop promoter and drives

the expression of a downstream transgene[186]. A combination of non-overlapping bi-

nary expression systems enables researchers to investigate neuronal connections within

a circuit. For example, one could transiently activate a population of neurons by driving

the temperature-sensitive TrpA1 under the control of a GAL4 and measure its impact

on a hypothesised downstream region with a Ca2+ indicator under the control of the

LexA/LexAop system. An essential aspect of neurobiology is understanding the func-

tional connectivity between neurons that underlie the neuronal circuitry of behaviour.

Connectivity can be elucidated by investigating the co-localisation of neurons with lay-

ered imaging or using split fluorescent tagging like the GRASP system[187]. The GRASP

system labels synapses fluorescently based on the proximity of the pre and postsynaptic

membranes. This is achieved by expressing two complementary, non-fluorescent GFP

fragments in individual neurons that are reconstituted in close range, leading to flu-

orescence and elucidating synaptic contact. However, while these methods illuminate

locational proximity, this does not irrecusable deduce functional connectivity. A recent

development in D.melanogaster neurobiology allows for mapping pre and postsynap-

tic partners, coined Trans-tango. Based on the Tango system[188], the Trans-tango
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method employs a ligand in the presynaptic membrane that binds to its receptor in

the postsynaptic membrane, causing the cleavage of a transcription factor that will go

on to express a target gene, labelling the postsynaptic neurons and elucidating their

functional connectivity[189].

Investigation of the discrete neuronal activity in D.melanogaster has been made pos-

sible with recent developments in the tools and techniques for electrophysiology and

imaging. Extracellular recordings and whole-cell patch clamp recordings facilitate the

study of neural activity with the resolution of single neurons[190]. Genetically encoded

reporters are routinely used to measure neuronal activity in combination with multi-

photon imaging, including indicators of Ca2+ (action potential), voltage (membrane

potential), or synaptic transmission (reviewed in[191]). Presently, multiple methods for

measuring the activity of neurons can be performed in an intact fly, allowing for di-

rect interrogation of neural signals and the corresponding behaviour. For example, a

method growing in prevalence employs an air-supported ball that the fly can simulate

walking behaviour upon, while the head is fixed for two-photon imaging of a genetically

encoded activity sensor[192].

1.2.2 Sleep in D.melanogaster

Considering D.melanogaster is such an attractive model for the study of neurobiology

and behaviour, it is surprising how its use as a model for sleep only came about at

the turn of the millennia. In 2000, two independent studies found that D.melanogaster

shared all of the behavioural hallmarks of sleep and even showed key molecular and

genetic correlates of mammalian rest [63][64]. Since these initial papers, D.melanogaster

has served as an invaluable model for studying the genes and molecular and neural

mechanisms of sleep-wake cycles.

1.2.2.1 Measuring sleep

In the initial studies, sleep states were determined by visual observation[63], ultrasound

activity monitoring systems[64], and infrared activity monitoring systems[63][64]. Sleep is

still primarily measured in D.melanogaster using the infrared beam activity monitors,

the Drosophila Activity Monitor (DAM) systems (TriKinetics, Waltham, MA) that were

previously widely used to assess the flies’ circadian activity. While the DAM system is

very effective for studying circadian cycles, it has its limitations in the study of sleep.

The DAM devices track activity with the presence of an infrared beam through the

midline of the experimental tubes which house individual flies; therefore, fly activity
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can be determined by the number of infrared beam breaks. Early models of such

systems relied on just one infrared beam. Thus, sleep levels were greatly overestimated

as the individual could still execute waking behaviours at either end of the experimental

tube without breaking the midline beam[193][194]. In recent years, the system has been

updated with models having up to 17 beams for more accurate measurement of the

flies’ sleep, but between 1 and 4-beam systems are still the most popular tool for sleep

measurement.

In recent years, many groups have developed systems that use automated video track-

ing software[193][195][196][197][194] for behaviour measurement. Video tracking is advanta-

geous due to the high spatial resolution with the ability to track fly behaviour at any

point in the tube, even discriminating smaller movements and classifying the waking

behaviour[194]. In 2017, our lab published the manuscript[194] and accompanying tu-

torial documentation[198] for implementing our automated video tracking device, the

ethoscope (Materials and methods 2.2.1), which has since been adopted in other sleep

investigations[108][65][68][199].

Sleep deprivation

A substantial aspect of the study of sleep is understanding what happens when sleep is

removed to investigate its homeostatic regulation and the consequences of sleep loss. In

flies, a period of rebound sleep is found after various methods of enforced waking. There

are multiple different SD methods that have been used for the study of D.melanogaster

sleep. These include mechanical[200][65], social[108], starvation-induced[201], pharmacolog-

ical, and thermo/optogenetic activation of wake-promoting neurons[202][203].

Mechanical sleep deprivation The most popular approach is mechanical SD,

and initial sleep studies confirmed the homeostatic aspects of sleep using both manual

tapping and inversion alongside automatic rotation[63][64]. To date, most approaches

use either use a timer-controlled orbital shaker[200] which provides mechanical stimuli

at random intervals through the SD period to disrupt sleep, a rotational device[204],

or a vibrational platform[197]. All of the above methods are unspecific, providing all

flies a stimulus regardless of whether the individual flies are asleep or awake, leading to

variability in the amount of sleep loss between individuals. Moreover, the methods likely

lead to habituation and the shaking stimuli often cause injury to the flies with damage to

their wings and legs[203]. Therefore, the above mechanical methods have variable success

rates in keeping individuals awake, and there are likely sleep-independent artifacts of the

response to SD due to stress and injury. A significant advantage to the ethoscope system

is that it is modular and can be adapted for use with accessory systems, including an

optomotor device that provides a specific, responsive mechanical stimulus to individual

flies based on their inactivity duration[65] (Materials and methods 2.4.1).
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Social sleep deprivation A more ecologically relevant waking stimulus is pro-

vided by introducing another male intruder into the experimental tube housing a focal

male. The interactions of the flies over a 12 or 24 hr period lead to a reduction in

sleep[205], increased activity in sleep centres of the fly brain[108], and subsequent re-

bound. This method is favourable for investigating the ecological and social influence

on sleep. However, there are a plethora of physiological changes that are likely influ-

encing fly behaviour independent of sleep loss.

Starvation-induced sleep deprivation In many animals across the animal king-

dom, starvation leads to sleep loss, and the homeostatic control of feeding and sleep in-

volves overlapping neural circuitry[206][207]. In D.melanogaster, starvation causes strong

sleep suppression, likely in order to increase activity and forage for food[208]. However,

there are conflicting results on whether starvation-induced sleep suppression results in

a recovery period of rebound sleep. Thimgan et al.[201] observed that while starva-

tion caused significant reductions in total sleep amount, the consequences associated

with SD were absent. No homeostatic rebound or learning impairments occurred post-

starvation-induced sleep loss. The authors identified that starvation response might

depend on lipid metabolism, with mutants with increased triglycerides, brummer, in-

creasing sleep after SD. In contrast, mutants with reduced triglycerides, Lsd2, do not

compensate for their lost sleep with rebound, mimicking the result with starvation. A

paper published in the same year reported that rebound after starvation did, in fact,

evoke an increase in sleep upon cessation of the starvation period[207]. However, the

data is not shown. A 2020 study corroborated the finding that starvation-induced sleep

loss is without a compensatory rebound period and proposed that sleep during starva-

tion is composed of bouts of greater depth. In other words, while there is an overall

reduction in sleep, the sleep loss is recovered with bouts of increased sleep intensity, and

therefore, the starved flies do not require a compensatory rebound. Dilp2 was required

for increased nighttime sleep depth and resilience to starvation sleep loss[209].

Pharmacologically-induced sleep deprivation Caffeine is a prominent wake-

promoting compound known in mammals to action its arousal via adenosine receptors.

In D.melanogaster, caffeine elicits equivalent wake effects, with reduced nighttime sleep,

but the identified adenosine receptor is not involved with the arousal response[210]. Nall

et al.[211] established that a cluster of D.melanogaster DAN neurons was required for

nighttime sleep reduction, implicating dopamine signalling as the mechanism of caffeine-

induced arousal. When fed caffeine for 24 hours, removal from the drug food produced

a delayed rebound period of sleep[209]. Dopamine is implicated in arousal through-

out the animal kingdom, and drugs that manipulate dopamine signalling modulate

sleep in a predictable nature. That is to say that drugs that increase dopamine levels,
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such as feeding the dopamine precursor, l-3,4-dihydroxyphenylalanine (L-dopa), reduce

sleep[212]. While administration of 3-iodo-tyrosine (3IY), an inhibitor of tyrosine hydrox-

ylase - a key enzyme involved in the dopamine biosynthesis pathway, increases sleep[213].

Feeding with modafinil also promotes wake in D.melanogaster, followed by an attenu-

ated recovery period, compared to mechanically perturbed sleep[214]. While the exact

mechanism is unknown, modafinil is found to increase extracellular dopamine levels in

rodents[215]. However, the impact of the drug on dopamine transport in D.melanogaster

is unknown. Multiple drugs that influence D.melanogaster sleep involve alterations to

dopamine signalling, but other monoamines drug-induced manipulation also produce

wake. Indeed, feeding with octopamine results in sleep suppression[216].

Nevertheless, pharmacologically induced SD will have widespread sleep-independent

effects on an organism and is rarely utilised for specific investigation of sleep loss. How-

ever, it can provide broad insight into the potential molecular mechanisms underscoring

sleep.

Transient activation of wake-promoting neurons In recent years, with the

identification of neuronal circuits involved in sleep-wake cycles and the development of

sophisticated genetic tools for the manipulation of neuronal cells, methods of SD have

been employed that transiently activate wake-promoting centres in the fly brain[202][203][217][218].

1.2.2.2 Unitary vs distinct sleep stages

Investigations of D.melanogaster arousal thresholds during rest identified that the re-

sponse to a low-level stimulus decreased during the first 5 min of the bout, and sleep

bouts >5 min in length corresponded to the highest arousal thresholds and therefore

qualifying as sleep[67][64]. For this reason, 5 min of inactivity is used to investigate sleep

throughout the field. Sleep is quantified mainly as a unitary state in D.melanogaster ;

however, it has distinct stages in mammals[219][30] and other animals[38], usually dis-

tinguished by the EEG activity. Heightened arousal thresholds are often found to

correspond to the EEG-defined sleep states. Thus, researchers aimed to see if there

were changes in the arousal thresholds and altered neuronal activity to investigate the

existence of distinct sleep stages in D.melanogaster.

A 2002[66] study demonstrated that D.melanogaster brain activity could be measured

using LFP recordings, and this study and many others have found that wake is associ-

ated with spike-activity that is reduced during sleep[220][94][221]. Further studies revealed

that the sleep LFP activity was significantly different between the day and the night,

with a more considerable reduction in LFP recordings associated with night sleep[94].

This differentiation in results corresponds to the flies’ arousal thresholds, with a lower
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response rate during night sleep. Probing the intensity of sleep with a vibrational

stimulus throughout single sleep bouts identified varying arousal levels, suggesting that

D.melanogaster sleep may indeed cycle through various stages[94]. Oscillatory LFP ac-

tivity in the 7-10Hz range was found in a subset of D.melanogaster sleep-promoting

neurons, the dorsal layer of the fan-shaped body (dFB), confined to the early sleep

stages after initiation and during the later sleep stages before awakening[221]. The dif-

ferential oscillatory results during a sleep bout suggest that D.melanogaster sleep may

contain a transitional stage. This reporting suggests that there are indeed neuronal

changes associated with sleep, with some evidence of distinct stages. However, LFP

recordings did not reveal the electrophysiological correlates of the distinct stages as-

sociated with vertebrate sleep (SWA that corresponds to NREM SWS and activity

resembling wake of paradoxical REM).

The lack of such distinct stages with LFP recordings may be due to the limitations

of such recordings in the vertebrate brain rather than the absence of functionally con-

served sleep stages. Studies utilising the technological advancements of D.melanogaster

neurobiology have used genetically encoded indicators of neuronal activity to investi-

gate local[97][222] and global[222] network activity during spontaneous and induced sleep.

Such methods allow for detailed analysis of the activity of subsets of neurons across the

brain. In a 2019[97] study, network-specific delta oscillations were found within a known

D.melanogaster sleep centre, the R5 neurons of the ellipsoid body. The researchers

identified compound delta oscillations that rise in power throughout the day, falling in

subsequent sleep. While disrupting the emergence of the described SWA resulted in

altered sleep patterns. The delta activity in this local circuit provides evidence of a po-

tential invertebrate homologue of the SWA observed in higher organisms. Tainton-Heap

et al.[222] used a pan-neuronal Ca2+ indicator and two-photon live imaging to assess the

activity of different neuronal cells during sleep. The global neuronal activity during

segments of a sleep bout varied, with an initial period resembling the wake activity,

after which the activity decreased, often reaching its lowest levels > 10 min of sleep.

Optogenetic activation of the dFB induced sleep, but surprisingly the neuronal signal

was comparable to wake, apart from the lack of response in neurons to visual stimula-

tion. The dFB-induced sleep may represent a form of REM sleep in D.melanogaster,

where brain activity is comparable to waking while disconnected from the external

environment. However, artificial activation of neurons is unlikely to resemble their nat-

ural physiological activity, and continued stimulation may impact other downstream

neurons[223]. Thus the finding that activation of the dFB causes a sleep state where

neuronal activity resembles the elevated signal associated with wake would need further

investigation. In order to confirm that it is an intrinsic characteristic of the neurons
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during sleep rather than an independent consequence of the artificial stimulation.

1.2.2.3 Circadian and homeostatic control of sleep

Circadian rhythms

Our behaviour and physiology occur cyclically with the turning of our planet and the

passing of day and night as organisms have adapted to life on Earth. Circadian rhythms

have become entrained to environmental cues, called zeitgebers (ZT), including light[224],

temperature[225], feeding times[226], and social interactions[227]. However, endogenous

free-running rhythms persist even without such cues with a period of around 24 hr[228].

The genetic and molecular underpinnings of the molecular clock have largely been

established through the use of D.melanogaster as a model. Early studies of eclosion,

and later locomotion, timing found the central genes underlying the cellular clock –

period (per)[229], timeless (tim)[230], Clock (Clk)[231], cycle (cyc)[232] as well as other

vital contributors to the clock (reviewed in[228]).

An essential finding of the underlying mechanisms of the circadian control of behaviour

and physiology came from the identification of cyclic levels of the PER and TIM pro-

teins, where increasing protein levels were associated with declining mRNA levels[233],

and so the hypothesis of a negative regulatory feedback loop was born[228]. The mRNA

levels of both proteins rise during the day until peaking in the early evening. Sub-

sequently, protein levels rise in the cytoplasm until the TIM protein facilitates the

transport of the PER protein into the nucleus, and levels of the two proteins peak in

the nucleus around midnight[234]. In the nucleus, the mRNA levels of both per and

tim decline due to the inhibitory action of the proteins on the per and tim transcrip-

tional activators: Clk and cyc, whose protein products form a CLK-CYC complex. A

second loop was later identified whereby the CLK-CYC complex rhythmically controls

the expression of the Clk transcriptional activators and suppressors. Post-translational

mechanisms control the timing of the negative feedback loops, mainly in the form of

phosphorylation[228].

Approximately 150 neurons containing the clock components are dispersed throughout

the fly brain- broadly split into lateral and dorsal subsets. The lateral neurons include

the small and large ventrolateral neurons (sLNvs & lLNvs, respectively), dorsal lat-

eral neurons (LNds), and lateral posterior neurons (LPNs). There are three subsets of

dorsal neurons, DN1, DN2, and DN3[223]. The ventrolateral neurons, excluding the 5th

sLNv, express the neuropeptide pigment-dispensing factor (PDF). At the same time,

most clock cells contain the PDF receptor, and evidence suggests that PDF signalling
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Figure 1.3: Circadian anticipatory activity peaks and sleep timing
(A) Representation of D.melanogaster daily activity in 2-hour bins with the evening
and morning anticipatory peaks (B) Sleep profile of male D.melanogaster over the 24hr
day with the midday siesta and nighttime sleep periods. D.melanogaster are diurnal
animals that preferentially sleep more during the night than the day.

synchronises the dispersed clock cells to control behavioural rhythmicity[228][235]. These

circadian cells are distinct, with different neuromodulators, receptors, and functions[236].

The various signalling properties of the relatively small number of circadian cells likely

transmit output signals to neuronal populations that lack intrinsic clocks to tightly

control behavioural rhythms. For example, DN1 neurons act downstream to the sLNvs

and project to non-clock cells in the pars intercerebralis (PI), required for the main-

tenance of activity rhythms in constant darkness, therefore providing evidence of the

DN1’s role in mediating the output of circadian rhythms to other circuits[237][228].

Circadian control of sleep

Sleep timing is considered an output of the circadian clock, restricting the timing of

sleep and wake during the environmentally advantageous period. For example, sleep

primarily occurs during the night in diurnal animals and the day in nocturnal species.

D.melanogaster sleep shows a robust diurnal circadian pattern in 12:12 hr light:dark cy-

cles, with strong activity peaks at the onset of dawn and dusk, with activity starting to

increase in anticipation of the light transitions. These activity peaks bookmark the day

32



’siesta’ and nighttime sleep periods, with the night containing longer consolidated peri-

ods with higher arousal thresholds than the day[94] (Fig 1.3). Mutants in the circadian

clock components show sleep arrhythmicity in constant dark conditions[204]. However,

with the light cue incorporated in the usual LD condition, the mutants maintain some

level of a daily rhythm, albeit with altered sleep phenotypes. For example, in LD con-

ditions, many clock mutants display daytime sleep episodes, but the amount of sleep is

less than what is reported in the wild-type[238]. In the case of flies lacking per or tim,

the daytime sleep is later followed by a nighttime sleep period. However, night sleep is

abolished in Clk or cyc mutants[238][207]. The maintenance of sleep-wake rhythmicity in

clock component mutants during LD conditions highlights environmental cues’ impact

on sleep, even in some cases independent of the circadian clock.

Of the 150 circadian neurons, many have been found to have sleep and wake-promoting

roles. The sLNvs and lLNds are considered wake-promoting[239], while the DN3 neurons

have been found to be sleep-promoting[240]. Evidence suggests that the DN1 neurons

may have both sleep[241] and wake-promoting effects[242]. The wake-promoting lLNvs

fire throughout the day, with a reduction in firing frequency at the transition from light

to dark. CLK-CYC mediated transcription of the WIDE AWAKE protein was found

to up-regulate the expression of the GABAA receptor, Resistant to dieldrin (RDL),

leading to increased inhibitory GABA signalling in the lLNvs, reducing their activity

and subsequently leading to the initiation of sleep[243].

Evidence implicates the DN1s in the transition from sleep to wake at the end of the

night via expression of the Diuretic Hormone 31 (DH31 ) and PDF receptor activity.

Specifically knocking down DH31 in the DN1 neurons leads to increased sleep at the

end of the night, while the rescue of DH31 reduces sleep, as does PDF expression[244].

However, the DN1 neurons have also been found to have sleep-promoting effects via

inhibitory action on neurons involved in the morning (sLNvs) and evening (5th sLNv

& LNds) anticipatory activity peaks[245].

A recent study has found that a subset of DN3 neurons acts downstream to DN1

neurons to influence newly identified ’claw’ cells. The cells show daily rhythmic changes

in activity that correlate with the DN1 and DN3 cycles. The claw neurons were then

found to feedback to the DN1 neurons in order to maintain sleep[240].

Homeostatic control of sleep

The sleep homeostat ensures that an organism achieves its daily level of sleep, control-

ling the amount and quality of sleep and ensuring lost sleep is recovered with a period

of rebound. Conceptually, homeostasis is driven by an increase in the need to sleep,
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which builds during the day and reaches a maximum threshold set by the circadian

control of sleep, initiating sleep where the sleep need is dissipated[13].

In order to study the homeostatic arm of sleep control, researchers implement assays

of SD to observe the impact of sleep loss on an organism, thus elucidating the mech-

anisms regulating sleep and its function. Initially, it was reasoned that the genes and

circuits involved with rebound periods after SD would also be implicated in the home-

ostatic control of sleep under baseline conditions[228]. However, many studies have

identified genes[246][204] and circuits[247][248] that impact homeostatic rebound but have

no detectable or an opposing effect on baseline sleep. Alongside this, some environments

of SD have been found which cause strong sleep suppression without any recovery. For

example, sleep suppression induced by male-female interactions[108] and, in some cases,

starvation[249] has no impact on their subsequent sleep. Thus, there may be distinct

context-dependent homeostatic regulation of sleep, depending on the waking environ-

ment. A critical study observed that activation of wake-promoting neurons had differ-

ential impacts on sleep need and rebound[247]. Thermogenetic stimulation of cholinergic,

DAN, and octopaminergic neurons all resulted in significant sleep loss. However, only

cholinergic activity resulted in a rebound response comparable to controls. Contrast-

ingly, DAN activation suppressed the rebound, and octopaminergic stimulation had

no impact on subsequent D.melanogaster sleep. Further testing combining mechanical

SD with neuronal stimulation revealed that octopaminergic, and not DAN, induced

waking suppresses sleep need. The behavioural and neuronal SD sleep rebound results

demonstrate that in some scenarios, wake may occur without driving changes in sleep

need. Nevertheless, a picture of candidate circuitry involved in a sleep homeostatic

mechanism has emerged.

Central complex

The central complex describes a collection of neuropils in the midbrain found in many

insect species, containing the fan-shaped body (FB), ellipsoid body (EB), protocere-

bral bridge, and noduli (Fig 1.4). The central complex is evidenced to be involved in

the integration and processing of information from environmental stimuli[250] and the

control of motor output[251] and behaviour[252]. In recent years it has been implicated in

sleep, with many of the neuronal populations found to play integral roles in sleep and

homeostasis[253][254][255]. A role of the central complex in the control of wake and sleep

may well be conserved with other inveterate species, with evidence of central complex

activity with arousal and motor control in the cockroach[256][257].

The dorsal layer of the FB became of interest for the study of sleep when it was found

that TrpA1 activation of the ExFl2 neurons that project to the dFB induces sleep
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and improves the facilitation of long-term memory[253]. While silencing the dFB has

the opposite effect, with sleep suppression[258]. Since this finding and the research

that followed, the dFB has been considered the output arm of the homeostatic mech-

anism, whose activity is regulated in response to sleep need. The electrical activity,

concerning the input resistance and membrane time constraints, of the dFB neurons

is suggested to confer increasing sleep pressure into sleep, as the neurons increase in

electrical excitability during SD, returning to control levels after rebound sleep[259]. The

Rho-GTPase, from the family of molecular switches that modulates downstream bio-

chemical pathways[260], is implicated in regulating the innate electrical properties of the

dFB neurons. Mutations and other genetic manipulations in the crossveinless-c gene

that encodes Rho-GTPase were found to abolish rebound and remove alteration in the

electrical excitability of the dFB neurons upon SD[259]. Thus the homeostatic control

of sleep may be conducted by altering the activity of this sleep-promoting centre. Pi-

mentel et al.[261] found that dopamine signalling initiated dFB cell hyperpolarization,

switching the cells from an electrical excitability ON state to a quiescent OFF state

and initiating wake. The expression levels of multiple ion channels modulate neuronal

activity within the dFB[223]. The Sandman leak channel is responsible for the silencing

of neurons during waking, and the A-type current Shaker causes neuronal firing during

sleep. The Shaker potassium channel has previously been implicated in evoking sleep,

as mutants in the genes Shaker [262],Hyperkinetic[263] and sleepless [264] cause reductions

in sleep, and thus, these results may well be due to A-type current alterations within the

dFB. Hyperkinetic and sleepless are activators of Shaker. A recent study demonstrated

that the accumulation of ROS during wake may underlay the build-up of sleep need

during wake, regulating dFB activity through oxidation of Hyperkinetic bound NADPH

to NADP+. Thus, altering the Shaker A-type current and promoting sleep[265]citeme.

Another neuronal population in the central complex implicated in sleep homeostasis is

the R5 neurons of the EB. Elevating sleep need with SD causes a rise in cytosolic Ca2+

levels, a proxy for neuronal activity, alongside increased synaptic plasticity and strength

with elevated active zone size and number[254]. NMDA receptors were required in the

R5 neurons for the observed plastic changes in the R5 circuit. R5 neuron inactivation

and KD of NMDA receptors in the R5 neurons markedly reduced rebound in response

to SD. Therefore, presenting an NMDA-dependent plasticity mechanism within the fly

brain that is at least partly involved in homeostatic sleep drive and recovery. The

identified EB R5 circuit acts upstream to the established dFB, as the activation of R5

neurons causes increased activity in the dFB projecting ExFl2 neurons, which were

also required for full rebound sleep upon SD via thermogenetic activation of the R5

neurons[254]. Recurrent R5-dFB circuitry was recently described via inhibitory AstaA
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Figure 1.4: Schematic of the central complex, mushroom body and a selection of the
dopaminergic neurons in the fly brain
The central complex comprises the fan-shaped body, ellipsoid body, protocerebral
bridge and the noduli. The fan-shaped and ellipsoid body are key players in the
D.melanogaster homeostatic sleep mechanism. The dorsal layer of the fan-shaped body
is involved in sleep-promotion and single dopaminergic neurons from the PPL1 and
PPM3 cluster promote wake via inhibitory input into the dorsal fan-shaped body. The
mushroom body is also implicated in sleep control, with both sleep and wake-promoting
compartments. Projections from the PAM and PPL1 dopaminergic neurons innervate
distinct mushroom body lobes. This figure was produced with information from Sitara-
man et al.[114], Nall et al.[267] & the Virtual Fly Brain (www.virtualflybrain.org).

producing interneurons termed helicon cells. The cells were responsive to visual stimuli

and likely to make presynaptic contact with the EB, transmitting visual stimuli infor-

mation and controlling locomotive output. The dFB ExFl2 sleep-promoting neurons

were found to induce sleep via many neurotransmitters, including AstaA, which tar-

gets the helicon cells, inhibiting their signal to the R5 neurons, blocking locomotion,

and possibly reducing the sleep need that had built through the day[266]. How the R5

neurons signal increasing sleep need to the dFB and how the sleep need is cleared still

needs to be studied.

Mushroom Body

The mushroom body (MB) is one of the most studied areas of the insect brain (Fig 1.4).
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Renowned as the associative learning and memory centre[268], with input from the olfac-

tory circuitry[269]. The MB structure is located in the midbrain and composed of three

main parts: the calyx, penduculus, and lobes, with the latter classified into ventral

(α’ and α) and medial (γ, β’, and β) classes[270]. Around 2000 intrinsic Kenyon cells

(KCs) make up each MB, as well as distinct MB output neurons (MBON). The organ-

isation and connectivity of the MB components are well described, thanks to the array

of genetic tools available and many years of olfaction and learning investigations[271].

The MB was the first neuronal population to be implicated in sleep[272][273]. The early

studies both identified that the MB played a role in regulating sleep, with ablation

causing a reduction in overall sleep amount. Joiner et al.[272] found that cAMP - pro-

tein kinase A (PKA) activity alters sleep in the MB in either direction depending on

the GAL4 driver used to target the MB cells and the anatomical class of neurons.

Since then, distinct wake and sleep-promoting MB circuits have been classified, with

five glutamatergic MBON drivers that promote wake and seven GABAergic or cholin-

ergic MBON drivers that promote sleep[274]. Two of these MBON projections were of

particular interest: the cholinergic sleep-promoting MBON-γ2α’1 and wake-promoting

glutamatergic MBON-γ5β’2a/β’2mp/β’2mp bilateral share a downstream target and

influence sleep in opposing directions.

Further investigation of the connectivity between the KCs and sleep-promoting MBONs

identified distinct KCs which promoted sleep or wake via the corresponding wake or

sleep-promoting MBONs. Interestingly, the wake-promoting KC-MBON circuits de-

creased in activity upon mechanical SD. In contrast, the activity of sleep-promoting

KC-MBONs increased and was found to be essential for typical rebound[275].

The MB undergoes structural plastic changes[276] and elevation in synaptic strength

upon SD[277] that are restored after a period of recovery sleep. Hence, demonstrating

the plastic neuronal changes that occur in centres implicated in regulating sleep.

Many modulatory inputs innervate the MB lobes, including DANs and octopaminergic,

with the DAN input being the most common. Dopamine is a vital signalling neuro-

transmitter in many brain processes across neuronal populations and is shown to impact

MB functions[278]. DAN inputs from the DAN PPL1 cluster innervate the MB and are

involved in aversive memory[279], while another cluster of PAM DANs is required for la-

bile memory[278]. There is a long-standing relationship between learning, memory, and

sleep across the animal kingdom[280], also found in D.melanogaster [281]. Induced sleep in

learning and memory mutant flies restores learning levels to wild-type levels[282], while

SD impairs flies’ learning and memory scores[283] and inducing sleep improves memory

consolidation[253]. Dopamine receptors in the MB are required for learning in various

37



cognitive paradigms[284][285], and targeted expression of the dopamine-d1-like receptor

(Dop1R) has been found to rescue SD induced cognitive impairments[284].

1.2.2.4 Neurotransmitters of Drosophila sleep

Neurotransmitters are essential in coordinating neural systems in an ever-changing en-

vironment for successful behavioural output. Evidence across the animal kingdom and

detailed interrogation of model organisms has demonstrated the adaptability of sleep

based on the environment and an organism’s intrinsic needs[286]. Neurotransmitters

and other neuromodulators likely play a vital role in coordinating sleep circuits in re-

sponse to external and internal needs. In D.melanogaster, wake-promoting (dopamine,

octopamine & histamine), sleep-promoting (serotonin & GABA), and dual-function

(acetylcholine & glutamate) neurotransmitters have been described[111]. In many cases,

the presynaptic cells and postsynaptic targets of the neurotransmitter’s effect on sleep

control have been identified. This next section will describe the sleep effect, and pro-

posed mechanism for dopamine, octopamine, and GABA signalling. The details of the

other neurotransmitters and neuromodulators involved sleep regulation are reviewed

elsewhere[267][111].

Dopamine As mentioned when discussing pharmacologically-induced sleep, manip-

ulating the dopamine biosynthetic pathway neatly demonstrates the wake-promoting

role of dopamine. Several short-sleeping mutants have been linked to impaired dopamine

signalling. For example, mutations in the gene which encodes a dopamine transporter

(DAT), fumin, sleeps two to threefold less than wild-type flies[287]. DATs are involved

with the termination of dopamine signalling with the reuptake of dopamine, and fumin

mutants are found to have elevated dopamine levels at the synaptic cleft[288]. A forward

genetic screen isolated a short-sleeping mutant, insomniac (inc), that likely functions

as a Cullin-3 (Cul3 ) ubiquitin ligase complex adaptor, with KD of Cul3 mimicking

the short-sleeping inc phenotype[289]. Further investigation of the inc and Cul3 sleep

found that flies lacking either functional protein were resistant to L-dopa-induced sleep

elevation, and inhibiting dopamine synthesis with 3IY increased their sleep[290]. This

suggests that the reduced sleep associated with the genetic manipulations of inc and

Cul3 are likely due to elevated dopamine levels.

Alongside the aforementioned pharmacological and broad short sleeping affiliation of

dopamine with arousal, detailed interrogation of the presynaptic DAN and postsy-

naptic cells involved with the promotion of wake has been dissected(Fig 1.4). DAN

neurons constitute a relatively small number of D.melanogaster neurons (130-140) and
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are found in clusters throughout the brain, with projections that include MB and struc-

tures within the central complex as targets[291]. Single DANs from each PPL1[292] and

PPM3[293] cluster were found to promote wake with inhibitory signalling in the dFB

via the Dop1R1 dopamine receptor. DANs also exert arousal via projections to MB

from the PAM and PPL1 clusters, which innervate distinct MB compartments[114],

and the Dop1R1 receptor is required in the MB for the arousal effects of caffeine[267].

Dopamine signalling is also implicated in the clock control of sleep. PPL2 clusters of

DANs project to the wake-promoting lLNvs and dopamine application increases cAMP

levels, depolarizing the cells[294]; however, the study in question found that dopamine

was not responsible for the wake-promoting effects of the lLNvs.

Octopamine Octopamine is a prominent invertebrate neurotransmitter and an

orthologue of the vertebrate norepinephrine[295]. The biosynthesis of octopamine is

achieved via the conversion of tyrosine to tyramine catalysed by tyrosine decarboxylase

(Tdc) and then the conversion of tyramine to octopamine with tyramine β hydrox-

ylase (TβH)[296]. It is found to be involved in regulating multiple physiological and

behavioural processes, with an established role in D.melanogaster aggression[297], and

more recently, it has been studied in the context of sleep. A picture has emerged of

wake-promoting octopamine signalling. Firstly, mutants for the key enzymes involved

in octopamine synthesis, Tdc2, and TβH, exhibit elevated sleep, arousal threshold lev-

els, and reduced latency to sleep onset[298]. This finding was confirmed by altering

the electrical excitability of octopamine (and tyramine) producing neurons, with com-

plementary impacts on sleep - NaChBac mediated activation lowered rest and Kir2.1

silencing increased sleep. Secondly, administering octopamine via food decreases sleep

in wild-type flies, implicating octopamine in the wake-promoting effect rather than its

precursor tyramine. Feeding of octopamine in the Tdc2, and TβH mutants supported

the specific role of octopamine in the sleep phenotype, rescuing the associated elevated

sleep to wild-type levels.

Octopamine is evidenced to exert its wake-promoting effect via cAMP-dependent PKA

signalling. Inhibition of PKA with the expression of a regulatory subunit abolished the

octopamine feeding-induced sleep decrease found by Crocker et al.[299] Further char-

acterisation of the octopamine wake effect identified that octopaminergic ASM cells

project to PI neurons, labelled with the Dilp2 - GAL4, promoting wake[115]. Once

again, cAMP-dependent PKA signalling was required for the phenotype, as blocking

PKA in the PI neurons removed the sleep sensitivity caused by octopamine feeding.

GABA GABA is a prevalent inhibitory neurotransmitter in both vertebrate and

invertebrate animals. It exerts its inhibitory effects on postsynaptic GABA receptors,
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split into the ionotropic GABAA and metabotropic GABAB receptors. The binding of

GABA to ionotropic receptors activates the Cl- permeable channel, leading to an influx

of Cl- into the postsynaptic neuron, hyperpolarizing the cell and reducing the likelihood

of an action potential. GABA activates K+ or blocks Ca2+ channels in metabotropic

receptors, again hyperpolarizing the postsynaptic cell and inhibiting its activity[300].

The THIP (4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-ol) compound is an agonist of

the ionotropic GABA receptor and has been shown to increase sleep in D.melanogaster

in a dose-dependent manner[282]. The periods of sleep associated with the drug feeding

shared the hallmarks of characterised sleep behaviour- as it was readily reversible with

a strong stimulus and associated with increased arousal thresholds. Alongside this,

genetic perturbations that cause elevated GABA levels are found to increase sleep in

flies. For example, Chen et al. [301] reported that a mitochondrial GABA transaminase

is implicated in the sleep suppression associated with the sleepless mutant. The mutant

flies were found to have reduced GABA levels, while loss of the GABA transaminase,

and repletion of GABA, restored the sleepless mutants’ sleep. As discussed previously,

inhibitory GABAergic input in the circadian lLNvs via expression of the RDL GABAA is

involved with suppressing their wake-promoting signal and is necessary for the initiation

of sleep[116].

1.2.2.5 Glial sleep modulation

For many years, investigation of D.melanogaster sleep has been restricted to neurons.

However, more recently, studies have emerged on the involvement of other non-neuronal

brain cells in sleep homeostasis. In particular, sensing the accumulation and dissipation

of sleep need during wake and sleep. Glial cells are found in greater numbers than

neurons in the nervous system and are implicated in a multitude of functions, including

the reuptake of neurotransmitters[302] and the recovery from neural injury[303]. A subset

of glial cells called astrocytes have processes surrounding neurons, and their morphology

indicates they are in a privileged position to sense neuronal activity. While these cells

were initially thought of as inactive support cells, work at the turn of the millennia

demonstrated that they reciprocally communicate with neurons. Astrocytes express

G-coupled protein receptors, which mobilise Ca2+ from internal stores in response to

presynaptic neurotransmitters. While elevated Ca2+ has also been shown to mediate the

release of gliotransmitters that bind to neuronal synaptic receptors, impacting synaptic

transmission[304].

A 2021 study[305] hypothesised that astrocytes likely sense the accumulation of sleep

need and signal to relevant downstream homeostatic circuitry to modulate sleep. In
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support of this theory, they found that Ca2+ levels were enhanced during SD; thus, the

astrocyte activity correlates with increasing sleep need. Additionally, reduced Ca2+ sig-

nalling attenuated the rebound response following SD. Transiently activating astrocytes

increased both day and night sleep, suggesting that their glial signals likely communi-

cate with a sleep center to provoke rest. A TyrRII receptor was found to be required in

astrocytes for the arousal phenotype and the tyRII expression correlated to increasing

sleep need. Thermogenetic elevation of Ca2+ in astrocytes impacted two sleep-wake

circuits: reducing the membrane potential of the circadian ILNvs, and overnight as-

trocyte activity resulted in elevated Ca2+ levels in the R5 EB neurons the following

morning. In support of the latter finding, the R5 neurons and their proposed down-

stream targets, ExFl2, were required for the sleep phenotype associated with astrocyte

activation[305]. The above study comprehensively presents astrocytes as a potential can-

didate for sensing sleep need (likely through neurotransmitter binding to the TyrRII

receptors), computing the sleep need information, and signalling to downstream neu-

ronal sleep circuits.

1.2.2.6 Consequences of sleep loss

In studying the impact of SD on diverse animal species, including D.melanogaster,

many physiological impairments have been documented, including cognitive, immune,

and metabolic effects, to name a few. Exploring the physiological impact of SD provides

insight into the potential function/s of sleep and identifies the probable molecular and

cellular underpinnings. However, a significant obstacle in the field remains in disentan-

gling consequences of sleep loss that are a direct cause of lost sleep and those due to

stress or other sleep-independent effects that correspond to the method of SD. Gener-

ally, extended sleep loss is considered fatal, with studies documenting reduced lifespan

with chronic sleep paradigms[306][307][203]. These results highlight the essential need for

sleep for the survival of an organism. Interpretation of these results should be inter-

rogated similarly to the findings described above, as the fatality found to correspond

with sleep loss may well be a consequence of the unnatural and stressful SD paradigms.

A 2019 publication in our lab described the striking results that lifelong SD with a

responsive mechanical method (Materials and methods 2.4.1) resulted in strong sleep

suppression throughout the lives of flies without any impact on their lifespan[65].Such a

finding is not restricted to flies, in 2008, a group found that pigeons were resistant to

the chronic Disk-Over-Water method[42] that commonly led to death in mice studies[308].

Suggesting that lack of sleep itself may not directly have deleterious effects on survival.

However, the impact of chronic sleep loss on cognitive function and fitness was not

explored.
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ROS accumulation There is some evidence of sleep causing oxidative stress in

mice[309] and flies[310][203]. Furthermore, mitochondrial ROS activity was found respon-

sible for altering potassium currents and modulation of neuronal activity in the dFB

to promote sleep[265]citeme. However, there are also contradictory findings[311][312], with

some studies unable to correlate the accumulation of oxidative stress markers with sleep

loss. The conflicting findings may result from localised rather than widespread accu-

mulation of ROS, as demonstrated by Vaccaro et al.[203] with elevated ROS in the gut

of mice and flies after mechanical and thermogenetic SD.

Immune response stimulation SD has been found to increase the expression of

immune genes[122][313][314]citeme, and infection or injury promotes sleep inD.melanogaster,

at least partly due to the inflammatory response associated with the Relish gene, as

it is required for infection/injury related sleep elevation[315]. The impact of SD on the

immune response is impeded by the subsequent rebound sleep, which increases the

resistance to infection and improves survival[316]. Nevertheless, the results implicate a

relationship between sleep and immunity. This relationship was recently mechanistically

evidenced with the identification of an antimicrobial peptide encoding gene, nemuri.

Nemuri was required for homeostatic rebound post-SD and infection-induced sleep[317].

However, the mechanisms by which such immune gene products control sleep are still

unknown.

Synaptic strength elevation One emerging consequence of sleep loss and wake

is the elevation in various markers of synaptic strength, which disrupts synaptic home-

ostasis, that is subsequently restored during sleep. It is proposed that interaction with

the environment and learning during wake corresponds with increased synaptic poten-

tiation that disrupts neuronal homeostasis. The disruption causes various negative re-

sults, including elevated energy consumption, reduced neuronal space, and obstruction

of further potentiation and learning. According to the synaptic homeostasis hypoth-

esis (SHY), sleep may serve as a time of reduced net neuronal activity to downscale

synaptic strength and restore homeostasis[318]. Various lines of evidence in mice and

D.melanogaster support Tononi and Cirelli’s SHY proposal. The evidence provided in

the latter model will be discussed here, but information on mice can be found in this[90]

review. SD is accompanied by a widespread elevation in synaptic markers, which are

reduced after a rebound period[319]. Alongside this, overexpression of a presynaptic pro-

tein elevates sleep while reducing protein levels has the opposite effect[320]. Mechanical

SD increases the volume and number of presynapses in this circuit and the MB[276].

Therefore, wake corresponds to a net increase in synaptic strength, with elevation in

pre and postsynaptic markers observed within the D.melanogaster brain during spon-

taneous wake and upon SD. However, evidence has emerged that the increase may
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not be homogenous, as demonstrated by the diverse synaptic scaling within the MB

circuits. Weiss et al.[277] found that while overall presynaptic proteins across the MB

were increased, further interrogation of the cell types responsible for the elevated signal

revealed that while some KCs show increased levels of a presynaptic protein upon SD,

other sub population’s protein levels are comparable to controls. This demonstrates

that the accumulation may be localised to specific circuits, but nevertheless wake still

drives a net increase in synaptic strength.

1.3 Other species of the Drosophila genus

D.melanogaster is arguably one of the most powerful model organisms for studying

biological processes, including behaviour, and is often referred to by its genus moniker,

Drosophila. However, the other species in the Drosophila genus offer opportunities to

carry out horizontal comparative studies to understand the emergence of behaviour

across ecology and evolution.

Alongside the origin of D.melanogaster research in the early 1900s, several labs shifted

focus to the study of other species in the Drosophilid family, leading to a comprehen-

sive understanding of the ecology and phylogenetic relationship of Drosophilidae. The

Drosophilids were officially catalogued in the 1920s by the pioneering geneticist Sturte-

vant, who placed 242 species in the Drosophila genus[321], later arranging the genus

species into subgenera, including the Drosophila and Sophophora categories[322]. Fol-

lowing these foundations of the taxonomic classification, there are now between 1200

and 1500 identified species in the Drosophila genus. The phylogenetic tree has been

revised over the decades as researchers accumulated insight into their evolution with

genetic and morphological data[323]. In 2007, the genomes of 12 Drosophila species

(including D.melanogaster) were fully sequenced, improving the utility of comparative

studies of their differential gene expression, development, ecology and behaviour[324].

The Drosophila genus spans widespread global regions and exhibits considerable vari-

ation in morphology, ecology, and behaviour[325]. Nevertheless, the species within the

genus are found to have significant conservation in terms of their cellular, molecular and

developmental biology. Therefore, placing the species in a privileged position for the

comparative study of the relationship between the environmental cues and underlying

mechanisms that drive behavioural variability.
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Figure 1.5: A partial pylogenetic tree of a selection of Drosophila from the Sophophora
and Drosophila subgenera

1.3.1 Ecology and speciation

The Drosophila genus is currently subdivided into ten subgenera, with the Sophophora

and Drosophila subgenera accounting for a vast majority of the genus (approximately

90%)[326]. Each subgenus is further characterised into groups and subgroups. This next

section will briefly overview the ecology and speciation of a selection of species from the

Sophophora subgenus, including ones from the melanogaster and willistoni subgroups

and a single species in the Drosophila subgenus from the virilis subgroup (Fig 1.5). The

species described in this next section will be the focus of the investigations in Chapter 3.

1.3.1.1 Sophophora subgenus

Melanogaster groupD.melanogaster are considered a strict human commensal species,

originating in the Afrotropical region and now inhabiting all areas of the globe where

humans have settled. Their natural populations show significant genetic variation de-

pending on geographic location due to selective pressures and local adaptation[327].

A close relative to D.melanogaster, D.simulans, diverged between 2-3 million years ago

and is generally considered a commensal species. However, they are found to thrive in

unpopulated areas (Eastern Africa, Madagascar, Seychelles & Mascarene islands), and

there are regions that they do not inhabit (areas of Western Africa, Southeast Asia &

West pacific regions[327].
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Another Seychelles dwelling Drosophila has been of particular interest due to its spe-

cialisation to a usually toxic fruit to other Drosophilids. D.sechellia is endemic to

the Seychelles and selects the Morinda citrifolia fruit as its sole host[327]. A compar-

ative study observed dichotomy in two Seychelles dwelling species, with D.simulans

demonstrating aversion and a reduction in oogenesis, while the D.sechellia species were

attracted to the fruit and, in fact, increased oogenesis[328]. Interestingly, D.sechellia’s

L-dopa levels are supplemented by the Morinda fruit, with the flies having reduced L-

dopa levels on non-Morinda diets[329] and contradictory elevated dopamine levels when

compared to D.melanogaster flies. Some evidence suggests that the higher levels of

dopamine shield the flies from the toxic effects of the fruit, with dopamine feeding in

other Drosophila improving longevity on Morinda diets[329]. However, a satisfactory

explanation for the contradictory levels of L-dopa and dopamine is yet to arise, as there

are elevated levels of the L-dopa precursor and biosynthesis enzyme, tyrosine and tyro-

sine hydroxylase respectively, and L-dopa product, dopamine, but yet reduced levels of

the L-dopa protein. Studies should investigate dopa decarboxylase levels, responsible

for converting L-dopa to dopamine.

Another intriguing species is D.erecta, restricted along the Gulf of Guinea coast and

specialised to fruit from many species of Pandanus [327]. The D.erecta geographical

habitat overlaps with Pandanus distribution, and due to the seasonality of the fruit,

the flies switch to other feeding and breeding sites in the absence of their preferred

host[330].

While D.erecta is a specialist to Pandanus fruit in terms of oviposition, other Drosophila

species are known to feed on the fruit, including D.yakuba. D.yakuba populations are

numerous and widespread throughout Sub-Saharan Africa. They are generalists, with

many fruit hosts; however, an island Moyotte population has recently been identified

that exhibits speciation. The Moyotte D.yakuba flies feed and breed on the Morinda

fruit, with similar genetic differentiation as documented with D.sechellia, providing

relatively recent evidence of recurrent evolution based on shared ecological drives[331].

Willistoni group The D.willistoni species of the willistoni subgroup are subtropical

and inhabit southern Florida, southern South America, and the West Indies[332].

1.3.1.2 Drosophila subgenus

Virilis group The virilis group is thought to have been established in East Asia[333].

The D.virilis species inhabits temperate and usually forest ecosystems, naturally breed-

ing in the slime flux of willows and other decaying parts of trees[334]. They are almost
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cosmopolitan in their distribution, but unlike D.melanogaster and D.simulans, D.virilis

is a specialist species. However, they have been identified to use fruits as hosts in urban

settings. They have served as a genetic model in evolutionary studies and are found to

have elevated temperature[335] and ethanol tolerance[336] compared to D.melanogaster,

likely aiding in their adaptation to vast environments.

In addition to differences in their ecology, the species mentioned above also exhibit

variations in body size, with D.virilis being notably larger, and smaller differences

existing among the other species. These differences in body size may be accompanied

by variations in their metabolic rates, as metabolic rate is closely linked to body weight.

It is a general trend across the animal kingdom that larger animals tend to have lower

metabolic rates, while smaller animals tend to have higher metabolic rates.

1.3.2 Interspecific changes in behaviour: a mechanistic per-

spective

While the other species of the Drosophila genus are generally understudied, exceedingly

so compared to the D.melanogaster species, a movement towards comparative analysis

across the genus has appeared in recent years. A handful of studies have investigated

the conservation of circadian activity and the cellular and molecular components of

the clock in other species. While D.sechellia is emerging as a model for the study

of olfactory circuit evolution. The comparative study of the Drosophila genus has

demonstrated intriguing variability in such closely related species.

1.3.2.1 Circadian activity

D.melanogaster circadian activity shows a robust bimodal pattern of morning and

evening activity peaks, with a midday decrease corresponding to their siesta sleep and

exhibiting the lowest activity levels during the night phase. Comparable bimodal ac-

tivity is found in other Drosohilid species, including D.simulans and D.yakuba [337] of

the melanogaster subgroup and D.virilis [338] of the virilis subgroup. In D.melanogater,

constant dark conditions evoke persistent free-running rhythms, and circadian activ-

ity is maintained, albeit with a reduction in the morning peak[228]. The s-LNvs are

required for the maintenance of the circadian activity rhythm in the absence of light,

primarily due to their expression of the circadian cell coordinator, neuropeptide PDF.

Strikingly, Bahn et al.[338] found that under constant dark conditions, D.virilis became

either weakly rhythmic or arrhythmic, closely resembling the arrhythmic activity of pdf

mutants in the absence of light. The researchers presented a causal relationship between
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the arrhythmicity in the D.virilis species with altered PDF expression in a subset of

clock neurons, established with immunostaining of PDF expression in the brain. The

PDF signal localised to the D.virilis equivalent of the l-LNVs but was absent from the

s-LNVs, corroborated in another study that found comparable divergence in the PDF

expression in the latter clock cells[339]. This altered PDF expression was common to the

Drosophila subgenus, while the expression was equivalent to D.melanogaster across the

Sophophora subgenus. Therefore, the loss of rhythmic circadian behaviour in constant

conditions may be due to modifications in the PDF transcriptional regulatory mecha-

nisms at the s-LNvs, and the other species of the Drosophila subgenus could possibly

share the behaviour alteration.

Generally, diurnal animals modulate their activity based on seasonal changes, with

increased daytime activity at colder temperatures and increased night-time arousal

during the warmer months. To ensure that an animal carries out its essential tasks at

an optimal period[340]. In D.melanogaster, thermal-sensitive splicing of a 3’ -terminal

per intron, dmpi8, has been identified to modulate the timing of activity based on the

external temperature. As a core component of the circadian clock, period mRNA and

protein levels cycle over the day, and thermal-sensitive splicing of the dmpi8 is demon-

strated to increase per mRNA levels and modulate daily activity. For example, splicing

is enhanced at colder temperatures, driving elevated per mRNA and premature evening

activity[341][337]. This splicing mechanism allows D.melanogaster to adapt to seasonal

changes in temperature. Further investigation of D.yakuba revealed that the species was

resistant to temperature-induced changes in activity. In D.melanogaster, warmer tem-

peratures advance the morning activity, increase the siesta length, and delay evening

activity. D.yakuba, however, were resistant to the temperature-aligned modulation in

the morning and evening activity peaks and the length of the siesta remained stable.

D.yakuba were found to have a 3’-terminal intron, but the splicing levels remained con-

sistent over the day and at varying temperatures. In turn, the cycling of per over the

day was also unchanged from 18-29◦C. D.yakuba inhabit Sub-Saharan Africa and the

ancestral regions of the Drosophila genus, with a relatively constant temperature over

the year. D.simulans are close relatives to the D.melanogaster species and another

human commensal group that have colonised many global regions. D.simulans showed

comparable activity and siesta modulation at different temperatures to D.melanogaster,

with cycling in their equivalent 3’-terminal intron splicing and per levels across the vary-

ing temperatures. This evidence suggests that the modulation in the splicing efficiency

of the 3’-terminal intron of the per gene likely played an essential role in the Drosophilid

commensal species adaptation to a large variety of environmental temperatures. There-

fore, likely underscoring the mechanism responsible for the D.melanogaster colonisation
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of the world. Local equatorial species like D.yakuba, where there is minimal fluctuation

in the LD cycles and temperature, do not undergo modulation in the splicing efficiency

and have fixed activity characteristics at varying temperatures[337].

1.3.2.2 Olfactory circuitry

Olfaction in Drosophila is important for navigating and interpreting their environment

and is essential for locating mates, food sources, and appropriate sites for egg laying[342].

Chemosensory systems have been found to evolve rapidly across insects, and Drosophila

species and are the driving force behind speciation - as the connection between an

organism and its chemical environment[343].

The Morinda fruit preference observed in D.sechellia motivated the study of the ol-

factory circuitry, with many studies revealing the variations that likely elicited the

behavioural adaptation of D.sechellia to the fruit. One study aimed at investigating

the evolution of olfactory circuits across the melanogaster subgroup by studying mor-

phology and electrophysiological recordings in response to odourants of the olfactory

receptor neurons (ORNs). Stensmyr et al.[344] studied the ORNs response in three

classes of sensillum located in the large basiconic sensilla with distinct functionality -

the ab1, ab2, and ab3 sensillum. They found striking conservation in the response of

the ORNs in the distinct sensillum across the melanogaster subgroup species included

in the study, except the simulans clade, with remarkable alterations identified in the

D.sechellia flies. The ab2 sensillum was absent in D.sechellia and replaced by a higher

proportion of the ab3 sensillum. In D.melanogaster, ab3A type ORNs primarily re-

spond to ethyl hexanoate, but in D.simulans and D.sechellia, the ORNs predominately

responded to methyl hexanoate, a volatile component of the odour represented in the

Morinda fruit[344]. Ibba et al.[345] later identified a second volatile present in theMorinda

fruit odour bouquet, 2-heptone, which elicited a response in the ab3B type ORNs in

D.sechellia and the glomeruli receiving input from both the ab3A and ab3B ORNs

were enlarged[345]. Therefore, the ORNs located in the overrepresented ab3 sensillum in

D.sechellia uniquely respond to the volatiles in the Morinda fruit and may underlay the

switch in preference of the widely Drosophilid toxic Morinda fruit. Comparable results

have been observed with another specialised member of the melanogaster group. The

specialisation of D.erecta, which feeds and oviposits on Pandanus fruit, is reflected in

its olfactory system with an increased number of the ab3 olfactory sensory neurons,

which in turn results in enlarged glomeruli in the antennal lobes[330].

ORNs usually express a single receptor, characterised as either odorant or ionotropic.

ORNs with the same ligand-specific receptor then converge onto a shared glomerulus
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in the antennal lobe[104]. The ab3A ORN expresses the Odorant receptor 22a (OR22a),

and the ab3B ORN is associated with the OR85b. Introduction of the D.melanogaster

Or22a in D.sechellia flies attenuated the long-range Morinda fruit attraction[346]. This

strongly implicates variations in the OR22A receptor in the preferential response of the

ab3A ORNs to methyl hexanoate. However, the altered tuning of the ab3A ORNs is

present in both D.simulans and D.sechellia, suggesting an evolutionary variation in a

common ancestor of the two species, preceding the host specialisation of D.sechellia to

Morinda fruit. Changes in the number and tuning of other olfactory receptors were

also recently described[347]. Alterations in the number and tuning of many ORNs,

alongside the elevated volume of the corresponding glomeruli, are found in D.sechellia,

and potentially D.erecta. However, a direct impact of such alterations on host-specific

behaviour is lacking.

1.3.2.3 Sleep and homeostasis

Detailed sleep investigations in isolated species have elicited many biological processes

influenced by sleep[6][8][9]. However, there is still no consensus on the specific function of

sleep and sleep need[10]. Observing sleep through the lens of evolution may elucidate its

fundamental aspects. Interspecific sleep studies provide a framework for identifying an-

imals that sleep differentially and then investigating the underlying factors contributing

to those differences. While a small number of studies have investigated the circadian

activity of other species from the Drosophila genus, characterisation of their sleep is

largely understudied.

A 2013 investigation of the circadian clock gene’s involvement in starvation-induced

sleep loss recorded the conservation in three melanogaster subgroup species in re-

sponse to starvation[348]. A supplementary figure showed that D.erecta, D.yakuba, and

D.simulans all exhibited a reduction in sleep when starved. However, this is the only

data they included on the species; no comparison of their sleep was calculated, and

they did not report any data regarding their rebound response to such sleep loss.

A recently published 2022 study comparatively analysed the effect of temperature on

daily activity and sleep in 11 Drosophila species[349]. They reported a large range

of interspecific variations in daily sleep levels alongside intraspecific changes in sleep

amount over colder and warmer temperatures. Interestingly, while D.melanogaster to-

tal daily sleep remains constant over 24 hr at varying temperatures (17-29◦C), the

distribution of their sleep over the day and night switched at warmer environments. At

25◦C D.melanogaster flies sleep longer during the night, however, studies of the activity
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at higher temperatures revealed a nighttime increase in activity, likely as an adaptive

response to avoid moving during the deleterious higher temperatures of the day[340].

The other species tested exhibited alterations in their total sleep at varying tempera-

tures, and D.simulans and D.yakuba daytime sleep increased with the temperature, but

with no change in their night-time sleep appearance. However, they did not provide

statistical analysis of the day or night bouts across the temperatures.

Nevertheless, it highlights an interesting aspect of D.melanogaster sleep where the daily

amount remains constant, ensuring the organism achieves its daily amount of sleep in

the different temperature environments but adapting its timing of sleep across the 24

hr day. An aspect that is seemingly absent in the other Drosophila species tested. The

stable yet, adaptable D.melanogaster sleep at different temperatures is reminiscent of

the homeostatic sleep mechanism ensuring an organism achieves its daily amount and

quality of sleep. Indeed, Parisky et al. demonstrated the increased daily sleep amount

at higher temperatures in D.melanogaster appeared to be a homeostatic sleep response

to the reduced sleep levels during the night in warmer conditions[135]. However, an

investigation of the homeostatic mechanism beyond the D.melanogaster species has yet

to be undertaken.

Comparative studies of the variation of mammalian sleep initially raised some inter-

esting correlations between REM and NREM duration and physiological (mass-specific

basal metabolic rate[350]) or ecological (predatory risk[126]) factors. However, the studies

are limited by their reliance on multiple data sets collected under different conditions

with varied sample sizes. In addition, comparing species from vast phylogeny with

considerable physiological disparity presents challenges in identifying the mechanism

that underlies the observed changes. Furthermore, these studies only concern the sleep

stages’ duration, which may not constitute changes in the animal’s sleep need but rather

their sleep availability. An investigation of sleep homeostatic regulation across species

in the form of response to SD could provide insight into the evolutionary mechanisms

that control sleep.

A comparative study of closely related species, for example, across the Drosophila genus,

within the bounds of a single controlled study, may advance our understanding of the

genetic, molecular, and circuitry alterations that have driven sleep variability and home-

ostasis - due to their phylogenetic proximity and impressive variability in behaviour.
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1.4 Summary and aims of the project

We spend 1/3 of our life sleeping, and it is looking increasingly clear that every animal

needs sleep[1]. The question of why we sleep has intrigued minds since records began,

but to this day, there is no unified theory of sleep that can address its ubiquity and

provide an adequate explanation for the vast physiological processes in which sleep

is implicated[10]. While sleep can be considered ubiquitous, there is great inter and

intraspecies variation in sleep duration. Firstly, the big brown bat requires 20 hr of

daily sleep, while the African elephant is reported to sleep for only 2 hr, and the

reason for this large discrepancy across animal species remains unanswered[79]. Secondly,

sleep can be modified within a single individual based on the interaction between an

organism’s external environment and intrinsic needs, for example, in the case of the

male sandpipers, which forgo sleep during mating season, highlighting how sleep can

be downgraded in the face of more pressing needs[128].

In the past 20 years, D.melanogaster has proven to be a valuable model for studying

sleep and its manifestation across neuronal circuits. An in-depth investigation of sleep

in D.melanogaster has led to substantial evidence of potential sleep need signals in

the brain. The recent SHY hypothesis conceptualises the building evidence of the

relationship between synaptic plasticity, learning, and sleep, postulating that sleep is

the consequence of synaptic plasticity and learning[351].

However, while the vertical investigation in a single model organism provides the metic-

ulous study of underlying mechanisms and advances biological knowledge, it fails to

contextualise biological processes across evolution. Evolutionary biologist Theodosius

Dobzhansky famously said, ’Nothing in Biology Makes Sense Except in the Light of

Evolution’; thus, a horizontal comparative study between species could facilitate our

understanding of sleep and its emergence in the animal kingdom. It is implausible to

study the variation across the animal kingdom in such distantly related and morphologi-

cally and physiologically disparate species as the bat and the elephant. An investigation

of more closely related species may offer a framework for the controlled and systematic

examination of sleep behaviour and the genetic, molecular, and cellular underpinnings.

The study of non-melanogaster species sleep is limited, and in this thesis, I will present,

to my knowledge, the first horizontal investigation of Drosophilid sleep homeostasis, in

order to compare aspects of sleep that are shared across the genus and identify what

has diverged.
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1.4.1 Aims and objectives

In this thesis, I will address the following aims to gain insight of the emergence of sleep

and the underlying mechanisms of homeostasis:

1. Study sleep variability across the Drosophilid species

• Characterise sleep in a panel of Drosophilid species

• Investigate the Drosophilid homeostatic response to two methods of SD.

• Determine the conservation of response to neuromodulators

2. Investigate the role of synaptic strength dynamics in Drosophilid sleep

homeostasis

• Investigate the impact of sleep deprivation on synaptic strength markers

• Examine the role of synaptic plasticity-associated genes in D.melanogaster sleep
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Chapter 2

Materials and methods

2.1 Animals

2.1.1 Species stocks

The Drosophila species used in this study were mainly sourced from The National

Drosophila Species Stock Center (NDSSC, Cornell University, USA) but were gifted

to us by Lucia Prieto-Godino (Francis Crick Institute, UK). The D.melanogaster lab

strains used in this study were Canton-S (originally from Ralf Stanewsky - Münster

University, Germany) and Oregon-R (#2376, BDSC). The D.melanogaster wildcaught

strains were gifted to the Gilestro laboratory from Darren Obbard (University of Ed-

inburgh, UK). The non-melanogaster fly strains used were as follows: D.simulans

(14021- 0251.254 #60, 14021-0251.196 #61), D.sechellia (14021-0248.25 #3, 14021-

0248.28 #53), D.erecta (14021-0224.01 #11), D.yakuba (14021-0261.01 #5, 14021-

0261.48 #51), D.willistoni (14030-0811.24 #1, 14030-0811.13 #55) andD.virilis (15010-

1051.87 #9, 15010-1051.118 #54). White-eyed species strains used in the social SD

paradigm can also be found at the NDSSC: D.simulans w- (14021-0251.133), D.sechellia

w- (14021- 02048.30), D.erecta w- (14021-0248.30), D.yakuba w- (14021-0261.04), D.willistoni

w- (14030-10811- 33) and D.virilis w- (15010-1051.45). The wild-type flies and their

original region of collection can be found in Table 2.1.

2.1.2 Transgenic stocks

The GAL4-UAS binary expression system is a powerful tool for the spatial control of

gene expression. A detailed explanation of the method can be found in Section 1.2.1.2,

but it is covered briefly here. The GAL4 driver is expressed in a tissue-specific manner

and binds to the UAS, causing the expression of an upstream reporter gene (Fig 1.2).
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Table 2.1: The Drosophila species and their collection sites

Species Strain
#

Code Source Collection region

D.melanogaster 1 Canton-S Ralf Stanewsky Canton, USA
lab strain 2 Oregon-R, 2376 BDSC Roseburg,USA

D.melanogaster 1 Wildcaught#4 Darren Obbard Edinburgh, UK
wild caught 2 Wildcaught#3 Darren Obbard Edinburgh, UK

D.simulans 1 14021- 0251.254 #60 NDSSC Cape Town, South
Africa

2 14021-0251.196 #61 NDSSC Antsirabe, Madagas-
car

D.sechellia 1 14021-0248.25 #3 NDSSC Cousin island, Sey-
chelles

2 14021-0248.28 #53 NDSSC Cousin island, Sey-
chelles

D.erecta 1 14021-0224.01 #11 NDSSC Unknown

D.yakuba 1 14021-0261.01 #5 NDSSC Liberia
2 14021-0261.48 #51 NDSSC Nairobi, Kenya

D.willistoni 1 14030-0811.24 #1 NDSSC Guadalupe Island,
Caribbean

2 14030-0811.13 #55 NDSSC St.Vincent and
Grenadines,
Caribbean

D.virilis 1 15010-1051.87 #9 NDSSC Unknown
2 15010-1051.118 #54 NDSSC Gikongoro, Rwanda
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The UAS can, for example, be found upstream of a target gene for GAL4-mediated

overexpression. It can also be combined with a gene-specific RNAi that degrades the

target mRNA, thus, preventing the translation of a functional protein[157]. This study

herein, applied a variety of neuronal drivers and synaptic plasticity-associated UAS-

GOIRNAi reporters for investigations of the spatial requirement of the gene products

in sleep and homeostasis. Genes of particular interest were then further studied with

investigation of mutant stocks.

Various genes and interactions are implicated in sleep, and background genetic vari-

ability can have a profound effect on the sleep phenotypes measured in the fruit fly.

Therefore, in studying the genetic underpinnings of sleep, it is crucial to control for

any genetic variability other than that of the intended manipulation. Before testing, all

GAL4 drivers and UAS-GOIRNAi lines were outcrossed for six generations to the W1118

background to control for background variability.

2.1.2.1 Drivers

Pan-neuronal KD was achieved with the synaptobrevin (nSyb)-GAL4 driver (gifted to

us by Crystal Vincent, Imperial College London, UK). nSyb encodes a SNAP receptor

associated with synaptic vesicle exocytosis, and expression is therefore restricted to

neurons. SNAP receptors are required in all neuronal cells, driving widespread neuronal

UAS-GOIRNAi expression. To target KD to the MB neurons, a MB010B split-GAL4

construct composed of the R13F02-p65.AD combined with the R52H09-GAL4.DBD was

used, which labels all the KCs of the MB (gifted to us by Andrew Lin, The University

of Sheffield, UK). All other driver lines used in this thesis were sourced from the BDSC

(Indiana, USA). KD of UAS-GOIRNAi was directed to the R5 EB neurons with R30G03-

GAL4[254] (#49646), the PAM DAN neurons with R58E02-GAL4[277] (#41347) and the

ExFl2 FB neurons with R72G06-GAL4[254] (#39792).

2.1.2.2 UAS-RNAi lines

Synaptic plasticity GOIs were selected from the literature for a small, focused sleep

homeostasis RNAi screen. The GOIs, alongside their proposed function in synaptic

plasticity and sleep, can be found in Table 4.1. The UAS-GOIRNAi flies were acquired

from the KK and GG libraries at the VDRC (Table 2.2).
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Table 2.2: UAS-GOIRNAi lines from the VDRC KK and GD libraries

RNAi line VDRC Code Landing site* Off- Validation**

UAS - 40D 30B targets qPCR Phenotype

dunceRNAi #107967 KK ✗ ✓ 0 A*** [352]
[353]

synapsinRNAi #109587 KK ✗ ✓ 1 A A

applRNAi #108312 KK ✗ ✓ 2 [354] [354]

orb2RNAi #11753 GD NA 1 A A

fmr1RNAi #110800 KK ✗ ✓ 0 A [355]

rutabagaRNAi #101759 KK ✗ ✓ 0 A [352]

starrynightRNAi #107993 KK ✗ ✓ 0 A [356]

*Genotyped using diagnostic PCR[357].

** Validation of knockdown based on available literature information. The knockdown

efficiency of the different lines was established through PCR or confirmed by comparison

with a second independent RNAi/mutant phenotype.

***A = Absent from the literature based on a 2023 literature search.

The GD and KK libraries are two resources of RNAi transgene lines with long hairpins

that are available from the VDRC and have been prepared with alternative approaches.

The older GD library is based on P-element insertion and the UAS-RNAi transgenes

are therefore inserted at random sites over the Drosophila chromosomes[358]. The KK

library was developed utilising the PhiC31 integrase system which recombines with a

specific landing site, spatially controlling the integration of the UAS-RNAi transgene

into the genome. Initially, it was thought that the KK transgenes were solely located

at the annotated landing site (40D) of the 5’UTR region of the tio gene. However, it

was later documented that in 75% of the tested cases, the transgenes were integrated

into a second, non-annotated region (30B). In the other 25% of the lines, insertions

were found in both the 40D and 30B sites and had associated off-target effects[359] and

they have been found to lead to false-positive phenotypes[360]. The reported off-target

effects are likely due to the overexpression of the tio gene downstream to the annotated

site[359]. The vast majority of lines, where the UAS-RNAi construct was inserted in the
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non-annotated region, behave as expected and have no reported non-specific effects.

The UAS-GOIRNAi KK lines used in this study were found to have the insertion only

in the 30B landing site with diagnostic PCR genotyping[357] (Table 4.1). However, each

PCR in the Green et al. report was conducted only once. Therefore, it is recommended

to validate KK library stocks by confirming the insertion site(s) of the UAS-RNAi

transgene and corroborating observed phenotypes using a second independent RNAi

stock constructed differently and with an alternative insertion site.

2.1.2.3 Mutants

Mutant stocks used in this study were sourced from the BDSC. The dunce1 (#6020)

mutant used in this study was generated with chemical mutagenesis with EMS feed-

ing, causing a hypomorphic mutation and reducing dunce protein levels by 51%[149].

The synapsin97(#29031) mutation was achieved with P-element activity, leading to an

approximate 1400 bp deletion and an amorphic mutation[361].

2.1.3 Fly maintenance

Flies were reared in vials on a standard yeast-based diet (In H20: 0.8% agar - Whole

Foods Market, 2% polenta - Whole Foods Market, 8% fructose - Whole Foods Market,

10% brewer’s yeast - Whole Foods Market, 0.5% of 15% nipagin in EtOH - Sigma

Aldrich & 0.75% propionic acid - Sigma Aldrich) referred to as the standard food diet.

In some cases, the Drosophila species food was supplemented with a layer of potato

starch (1:5 potato starch in H20 - 66-117, Nutri-Fly® Instant) with filter paper to

provide additional surface area for pupation, named the potato starch diet. The selected

rearing diet is stated in the figure legends. All flies were kept in a 25◦C incubator (LMS

Cooled Incubator – Model 400NP) on a light:dark (LD) cycle of 12 hours for each light

phase.

2.2 Behaviour

2.2.1 Behavioural tracking

Individual flies were tracked for measuring sleep and activity using the ethoscope au-

tomated video tracking system designed in the Gilestro Laboratory (Imperial College

London). The ethoscope tracks the fly movement in real-time and is constructed of

3D-printed upper and lower compartments. The upper compartment comprises a Rasp-

berry Pi computer and infrared camera, which overlooks the lower section. The lower

compartment contains an infrared light for tracking during the dark phase and can be
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A B

Figure 2.1: The automated video tracking ethoscope system
(A) The ethoscope system used to track the fly behaviour in real-time (B) A view from
above of the arena housing 20 tubes of flies with the region of interest applied around
the area of the tube (green) and the oval around the fly (red).

customised with arenas for various experimental designs. The two parts of the ethoso-

cope are separated by laser-cut acrylic walls approximately 10 cm in height (Fig 2.1).

The ethsocope software and hardware are open source, and additional information

can be found in the original publication[194] and the regularly updated user manual

(http://lab.gilest.ro/ethoscope).

2.2.2 Experimental setup

For all sleep experiments, non-virgin 0-3 day old individual male flies were mildly anaes-

thetised on CO2 and placed into glass tubes of 7 x 5 mm (length x external diameter,

internal diameter = 3mm). Mated males were selected for the investigations due to

the reported mortality and reduced fecundity with CO2 exposure during the first three

hours following eclosion[362]. In each tube, standard food (unless stated otherwise)

sealed with paraffin was inserted at one end with cotton wool on the opposite side. On

the experimental setup day, flies were sorted on a CO2 pad and positioned with a fine

paintbrush into the tube. Each sleep arena holds up to 20 tubes for insertion into the

lower ethoscope compartment. The ethoscopes housing the sleep arenas were kept in

a 25◦C experimental incubator (LMS Cooled Incubator – Model 210) with 50%-70%

humidity on a 12:12 LD cycle (unless stated otherwise). The first day of tracking was

eliminated from the data to exclude periods affected by CO2 administration during

setup, and at least one full day of baseline sleep was recorded before any manipulation.
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2.2.3 Baseline sleep and activity

Detailed information on the ethoscope tracking algorithm can be found in the original

publication[194]. In summary, the flies move freely across the horizontal plane of the

tube, and the ethoscope tracks their position in real-time and computes whether the

individual is moving or stationary based on its horizontal position over time. Any bouts

of immobility >5 min duration are classified as sleep. For the species baseline sleep and

activity calculations in Fig 3.2, the sleep was tracked for 6 days and averaged over 24 hr,

excluding the wild caught data, which was tracked over 1 day. All other baseline sleep

in this thesis was representative of 1 day of tracking, unless stated otherwise. The initial

baseline species experiments were run over the extended period of 6 days to generate a

robust measure of their sleep amount and architecture throughout the day and night.

The SD experiments did not require multiple days of baseline sleep tracking as the

objective was to measure the sleep reduction during SD and corresponding rebound

response.

The relationship between species size and sleep amount was examined by estimating

individual sizes from the ethoscope tracking data and comparing these values to sleep

amount. The ethoscope automated video tracking algorithm determines the fly’s posi-

tion in the tube by applying an ellipse shaped mask. Throughout the experiment, the

width and height parameters of the ellipse are continuously tracked. To estimate fly size,

the data was processed to remove outliers in the width and height that fell outside of

2 standard deviations from the individual. This outlier removal was necessary because

an individual’s size should remain relatively constant during tracking, and significant

changes are likely due to tracking artefacts, such as when the fly is turning in the tube.

Following processing, the ellipse area was calculated (π * 0.5width * 0.5height) and

then plotted against sleep amount in each fly. Linear regression modelling was used to

identify any trends, and Pearson’s correlation coefficient was calculated to indicate the

strength and direction of the relationship.

2.2.4 Waking activity

During the ethoscope computation, the maximal velocity of each animal in epochs of

10s was calculated based on the fly’s horizontal position, as described in[194]. Threshold

values of the maximal velocity have been found to predict the individual’s waking be-

haviour, validated by ground truth examination with researcher annotations. Alongside

predicting immobility and mobility (for sleep and activity calculations), the maximal

velocity level delimits micromoving and walking behaviour, with maximal velocity val-

ues >1 and <2.5 equating micromoving and values >2.5 walking.
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2.2.5 Free-running rhythms

Baseline sleep experiments were performed in constant darkness to investigate the

Drosophila species’ endogenous circadian rhythms in the absence of light. The ex-

periments were performed similarly to the baseline tests described above. However,

rather than the standard 12:12 hr LD cycle, the flies were raised and tested in DD

conditions.

2.3 Drug feeding

The species response to known D.melanogaster neuromodulators of sleep was investi-

gated. The average daily sleep was calculated for each individual over 48 hr tracking

on drug+vehicle or vehicle-only food. Three drugs were used in the pharmacological

experiments: 5mg/ml L-dopa (Ab-cam,ab120573) in sucrose food (1% agar - Whole

Foods Market and 5% sucrose - Sigma Aldrich), 0.05mg/ml CDM and 0.1mg/ml or

0.5mg/ml THIP with the latter two drugs administered in the standard food diet.

L-dopa was administered in a sucrose medium because preliminary data collected with

the standard food diet revealed an attenuated response, restricted to a minimal increase

in activity at the transition from light to dark. The bioavailability of a drug can be

influenced by many factors, including diet and feeding conditions[363]. The standard

food diet contained yeast and polenta and it was possible that certain ingredients were

impacting the absorption and distribution of the drug. L-dopa is an amino acid and

therefore it is likely that the protein content in the standard diet competitively inhibited

absorption of the drug, limiting its bioavailability and generating the attenuated sleep

response. For this reason, I administered the L-dopa in a solely sucrose diet, comparably

to other studies examining the compound.

It is possible that altering the diet in the case of the L-dopa condition in order to

improve the bioavailability of the drug may have introduced another factor that can

impact the physiology of the fly - protein deprivation. Sucrose only diets generate an

environment of malnutrition and are know to reduce lifespan[364]. However, the flies were

only exposed to the diet for a short time frame (48 hours) and protein deprivation diets

are reported to have a limited impact on total sleep. Furthermore, inconsistent results

have been found, with a slight increase[208] and decrease[365] upon yeast deprivation

observed. In any case, alterations in sleep were compared to the same sucrose only

diet and therefore any changes in sleep can be attributed to the drug rather than the

administered diet.
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2.4 Sleep deprivation

2.4.1 Mechanical

Mechanical SD was applied with the optomotor device[194], programmed with an im-

mobility trigger. The optomotor is a 10-motor device and an accessory module that

fits beneath the ethoscope. It is designed so that half of the tubes in the ethoscope

arena experience mechanical SD while the other half are undisturbed. When a period

of immobility lasting 30 sec is measured with the ethoscope automated tracking, the

motor spins rapidly (approx. 400 rpm), turning the tube housing the fly and obstruct-

ing the individual’s transition into sleep. The SD experiments started at ZT0 and

predominantly lasted 24 hr, with the exception of the chronic SD which lasted 168 hr.

In most cases, a 1 sec stimulus has been used to prevent sleep; however, the non-

melanogaster species had elevated arousal thresholds. Thus, a more prolonged stim-

ulation lasting 3 sec was necessary. Therefore, in the mechanical SD experiments in

Chapter 3 & Fig 4.2, the optomotor was programmed to rotate for 3 sec, and in the

rest of Chapter 4, 1 sec. At the end of the SD period, the average sleep was calcu-

lated between ZT0-3 and compared to that of the undisturbed slept control in order to

establish their rebound sleep level.

2.4.1.1 Constant darkness

24 hr mechanical SD was performed as described above but the flies were raised and

the experiment was performed in constant darkness. Baseline data was recorded for 6

days before the onset of mechanical SD and the subsequent measurement of rebound.

2.4.1.2 Drug feeding

The response to mechanical SD was measured on the above drug diets. Flies were

placed into tubes with the drug+vehicle food, baseline data was recorded for 4 days

before the onset of mechanical SD and the subsequent measurement of rebound.

2.4.2 Social

Social SD was achieved in this study with the interactions of two, one focal and one

intruder, isolated male flies over 24 hr period. On the experimental setup day, individ-

ual focal male flies were placed into tubes and loaded into ethoscopes, where 4 days of

isolation occurred, tracking the day 3-4 for baseline sleep measurements. Alongside the

setup of the focal male, white-eyed counterparts (i.e.the same species) were prepared;
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however, the flies were placed into the same incubator as the focal males and were not

loaded into the tracking device. At ZT0 of day 4, the white-eyed intruder was tipped

into the focal male tube, where the two males interacted over a 24 period before careful

removal of the intruder between ZT23-ZT23.75 in darkness. At each addition/removal

juncture, the control tubes were inverted, tipping the fly up and down the tube to

generate a mock manipulation. After intruder removal, the average sleep was calcu-

lated between ZT0-3 and compared to that of the undisturbed slept control in order to

establish their rebound sleep level.

For manual scoring of the interactions between the focal and intruder male, videos were

recorded at 15 min intervals of the 24 hr period at ZT0, ZT6, ZT11.75, ZT12, ZT18

and ZT23.75. Three researchers carefully scored the videos in 1 min bins based on a

hierarchy of selected behaviours, chosen in accordance with the likely action of socially

isolated males - fighting > moving > and immobile.

To establish the correlation between aggression during the Social SD method and re-

bound sleep, the fighting levels were compared to the change in sleep during the ZT0-3

rebound phase. The change in sleep was determined by calculating the difference be-

tween the mean rebound sleep value of sleep-deprived flies of each species and the

mean sleep value of control flies. Linear regression modelling was used to identify any

trends, and Pearson’s correlation coefficient was calculated to indicate the strength and

direction of the relationship.

2.5 Immunohistochemistry

Brains were dissected and stained as described in[366]. Drosophila species were exposed

to 24 hr mechanical SD or 24 hr social SD. In the former experiment, the flies were aged

to 10 days in the 25°C stock incubator. On the morning following SD, at ZT0, flies

were immobilised on ice for brain dissection in 0.1M phosphate-buffered saline (PBS).

Immediately after the dissection of all brains, fixation was achieved with a 20 min in-

cubation in 4% paraformaldehyde at room temperature before washing the brains in

PBST (0.3% Triton X in PBS) for 3 x 10 min. The brains were then blocked for 1 hr

in 5% normal goat serum (NGS) in PBST at room temperature before a 48 hr primary

body incubation with 1:10 mouse anti-nc82 (AB 2314866, DSHB) at 4°C. The brains

were rewashed in PBST for 3 x 10 min and incubated with 1:200 goat anti-mouse IgG

(ab150115, abcam) in 5% NGS for another 48 hours at 4°C. A final 3 x 10 min PBST

washes were completed, and the brains were mounted on a microscope slide with vec-

tashield (Vector Laboratories) for imaging. Brains were imaged with a Leica SP8 -

STELLARIS 5 Inverted Light Sheet Confocal Microscope at x40 magnification to cap-
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ture z-stack images of the dorsal and ventral brain regions. For comparative analysis

of the BRP expression levels, images from within the same species group were taken in

one confocal session using identical laser and confocal settings. Data analysis was per-

formed using Fiji/Image J[367](NIH, Bethesda). The FB region was manually delimited

stack by stack, generating a maximum intensity projection for analysis. Background

measurements were taken from the area outside of the brain and subtracted from the re-

gion of interest. To normalise the data, an average intensity value of the mean intensity

for each condition was calculated within individual microscope sessions. The plotted

intensity values were then presented relative to the aforementioned average intensity

value.

2.6 Statistics, data collection and visualisation

All of the ethoscope data was analysed using rethomics[198] or python. Statistical com-

parisons were achieved with the Wilcoxon rank sum test with correction for the false

discovery rate (FDR) and carried out in R or python. Rethomics packages used for

the data analysis were as follows: behavr: 0.3.2; sleepr: 0.3.0; zeitgebr: 0.3.3; ggetho:

0.3.4; scopr: 0.3.3.

The number of individuals included in each experiment is indicated in the figures. Each

individual repeat typically contained 10 individuals for each species and experiments

were composed of no less than two independent repeats.

Linear regression analysis was modelled by computing the line-of-best fit that minimises

the sum of the squared differences between observed values and the line. The strength

and direction of the linear relationship was determined with the Pearson’s correlation

coefficient.

The significance of statistical comparisons is indicated in the figures with * = p-value

< 0.05, ** = p-value < 0.01 , and *** = p-value < 0.001.

The sleep and activity profiles show the proportion of time spent sleeping or moving

averaged for each animal within 30 min. The solid lines represent the mean, and the

shaded boundaries indicate the 95% bootstrapped confidence intervals. In all boxplots,

the midline indicates the median, the upper and lower limits of the box (hinges) rep-

resent the first and third quartiles, and the whiskers extend to the largest and lowest

values within a 1.5 interquartile range from the hinges.

All data presented in this work was performed by the author, excluding the species

baseline data in Fig 3.2 which was collected by Dr Alice French. The L-dopa drug

feeding baseline experiments (Fig 3.16B) and the recording of videos during the social
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SD for quantification of the fighting levels (Fig 3.8) was undertaken in collaboration

with Dr Alice French. The analysis of the data was undertaken by the author.
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Chapter 3

Sleep and homeostasis in

Drosophilids

3.1 Background

Observations of sleep across disparate species, from terrestrial mammals to CNS-less

cnidarians, have raised two critical findings. Firstly, sleep in the animal kingdom is

seemingly universal, having persisted under many selective pressures throughout evolu-

tion, suggesting a common and fundamental function of sleep. Secondly, sleep is highly

variable- some animals need a reported 2 hours of sleep a night (African elephants, gi-

raffes), and others spend most of the day sleeping (big brown bat)[79]. There is still no

consensus on the specific function of sleep[10], and any such explanation must address

the variability across the animal kingdom.

While sleep’s function remains ambiguous, the regulation of sleep is widely accepted to

be governed by a two-step process of circadian and homeostatic control that together

determines the timing, amount, and quality of sleep[11]. The circadian aspects of sleep

control are well-established in both mammals and D.melanogaster. The clock cells

and molecular mechanisms that determine circadian timekeeping[368] and their output

to control sleep are well established[369]. Contrastingly, the homeostatic process that

controls sleep is still largely mysterious. Conceptually, the homeostatic mechanism is

partly driven by a build-up of sleep need during wake that, at peak levels, results in

the initiation of sleep where the accumulated sleep need is then dissipated. It is often

considered that the essential biological process that sleep provides is encoded in the

homeostat. If we understand what is underlying the increased sleep need and why it

must be dissipated, we can elucidate its essential function.
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Work in Drosophila has uncovered many of the mechanistic underpinnings of sleep

homeostasis, more so than any other animal[370]. However, it is becoming increasingly

clear that there are likely differential context-dependent homeostatic mechanisms. Dif-

ferent SD methods elicit contrasting results regarding their homeostatic rebound re-

sponse and the accumulation of sleep need[201][108]. For example, the activation of dif-

ferential wake-promoting circuits in the fly brain has a varied response on sleep need

and the execution of rebound[371]. This highlights the variability seen within a single

species regarding sleep homeostasis. The Drosophila genus represents a potential play-

ground for studying sleep from an evolutionary perspective and may shed light on the

control of sleep and, ultimately, its enigmatic function.

In this chapter, I incorporated a comparative approach to the study of sleep variability

and homeostasis of 7 Drosophila species that represent closely and distantly related

species from different ecological niches (Fig1.1). Two cosmopolitan (D.melanogaster

& D.simulans), three tropical (D.sechellia, D.erecta & D.yakuba), one subtropical

(D.willistoni) and one temperate (D.virilis) species were used in this study. The panel

contained a selection of generalists and specialists, with the D.secheillia species known

to oviposit and feed on highly toxic Morinda fruit, D.erecta on Pandanus fruit[327], and

D.virilis on the slime flux of decaying trees[334]. The other species can breed in a wide

range of rotting fruit[327]. Firstly, I compared the baseline and circadian aspects of sleep

and activity. Secondly, the panel’s response to agonist drugs of octopamine and GABA

and a dopamine precursor was interrogated to establish if the neurochemical under-

pinnings of sleep are conserved. Finally, I probed the flies’ homeostatic response with

mechanical and social SD methods in order to assess whether there was a divergence in

the sleep homeostatic mechanism.

3.2 Results

3.2.1 Baseline sleep and activity

In animals with the circadian control of sleep, the circadian clock determines the daily

synchronisation and timing of sleep and activity[228]. I first interrogated their base-

line sleep aspects using our automated video-tracking device, the ethoscope (Fig 2.1).

Observing their sleep, activity, waking behaviours, and response to drug feeding.

3.2.1.1 Sleep and activity

Wild-type D.melanogaster Canton-S male sleep and activity followed a robust pattern

of a mid-afternoon siesta sleep, crepuscular peaks in activity, and consolidated night
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Seychelles

D.sechellia D.erecta & D.yakuba D.yakuba only

D.willistoni D.virilis

D.melanogaster & D.simulans D.melanogaster only A

B

Figure 3.1: The panel of 7 Drosophila species approximate global distribution
(A) Global distribution of two closely related cosmopolitan species of the Drosophila
genus - D.melanogaster & D.simulans (B) Global distribution of D.sechellia, D.erecta,
D.yakuba, D.willistoni & D.virilis
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sleep (Fig 3.2A,B dark blue solid line). They slept modestly more during the night

phase (asleepDAY = 342 min, CI95% = [329,355] against asleepNIGHT= 362 min, CI95%

= [334,391], = 0.0024) (Fig 3.4C, dark blue), but the principal distinction in terms of

sleep behaviour was found in their sleep bout duration with significantly longer bouts

in the evening (durationDAY = 9.2 min, CI95% = [8.9,9.4] against durationNIGHT= 11

min, CI95% = [10.4,11.3], p-value= 1.2x10-10) (Fig 3.6A,dark blue). These aspects of

sleep behaviour were echoed in a second D.melanogaster wild-type strain, Oregon-R,

which had comparable levels of day and night sleep to Canton-S (asleepDAY = 373

min, CI95% = [349,397], p-value= 0.055 & asleepNIGHT= 342 min, CI95% = [292,392],

p-value= 0.50) (Fig 3.2A,dark blue dashed line). Alongside the wild-type lab strains,

I introduced a true wild D.melanogaster species which I termed wild caught, collected

from Edinburgh in 2021 by Darren Obbard. Overall, the wild caught flies shared the

described behavioural aspects of wild-type sleep in terms of their siesta, crepuscular

peaks (Fig 3.2A,B light blue), and night sleep (Fig 3.4C, light blue). In order to

determine whether the baseline characteristics are shared in the other Drosophila flies,

I first tested two strains of each species for their daily sleep and activity pattern to

establish that the sleep behaviour was species, rather than strain, specific (Fig 3.4A,B).

The midday siesta prevailed in all the species and was common to both strains (Fig 3.4A).

In D.yakuba and D.willistoni, however, the proportion of sleep during the day was sig-

nificantly higher in the second strain (dashed line). The D.yakuba strains had an

average of 176 min difference in daytime sleep amount (asleepSTRAIN1 = 195 min, CI95%

= [173,218] against asleepSTRAIN2 = 372 min, CI95% = [325,419], p-value = 4.2x10-8),

while the D.willistoni strains had a 104 min difference (asleepSTRAIN1 = 204 min, CI95%

= [182,226] against asleepSTRAIN2 = 308 min, CI95% = [271,345], p-value = 5.4x10-6).

All of the strains had a distinctive crepuscular activity elevation in anticipation of

lights off between ZT9-12 prior to a steep decline in activity as the species entered

their first bout of nighttime sleep (Fig 3.2B). After the preliminary examinations of

the Drosophila sleep confirmed that two strains of each species (excluding D.erecta, of

which I could only source one strain) displayed the basic qualities of D.melanogaster

sleep, I conducted further analyses with the first strain (solid line). The Canton-S wild-

type was selected for further study due to its common use in the Gilestro lab. The other

strains were either selected arbitrarily or because of their enhanced viability under the

laboratory conditions employed in the investigations.

To further evaluate the activity over the day, I calculated the time spent moving into 2

hr segments over 24 hr (Fig 3.2C). In all the species, the activity in the initial morning

ZT0-2 bout was significantly higher than during the subsequent ZT2-4 time frame, and
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Figure 3.2: Daily baseline sleep and activity in 7 Drosophila species
(A) 24 hr sleep profile of 2 strains of D.melanogaster lab strain (dark blue: solid line
= Canton-S, n = 80 & dashed line = Oregon-R, n =26), D.melanogaster wild caught
(light blue: solid line n = 69 & dashed line n = 68), D.simulans (green: solid line n =
31 & dashed line n = 20), D.sechellia (pink: solid line n = 55 & dashed line n = 22),
D.erecta (yellow: solid line n = 59), D.yakuba (purple: solid line n = 73 & dashed line
= 24), D.willistoni (red: solid line n = 76 & dashed line = 21) & D.virilis (brown: solid
line n = 80 & dashed line = 26) (B) 24 hr activity profile (C) Average activity in 2
hour bins. All flies were raised on the potato starch diet and tested on standard food. *
= < 0.05, ** = < 0.01 & *** = < 0.001. The duration of the sleep and activity tracking
was 6 days in all species apart from D.melanogaster wild caught, where the tracking
lasted 24 hours. The plots are representative of a minimum of 2 repeats. Wilcoxon
Rank Sum Test was used for the statistical comparisons in C.
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the highest activity level occurred in the ZT10-12 period. This confirmed that the panel

exhibited the crepuscular activity commonly found in Drosophila. In D.willistoni and

D.yakuba, however, the anticipatory activity began to reach its maximum in the preced-

ing ZT8-10 period. However, it remained elevated until lights off at ZT12 (D.yakuba:

activityZT8-10 = 54 min, CI95% = [50,59] against activityZT10-12 = 54 min, CI95% =

[49,59], p-value = 0.77 & D.willistoni : activityZT8-10 = 74 min, CI95% = [69,79] against

activityZT10-12 = 70 min, CI95% = [66,74], p-value = 0.10) (Fig 3.2C).

I had demonstrated that the activity peaks associated with circadian sleep and activity

cycles were primarily shared across the panel in LD conditions, however, free-running ac-

tivity oscillations in the absence of light are a core component of circadian rhythms[372].

In order to investigate the endogenous circadian activity, I probed the period length

in constant darkness (Fig 3.3A-B). In D.melanogaster wild caught, there was a strong

peak in activity that occurred with a periodicity of 24.2 hr (CI95% = [23.9,24.4]), and

therefore, the characteristic circadian rhythm was maintained. An equivalent period

was found in D.erecta and D.willistoni, with a periodicity of 24.1 hr (CI95% = [23.7,24.5],

p-value = 0.41) and 23.9 (CI95% = [23.6,24.1], p-value = 0.18), respectively. D.simulans

period of 24.3 hr (CI95% = [24.1,24.5], p-value = 0.050) was modestly elevated when

compared to D.melanogaster wild caught, and D.yakuba exhibited a longer free-running

period of 25.3 hr (CI95% = [25.0,24.7], p-value = 1.3x10-9). Conversely, D.sechelia fea-

tured a shorter period of 23.3 hr (CI95% = [23.2,23.4], p-value = 9.7x10-11). In DD

conditions, most of the D.virils flies were arrhythmic (89.9%), and only three indi-

viduals exhibited rhythmic activity. Moreover, the power of the amplitude of their

peak above the significance threshold was 9 (CI95% = [0,27]). For comparison, the

D.melanogaster wild caught peak had a power of 116 (CI95% = [103,129])(Fig 3.4C).

Total daily sleep duration exhibited variability across the panel, and only the D.erecta

and D.willistoni species had comparable daily levels of sleep to the D.melanogaster

lab strain (Fig 3.4A,B). Sleeping 712 min (CI95% = [681,743], p-value = 0.54), 693

min (CI95% = [622,723], p-value = 0.86) and 704 min (CI95% = [671,736]) respectively.

D.simulans and D.virilis required more sleep, sleeping 844 min (CI95% = [798,890], p-

value = 0.00092) and 889 min (CI95% = [859,920], p-value = 1.8x10-13) respectively. The

D.melanogaster wild caught flies needed the least sleep, of 454 min (CI95% = [393,515],

p-value = < 2.0x10-16) (Fig 3.4A,B). Interrogation of the distribution of sleep over

the day provided more detail on Drosophilid sleep (Fig 3.4C). Firstly, significantly in-

creased sleep was observed during the night compared to the day in all species, apart

from D.sechellia (asleepDAY = 357 min, CI95% = [338,376] against asleepNIGHT = 375

min, CI95% = [349,402], p-value = 0.11). D.sechellia sleep distribution most closely re-

sembled the D.melanogaster lab strain, with no significant difference in the two species
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day (asleepMELls = 342 min, CI95% = [329,355] against asleepSEC = 357 min, CI95% =

[338,376], p-value = 0.10) and night sleep (asleepMELls = 363 min, CI95% = [334,391]

against asleepSEC = 375 min, CI95% = [349,402], p-value = 0.89). While D.erecta and

D.willistoni had comparable total sleep to D.melanogater lab strain, the distribution

over the light phases was distinct. D.erecta slept almost 1 hr less during the day com-

pared to D.melanogaster lab strain (asleepMELls = 342 min, CI95% = [329,355] against

asleepERE = 288 min, CI95% = [269,306], p-value = 9.4 x10-6) and regained this dur-

ing the night (asleepMELls = 363 min, CI95% = [334,391] against asleepERE = 426 min,

CI95% = [408,445], p-value = 0.0038). There was a striking disparity with D.willistoni,

which had one of the lowest levels of daytime sleep and the highest amounts of night-

time sleep (asleepDAY = 204 min, CI95% = [182,226] against asleepNIGHT = 495 min,

CI95% = [468,519], p-value = 9.3x10-19). D.willistoni daytime sleep was comparable

to D.yakuba (asleepWIL = 204 min, CI95% = [182,226] against asleepYAK = 195 min,

CI95% = [173,218], p-value = 0.80) and D.melanogaster wildcaught (asleepWIL = 204

min, CI95% = [182,226] against asleepMELwc = 185 min, CI95% = [151,219], p-value =

0.32). Their nighttime sleep was comparable to the longer sleeping D.virilis (asleepWIL

= 495 min, CI95% = [468,519] against asleepVIR = 472 min, CI95% = [451,494], p-value

= 0.092) and D.simulans(asleepWIL = 495 min, CI95% = [468,519] against asleepSIM =

506 min, CI95% = [481,531], p-value = 0.95) flies (Fig 3.4C). These results demonstrated

the considerable diversity in D.willistoni sleep over the day and night.

Metabolic rate is closely related to body weight and scales with body size, with larger

animals having lower metabolic rates than that of smaller organisms[373]. Metabolic

rate is found to be reduced during sleep as measured by oxygen consumption in both

mammals and Drosophila [374]. To conduct a preliminary investigation to assess the

relationship between sleep amount and metabolic rate across the Drosophila species, I

compared individual size to total sleep amount (Fig 3.5). The ethoscopes automated

tracking algorithm applies an ellipse shape over the fly and measures its width and

height, which can be processed to calculate the area of the ellipse and act as a proxy for

measuring differences in species size. Initially, there appeared to be a weakly positive

correlation between sleep amount and mean ellipse area (r = 0.39, p-value = 3.66 10-29)

(Fig 3.5A). However, upon further examination, this relationship was non-existent on

removal of the D.virilis group from the analysis. Despite variation in size among the

other species investigated linear regression analysis did not uncover any significant

correlation between size and sleep patterns (r = 0.06, p-value = 0.085) (Fig 3.5B).

Therefore, it appears that the differences in species size alone is insufficient to account

for the range of daily sleep duration among the studied species. The larger size of

D.virilis may restrict their movement within the experimental tube, potentially leading
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to the observed correlation between size and sleep within this species as an artefact of

limited mobility. However, the relationship between metabolic rate and body size is not

linear; this is a general rule, and variations in metabolic rate have been identified even in

species of comparable size[375]. The differences observed in size among the Drosophila

species do not explicitly determine changes in metabolic rate between these species.

Therefore, the data presented here serve as a preliminary assessment, indicating that

variations in size across the majority of the panel do not account for the observed sleep

differences.

Investigating the Drosophila genus’ total daily sleep and distribution over the light

phases revealed that the panel reflects the variability of sleep duration seen commonly

within the animal kingdom, with signs of diverse sleep drives.

D.melanogaster are diurnal animals that sleep significantly more during the night than

the day[376]. This was echoed in the current study, with almost all species sleeping

significantly more during the dark phase (Fig 3.4C). Night sleep often has a different

architecture associated with more consolidated bouts of increased length and, in some

cases, decreased number[377]. While there was variation in total sleep amount across the

panel, the nighttime elevation in sleep bout length compared to daytime was maintained

(Fig 3.6A,C). D.melanogaster, D.simulans, D.sechellia, D.erecta, D.yakuba, D.willistoni,

and D.virils all exhibited bouts of longer length during the night, while variable results

were seen in terms of the bout frequency. Decreased bout number was only found in

the D.melanogaster lab strain (numberDAY = 37, CI95% = [36,38] against numberNIGHT

= 31, CI95% = [29,34], p-value = 9.3x10-5) and D.sechellia (numberDAY = 29, CI95% =

[27,31] against numberNIGHT = 26, CI95% = [24,27], p-value = 0.0066) (Fig 3.6B).

3.2.1.2 Waking behaviours

In addition to examining activity, I delineated their waking behaviour into walking and

micromoving to establish whether there were changes in the Drosophilid activity profile.

Micromovements captured smaller behaviours when a fly was stationary in the tube,

for example, grooming or feeding. Generally examining the panels waking behaviour

in this way revealed that micromovements only accounted for a small amount of the

species’ daily behaviour, with the majority of the panel performing greater levels of

walking. D.erecta and D.virilis were the exceptions to this rule, and both spent more

time carrying out smaller micromovements over the 24 hr day (Fig 3.7).

In the D.melanogaster lab strain, micromoving levels remained relatively constant over

the day and only accounted for 157 min (CI95% = [142,171]) of their daily activity

(Fig 3.7A,B). The walking behaviour was significantly higher than micromovements
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when quantified over 24 hr with a walking total of 242 min (CI95% = [221,263], p-value =

6.9x10-16); however, this was mainly due to the large peak in walking at the light to dark

transition (Fig 3.7A-C). During the ZT hours 11-13, D.melanogaster lab strain spent

82 min walking (CI95% = [79,85]) and 11 min micromoving (CI95% = [10,11], p-value

= < 2.0x10-16) demonstrating that elevated walking was responsible for the evening

crepuscular activity peak. A similar crepuscular appearance was observed with the

D.melanogaster wild caught flies, where walking was responsible for the elevated activity

(walkingMELwc = 98 min, CI95% = [8,11] against micromovingMELwc = 7 min,CI95% =

[5,8], p-value = < 2.0x10-16) (Fig 3.7A,C). However, compared to the lab strain, wild

caught flies devoted more time to walking over the entire day (walkingMELls = 242

min,CI95% = [221,263] against walkingMELwc = 589 min,CI95% = [537,642] p-value =

< 2.0x10-16) and also during ZT11-13 (walkingMELls = 82 min,CI95% = [79,85] against

walkingMELwc = 98 min,CI95% = [91,104] p-value = 3.0x10-8) (Fig 3.7D,E). At the same

time, fewer minutes were devoted to micromoving over the day (micromovingMELls = 242

min, CI95% = [221,263] against micromovingMELwc = 589 min, CI95% = [537,642] p-value

= 2.4x10-10) and ZT 11-13 (micromovingMELls = 242 min, CI95% = [221,263] against

micromovingMELwc = 589 min, CI95% = [537,642] p-value = 7.1x10-12) (Fig 3.7D,E). This

demonstrates that the elevated activity in the wild caught flies was due to increased

locomotion.

The D.sechellia activity profile most resembled that of D.melanogaster lab strain, with

elevated total walking compared to micromoving (walkingSEC = 276 min, CI95% =

[252,301] against micromovingSEC = 130 min, CI95% = [116,145], p-value = 7.2x10-15)

that was primarily due to the crepuscular activity peak, where walking predominates

(walkingSEC = 83 min, CI95% = [79,87] against micromovingSEC = 9 min, CI95% =

[8,10], p-value = < 2.0x10-16) (Fig 3.7A-C). During ZT11-13, the D.sechillia flies walk-

ing (walkingSEC = 83 min,CI95% = [79,87] against walkingMELls = 82 min,CI95% =

[79,85], p-value = 0.55) and micromoving (micromovingSEC = 9 min,CI95% = [8,10]

against micromovingMELls = 11 min,CI95% = [10,11], p-value = 0.057) levels were indis-

tinguishable from that of the D.melanogaster lab strain (Fig 3.7D,E).

D.simulans spent comparable amounts of time walking and micromoving over the 24 hr

day (walkingSIM = 177 min, CI95% = [139,215] against micromovingSIM = 167 min, CI95%

= [135,198], p-value = 0.77) (Fig 3.7A,B). The total micromovement levels were similar

to the D.melanogaster lab strain (micromovingSIM = 167 min,CI95% = [135,198] against

micromovingMELls = 157 min,CI95% = [142,171], p-value = 0.89) while walking levels

were significantly lower (walkingSIM = 177 min,CI95% = [139,215] against walkingMELls

= 242 min,CI95% = [221,263], p-value = 4.7x10-5) (Fig 3.7D). When looking at the

population walking behaviour over the 24 hr day and quantified during the ZT11-
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Figure 3.7: The time allocated to walking and micromoving during activity
(A) Walking (dashed line) and micromoving (solid line) profile over the 24hr
day in D.melanogaster lab strain (dark blue), D.melanogaster wild caught (light
blue), D.simulans (green), D.sechellia (pink), D.erecta (yellow), D.yakuba (purple),
D.willistoni (red) & D.virilis (brown) (B) Quantification of the walking and micro-
moving levels over the entire day and (C) the light to dark transition period ZT11-13
(green shading) (D) The species walking and micromoving levels compared to the
D.melanogaster lab strain over the entire day or (E) ZT11-13. All flies were raised on
the potato starch diet and tested on standard food. * = < 0.05, ** = < 0.01 & *** = <
0.001. The duration of the tracking was 6 days in all species apart from D.melanogaster
wild caught, where the tracking lasted 24 hours. The plots are representative of a min-
imum of 2 repeats. Wilcoxon Rank Sum Test was used for the statistical comparisons
in B, C, D & E.
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13 period (Fig 3.7A,C), it became clear that the reduction in walking was due to a

diminished walking peak compared to D.melanogaster (walkingSIM = 35 min,CI95% =

[30,31] against walkingMELls = 82 min,CI95% = [79,85], p-value = 2.1x10-15).

D.simulans flies spent significantly more time walking than micromoving during ZT11-

13 (walkingSIM = 35 min, CI95% = [30,41] against micromovingSIM = 17 min, CI95%

= [15,19], p-value = 6.3x10-8); however, they also devoted more time to micromov-

ing compared to D.melanogaster (micromovingSIM = 17 min,CI95% = [15,19] against

micromovingMELls = 11 min,CI95% = [10,11], p-value = 2x10-9) (Fig 3.7C,E). This

demonstrated that the D.simulans crepuscular peak was due to elevations in both

walking and micromoving activity.

D.yakuba and D.willistoni both carried out significantly more walking than micromov-

ing over the 24hr day (walkingYAK = 410 min ,CI95% = [370,449] against micromovingYAK

= 201 min ,CI95% = [179,222], p-value = < 2.0x10-16 & walkingWIL = 275 min ,CI95%

= [256,294] against micromovingWIL = 186 min ,CI95% = [162,211], p-value = 1.4x10-3)

and ZT11-13 period (walkingYAK = 34 min ,CI95% = [29,39] against micromovingYAK

= 18 min ,CI95% = [16,20], p-value = 2.4x10-8 & walkingWIL = 34 min, CI95% = [28,38]

against micromovingWIL = 18 min ,CI95% = [16,20], p-value = 7.8x10-10) (Fig 3.7A-C).

They also exhibited significantly increased total levels of walking (walkingYAK = 410

min, CI95% = [370,449], walkingWIL = 275 min, CI95% = [256,294] against walkingMELls

= 242 min, CI95% = [221,263], p-value = < 2.0x10-16, 0.00025 respectively) and micro-

moving (micromovingYAK = 201 min, CI95% = [179,222], micromovingWIL = 186 min,

CI95% = [162,211] against micromovingMELls = 157 min, CI95% = [142,171], p-value =

5.4x10-5, 0.0050 respectively) over the 24hr day compared to the D.melanogaster lab

strain (Fig 3.7D). However, investigating the ZT11-13 period revealed that the levels of

walking were subdued (walkingYAK = 34 min ,CI95% = [29,39], walkingWIL = 34 min,

CI95% = [28,38] against walkingMELls = 82 min, CI95% = [79,85], p-value = < 2.0x10-16,

< 2.0x10-16 respectively) and microving levels were elevated (micromovingYAK = 18 min

,CI95% = [16,20], micromovingWIL = 18 min ,CI95% = [16,20] against micromovingMELls

= 11 min, CI95% = [10,11], p-value = 4.3x10-11, 1.7x10-11 respectively) compared to

D.melanogaster lab strain (Fig 3.7E). Similarly to the D.yakuba and D.willistoni over-

all activity profile, the proportion of time spent walking started to incline around ZT6

and remained elevated until lights off.

Contrastingly to the results observed with the species discussed thus far, D.erecta

and D.virilis executed more micromovements than walking behaviour over the day

(walkingERE = 70 min,CI95% = [46,95] against micromovingERE = 203 min,CI95% =

[181,225], p-value = 1.1x10-14 & walkingVIR = 137 min,CI95% = [116,159] against

micromovingVIR = 231 min,CI95% = [211,252], p-value = 2.0x10-11) and during the
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evening crepuscular peak (walkingERE = 17 min,CI95% = [12,22] against micromovingERE

= 23 min,CI95% = [21,26], p-value = 5.0x10-13 & walkingVIR = 21 min,CI95% = [17,25]

against micromovingVIR = 29 min,CI95% = [26,31], p-value = 2.7x10-8)(Fig 3.7A,B).

D.erecta performed the lowest amount of walking of all the panel, closely followed by the

D.virilis group. Compared to the D.melanogaster lab strain, both species walking levels

over the day were significantly lower (walkingERE = 70 min, CI95% = [46,95],walkingVIR

= 137 min, CI95% = [116,159] against walkingMELls = 242 min, CI95% = [221,263], p-

value = < 2.0x10-16, 3.9x10-14 respectively) while their micromoving levels were elevated

(micromovingERE = 203 min, CI95% = [181,225],micromovingVIR = 231 min, CI95% =

[211,252] against micromovingMELls = 157 min, CI95% = [142,171], p-value = 1.1x10-8,

2.4x10-10 respectively) (Fig 3.7D). Equivalent results were found when investigating the

walking and micromoving levels during the evening crepuscular peak (Fig 3.7E). Since

that both D.yakuba and D.erecta had diminished walking (walkingERE = 17 min,CI95%

= [12,22],walkingVIR = 21 min,CI95% = [17,25] against walkingMELls = 82 min,CI95%

= [79,85], p-value = < 2.0x10-16, < 2.0x10-16 respectively) and increased micromoving

(micromovingERE = 23 min,CI95% = [21,26],micromovingVIR = 29 min,CI95% = [26,31]

against micromovingMELls = 11 min, CI95% = [10,11], p-value = < 2.0x10-16, < 2.0x10-16

respectively) when compared to the D.melanogaster lab strain (Fig 3.7E).

3.2.1.3 Response to neurochemical regulators

Over the decades of D.melanogaster sleep research, neurochemical regulators of sleep

have been identified as covered in Section 1.2.2.4. There is striking conservation in neu-

romodulator action between vertebrate and invertebrate species, includingD.melanogaster [378].

The common aspects of the role of the neurotransmitter in sleep across evolution sup-

port a shared development in molecular pathways that control sleep behaviour. I took

a pharmacological approach to investigate the action of three neuromodulators that

promote wake and sleep in D.melanogaster, to explore the conservation of their action

across Drosophilids.

Octopamine and dopamine are established to promote arousal in D.melanogaster, while

GABA is sleep-promoting[111]. In each case, I tested the species response to drugs that

result in elevated signalling: The octopamine receptor agonist Chlordimeform (CDM),

the dopamine precursor L-Dopa, and the GABAA agonist THIP.

I observed the reported reduction in sleep with CDM (asleepCDM- = 639 min, CI95%

= [551,727] against asleepCDM+ = 250 min, CI95% = [191,309], p-value = 1.9x10-8)

and L-dopa (asleepL-DOPA- = 760 min, CI95% = [715,805] against asleepL-DOPA+ = 505

min, CI95% = [461,548], p-value = 3.8x10-13) feeding in our D.melanogaster lab strain
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(A) Quantification of daily sleep with 0.05mg/ml CDM and (B) 0.5mg/ml L-dopa
feeding in D.melanogaster lab strain, D.simulans (green), D.sechellia (pink), D.erecta
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food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The duration of the tracking was
24 hours in all species and the plots are representative of a minimum of 3 repeats.
Wilcoxon Rank Sum Test was used for the statistical comparisons.
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(Fig 3.8A,B). The wake promoting phenotype associated with CDM in D.melanogaster

was mimicked in almost all the species: D.simulans (asleepCDM- = 659 min, CI95%

= [578,739] against asleepCDM+ = 544 min, CI95% = [481,608], p-value = 0.00042),

D.sechellia (asleepCDM- = 514 min, CI95% = [452,577] against asleepCDM+ = 184 min,

CI95% = [126,241], p-value = 4.6x10-8), D.erecta (asleepCDM- = 816 min, CI95% =

[755,878] against asleepCDM+ = 635 min, CI95% = [555,715], p-value = 0.00069), D.willistoni

(asleepCDM- = 751 min, CI95% = [689,813] against asleepCDM+ = 680 min, CI95% =

[618,742], p-value = 0.035) and D.virilis (asleepCDM- = 823 min, CI95% = [760,885]

against asleepCDM+ = 447 min, CI95% = [355,539], p-value = 8.4x10-9) all displayed

decreased sleep on the drug food , while D.yakuba (asleepCDM- = 631 min, CI95% =

[572,690] against asleepCDM+ = 569 min, CI95% = [490,648], p-value = 0.51) had no

change in sleep when administered the drug (Fig 3.8A).

Strikingly, the response to the dopamine precursor, L-Dopa, was diverse across the

panel of Drosophilids. D.simulans (asleepL-DOPA- = 806 min, CI95% = [755,856] against

asleepL-DOPA+ =843 min, CI95% = [793,893], p-value = 0.15), D.erecta (asleepL-DOPA- =

865 min, CI95% = [825,905] against asleepL-DOPA+ = 809 min, CI95% = [762,856], p-value

= 0.093), D.yakuba (asleepL-DOPA- = 638 min, CI95% = [593,683] against asleepL-DOPA+

= 569 min, CI95% = [518,620], p-value = 0.10) and D.virilis (asleepL-DOPA- = 944 min,

CI95% = [902,986] against asleepL-DOPA+ = 940 min, CI95% = [899,980], p-value = 0.77)

had no change in sleep on the L-Dopa diet. Opposing results were found in D.sechellia

(asleepL-DOPA- = 630 min, CI95% = [585,675] against asleepL-DOPA+ = 755 min, CI95%

= [709,801], p-value = 9.8x10-6) and D.willistoni (asleepL-DOPA- = 859 min, CI95% =

[800,917] against asleepL-DOPA+ = 878 min, CI95% = [796,960], p-value = 0.039), with

a small yet significant sleep elevation compared to their food controls (Fig 3.8B).

THIP has been shown to cause significant increases in D.melanogaster daytime sleep,

and such sleep adjustments have been found using concentrations as low as 0.025

mg/ml[282]. Contrastingly, I found no change in sleep with 0.1 mg/ml or 0.5 mg/ml

during the day (asleepTHIP+0.01 = 379 min, CI95% = [332,425], asleepTHIP+0.5 = 318 min,

CI95% = [270,366 ]against asleepTHIP- = 331 min, CI95% = [288,374], p-value = 0.24,

0.50 respectively) or night (asleepTHIP+0.01 = 489 min, CI95% = [436,542], asleepTHIP+0.5

= 447 min, CI95% = [398,497] against asleepTHIP- = 487 min, CI95% = [443,531], p-

value = 0.85, 0.80 respectively) (Fig 3.9A,B). With only a measurable increase at the

end of the light phase between ZT10-12 (asleepTHIP+0.01 = 51 min, CI95% = [42,61],

asleepTHIP+0.5 = 52 min, CI95% = [42,62]against asleepTHIP- = 30 min, CI95% = [18,34],

p-value =0.00086, 0.00096 respectively). Both concentrations led to a significant in-

crease in sleep compared to the normal food controls during the 2 hours prior to the

transition from light to dark (Fig 3.9C). However, due to the unexpectedly restricted
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changes in sleep observed with THIP feeding in D.melanogaster, I excluded the drug

from further investigations.

Generally, the circadian aspects of Drosophila sleep are seemingly conserved in most

species included in the panel. For example, each group exhibited a siesta sleep during

the day, and activity peaks at the light transitions in LD conditions. For the most part,

the species had endogenous free-running rhythms in constant conditions with a main-

tained light-to-dark activity peak, excluding the D.virilis group, which was arrhythmic

under DD and suggesting an alteration in their circadian control. Surprisingly, there

was evidence that the molecular mechanisms underlying sleep may have diverged, as

the wake-promoting dopamine neurotransmitter elicited either no response or, in fact,

elevated total sleep. In order to further characterise their sleep, I investigated the

homeostatic control of sleep.

3.2.2 Sleep homeostasis and response to sleep deprivation

While the circadian aspect of sleep control ensures the timing of sleep at an ecologi-

cally beneficial period. The homeostatic arm guarantees that an organism achieves its

species-specific amount and quality of sleep potentially required to fulfil the essential

function/s[379]. Like many approaches in biology, a common way to study the function

of a gene or biological process is to remove or disrupt said process and observe the ef-

fects, elucidating the role it may play under baseline conditions. A similar approach is

taken for studying sleep and the homeostat, extending the waking period beyond what

is natural with a method of SD and measuring the impact of such removal. Through

such studies, it has been observed that after SD, a period of rebound sleep occurs in ei-

ther the shape of increased sleep duration or depth to recover the lost sleep and possibly

to counteract the physiological impact of wake[67].

In order to examine the homeostatic mechanism in other Drosophilids, I performed

a mechanical and social method of SD and interrogated the consequential rebound

response.

3.2.2.1 Response to mechanical sleep deprivation

Mechanical methods are commonly utilised to study sleep homeostasis and response to

SD across the animal kingdom. I employed an accessory module to the ethoscope with

a dynamic approach to mechanically enforced waking. The system engages a feedback

loop to provide mechanical stimuli in direct response to a bout of 30-sec inactivity,

spinning the individual tube housing the fly and obstructing their transition into sleep
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(Materials and methods 2.4.1). Any changes in sleep were measured during the 24 hr

SD, and the resultant rebound was assessed during the first three hours of the light phase

(ZT0-3) immediately following the ceasing of the mechanical SD. While the mechanical

method was sufficient at depriving sleep throughout the panel, disparate results were

observed regarding the non-melanogaster rebound response (Fig 3.10).

In the D.melanogaster lab strain, sleep was reduced to 3 min (CI95% = [0,7]) during

the 24 hr SD, a 759 min reduction of the flies usual sleep behaviour (asleepCTRL =

762 min, CI95% = [714,809], p-value = < 2.0x10-16). In response to the drastic sleep

loss, a strong rebound response was measured during ZT0-3 (asleepCTRL = 83 min,

CI95% = [74,92] against asleepSD = 117 min, CI95% = [105,130], p-value = 1.5x10-6)

before the sleep returned to the levels of baseline. Comparable results were found in

the D.melanogaster wild caught flies, sleeping only 56 min during the SD day, which

was recovered with 28 min extra sleep during the rebound phase (asleepCTRL = 20

min, CI95% = [10,31] against asleepSD = 48 min, CI95% = [31,66], p-value = 0.016)

(Fig 3.10A,B).

Remarkably, while the remainder of the panel had a severe reduction in their sleep over

the 24 hr mechanical SD, no detectable changes in sleep were measured to indicate

that the sleep loss was recovered with a period of rebound. The non-melanogaster

panel slept within the range of an average of 22 to 84 min during the mechanical SD

(asleepSIM = 28 min, CI95% = [0,58], asleepSEC = 22 min, CI95% = [7,37],asleepERE =

79 min, CI95% = [36,119],asleepYAK = 84 min, CI95% = [35,133],asleepWIL = 33 min,

CI95% = [4,63],asleepVIR = 30 min, CI95% = [14,46]) (Fig 3.10A). Nevertheless, in all the

SD groups, the sleep during ZT0-3 was indistinguishable from their slept counterparts.

D.simulans (asleepCTRL = 69 min, CI95% [20,42] against asleepSD 67 min, CI95% [52,81],

p-value = 0.84), D.sechellia (asleepCTRL = 31 min, CI95% = [20,42] against asleepSD = 31

min, CI95% = [20, 42], p-value = 0.84), D.erecta (asleepCTRL = 71 min, CI95% = [56,85]

against asleepSD 68 min, CI95% = [51,84], p-value = 0.80), D.yakuba (asleepCTRL = 3

min, CI95% = [1,5] against asleepSD 3 min, CI95% = [0,6], p-value = 0.28), D.willistoni

(asleepCTRL = 74 min, CI95% = [66,82] against asleepSD 74 min, CI95% = [60,88], p-

value = 1.0) and D.virilis (asleepCTRL = 121 min, CI95% = [107,136] against asleepSD

107 min, CI95% = [91,124], p-value = 0.16) all performed a level of sleep during the

rebound phase as if they had not experienced any sleep loss at all (Fig 3.10B).

While changes in sleep amount indicate rebound recovery, it was possible that their

sleep was recovered with bouts of greater depth. I tentatively investigated the panel’s

sleep depth during ZT0-3 by looking at the sleep architecture during the rebound period

(Fig 3.10C). The D.melanogaster lab strain rebound sleep was composed of bouts of

increased duration (durationCTRL = 10 min, CI95% = [10,11] against durationSD =
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16 min, CI95% = [14,17], p-value = 1.7x10-8) with change in the number of bouts

(numberCTRL = 9, CI95% = [8,10] against numberSD = 8, CI95% = [8,9], p-value =

0.15). In all other species, the mean bout duration and number of sleep bouts were the

same in the slept control and SD groups (Fig 3.10C).

3.2.2.2 Waking behaviour during mechanical sleep deprivation

In 3.2.1 of this chapter, I described the variation in waking behaviour across the panel,

with different levels of walking and micromoving. Due to such disparity, I postulated

that their waking behaviour during SD would also be varied. Thus, I investigated the

activity profile during SD compared to slept counterparts and as a fraction of their

baseline behaviour to determine the degree to which the mechanical sleep interruptions

altered their waking activity.

Firstly, I investigated their walking levels and found that all species executed more

walking behaviour during SD (Fig 3.11). D.melanogaster lab strain (walkingCTRL =

218 min, CI95% = [191,245] against walkingSD = 928 min, CI95% = [877,979] , p-

value = < 2.0x10-16), D.melanogaster wild caught (walkingCTRL = 595 min, CI95%

= [507,682] against walkingSD = 1084 min, CI95% = [981,1187] , p-value = 1.1x10-8),

D.simulans (walkingCTRL = 193 min, CI95% = [162,224] against walkingSD = 510 min,

CI95% = [446,574] , p-value = 2.7x10-11), D.sechellia (walkingCTRL = 398 min, CI95%

= [353,442] against walkingSD = 768 min, CI95% = [702,835] , p-value = 2.4x10-11),

D.erecta (walkingCTRL = 91 min, CI95% = [44,138] against walkingSD = 503 min, CI95%

= [428,577] , p-value = 2.8x10-11), D.yakuba (walkingCTRL = 448 min, CI95% = [393,504]

against walkingSD = 752 min, CI95% = [678,825] , p-value = 1.3x10-11), D.willistoni

(walkingCTRL = 146 min, CI95% = [116,177] against walkingSD = 557 min, CI95% =

[476,638] , p-value = 1.2x10-10) and D.virilis (walkingCTRL = 52 min, CI95% = [36,68]

against walkingSD = 335 min, CI95% = [283,388] , p-value = 8.4x10-10) all performed

significantly more walking during the 24 hr mechanical SD compared to their slept con-

trols (Fig 3.11A,B). However, the extent of walking behaviour during the mechanical SD

differed across the panel. D.melanogaster wild caught spent the highest proportion of

time walking (walkingSD = 928 min, CI95% = [877,979]), followed by the D.melanogaster

lab strain (walkingSD = 928 min, CI95% = [877,979]), and thus the two D.melanogaster

species carried out the most walking during SD. D.sechellia and D.yakuba walking levels

were significantly equivalent, spending 752 min (CI95% = [678,825]) and 768 min min

(CI95% = [702,835]) walking respectively (p-value = 0.68). The second lowest walking

levels were executed by D.simulans (walkingSD = 510 min, CI95% = [446,574]), D.erecta

(walkingSD = 503 min, CI95% = [428,577]) and D.willistoni (walkingSD = 557 min,

CI95% = [476,638]), which carried out the same level of walking as each other (p-value
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against D.simulans = 0.90, 0.43 respectively). Finally, D.virilis performed the lowest

proportion of walking over the 24hr mechanical SD, walking for only 335 min (CI95%

= [283,388]) (Fig 3.11B). Despite the contrast in walking amount within the panel, all

species had a positive change in walking behaviour compared to baseline (Fig 3.11C).

D.erecta had the largest change in behaviour with a 13 fold increase (CI95% = [10,16])

and the alteration in D.virilis walking as a fraction of baseline was the same as that of

D.melanogater lab strain (walking∆MELls = 6 fold, CI95% = [5,7] against walking∆VIR =

7 fold, CI95% = [4,10] , p-value = 0.056).

Secondly, the levels of micromovement were mostly increased during SD across the

panel, with D.melanogaster lab strain (micromovingCTRL = 167 min, CI95% = [142,191]

against micromovingSD = 308 min, CI95% = [270,345] , p-value = 8.1x10-11), D.simulans

(micromovingCTRL = 171 min, CI95% = [151,190] against micromovingSD = 615 min,

CI95% = [542,688] , p-value = 1.9x10-19), D.sechellia (micromovingCTRL = 211 min,

CI95% = [167,254] against micromovingSD = 363 min, CI95% = [312,414] , p-value =

6.6x10-6), D.erecta (micromovingCTRL = 214 min, CI95% = [175,252] against micromovingSD

= 587 min, CI95% = [517,657] , p-value = 3.5x10-11), D.yakuba (micromovingCTRL =

178 min, CI95% = [151,206] against micromovingSD = 410 min, CI95% = [354,466] ,

p-value = 1.4x10-8), D.willistoni (micromovingCTRL = 219 min, CI95% = [109,328]

against micromovingSD = 555 min, CI95% = [483,627] , p-value = 7.3x10-9) and D.virilis

(micromovingCTRL = 263 min, CI95% = [190,337] against micromovingSD = 780 min,

CI95% = [729,830] , p-value = 6.1x10-11) all experiencing elevated micromovements dur-

ing SD compared to their slept counterparts (Fig 3.12A,B). While the D.melanogaster

wild caught flies performed the same amount of micromovements during 24hr mechani-

cal SD as control (micromovingCTRL = 131 min, CI95% = [110,151] against micromovingSD

= 143 min, CI95% = [104,181] , p-value = 0.71) (Fig 3.12A,B). Unsurprisingly, the

species which carried out the lower levels of walking during SD were found to carry out

the largest amount of micromovements , and the ranking of the levels of micromove-

ment was the inversion of their walking amounts. Here the D.melanogaster flies spent

the lowest time in micromovements (micromovingSD = 308 min, CI95% = [270,345]),

followed by D.sechelia (micromovingSD = 363 min, CI95% = [312,414]) and D.yakuba

(micromovingSD = 410 min, CI95% = [354,466]), who executed equivalent levels (p-

value = 0.10). D.simulans (micromovingSD = 615 min, CI95% = [542,688]), D.erecta

(micromovingSD = 587 min, CI95% = [517,657]) and D.willistoni (micromovingSD =

555 min, CI95% = [483,627]) all spent equivalent time micromoving (p-value against

D.simulans = 0.89, 0.31 respectively) and performed the second highest levels of the

panel. While D.virilis, spent the highest proportion of time carrying out micromove-

ments (micromovingSD = 780 min, CI95% = [729,830]) (Fig 3.12B). The change in
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Figure 3.11: The panel of 7 Drosophila species walking levels during mechanical SD
(A) Walking profile during mechanical SD (solid line) or of the undisturbed sleep con-
trols (dashed line) in D.melanogaster lab strain, D.melanogaster wild caught (light
blue), D.simulans (green), D.sechellia (pink), D.erecta (yellow), D.yakuba (purple),
D.willistoni (red) & D.virilis (brown) (B) Quantification of the average time spent
walking in the mechanical SD (solid circle) and the undisturbed sleep control (dashed
circle), grey dashed boxes signify statistically insignificant comparisons in the mechan-
ical SD groups (B) Quantification of the change in walking from baseline, mechanical
SD groups were statistically compared to the change in walking in D.melanogaster lab
strain. All flies were raised and tested on standard food.* = < 0.05, ** = < 0.01 &
*** = < 0.001. The plots are representative of a minimum of 3 repeats and Wilcoxon
Rank Sum Test was used for the statistical comparisons in B & C.
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micromovement in D.sechellia and D.yakuba was comparable to the change seen in

D.melanogaster (micromoving∆SEC = 2 fold, CI95% = [2,3], micromoving∆YAK = 2 fold,

CI95% = [1,2] against micromoving∆MELls = 2 fold, CI95% = [1,2], p-value = 0.083, 0.73

respectively), while the other non-melanogaster species micromoving level was signifi-

cantly higher when compared to the D.melanogaster lab strain (Fig 3.12C).

3.2.2.3 Chronic mechanical sleep deprivation

It was conceivable that the different levels of waking behaviour performed across the

panel played a part in the abolished rebound of non-melanogaster flies. That is, the

different magnitudes of waking behaviour during the SD may have elicited inconsistent

levels of physical exhaustion, and therefore 24 hr SD would not generate a significant

need for sleep. In order to address this, I conducted a chronic mechanical SD experiment

to ensure that each species were rigorously sleep-deprived and sufficiently exhausted. If

the different rebound responses were due to inadequate sleep loss or physical exertion,

an extended 7 day period of mechanical SD should generate high sleep pressure and

account for the differential magnitude of waking behaviour.

During the 7 day chronic mechanical SD, all species had a strong suppression in their

sleep over the 168 hour enforced wakening (Fig 3.13A). D.melanogaster lab strain slept

for only 3 hr 35 min (CI95% = [0.99,6.21]) compared to 72 hour 33 min (CI95% =

[67.20,77.91]) in the slept controls. This extensive sleep loss resulted in a strong rebound

response in the ZT0-3 period following the SD, with the SD group sleeping 44 min extra

compared to their rested counterparts (asleepCTRL = 27 min, CI95% = [18,35] against

asleepSD = 71 min, CI95% = [53,88], p-value = 0.00013) (Fig 3.13B). Two species from

the panel slept less during chronic SD than the D.melanogaster lab strain, D.virilis

sleeping for only 30 min (CI95% = [7,52]) and D.erecta for 2 hour 53 min (CI95% =

[1.72,4.04]). Nevertheless, all of the SD groups had a substantial sleep reduction, with

no species sleeping more than an average of 8 hours over the 168 hour SD protocol

(asleepSIM = 7 hr 44 min CI95% = [4.01,11.40], asleepSEC = 5 hr 32 min CI95% =

[2.10,8.97], asleepYAK = 4 hr 9 min CI95% = [1.52,6.77] & asleepWILL = 4 hr 10 min

CI95% = [0.52,7.77]) (Fig 3.13A). However, despite the extensive sleep loss incurred,

there was no detectable change in the non-melanogaster sleep in response to the chronic

SD. D.simulans (asleepCTRL = 13 min, CI95% = [6,19] against asleepSD = 16 min, CI95%

= [6,27], p-value = 0.99), D.sechellia (asleepCTRL = 17 min, CI95% = [0,33] against

asleepSD = 16 min, CI95% = [0,37], p-value = 0.70), D.erecta (asleepCTRL = 38 min,

CI95% = [26,50] against asleepSD = 32 min, CI95% = [15,49], p-value = 0.21), D.yakuba

(asleepCTRL = 20 min, CI95% = [0,41] against asleepSD = 20 min, CI95% = [0,40], p-value

= 0.66), D.willistoni (asleepCTRL = 43 min, CI95% = [32,54] against asleepSD = 44 min,
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Figure 3.12: The panel of 7 Drosophila species micromoving levels during mechanical
SD
(A) Micromoving profile during mechanical SD (solid line) or of the undisturbed sleep
controls (dashed line) in D.melanogaster lab strain (dark blue), D.melanogaster wild
caught (light blue), D.simulans (green), D.sechellia (pink), D.erecta (yellow), D.yakuba
(purple), D.willistoni (red) & D.virilis (brown) (B) Quantification of the average time
spent micromoving in the mechanical SD (solid circle) and the undisturbed sleep control
(dashed circle), grey dashed boxes signify statistically insignificant comparisons in the
mechanical SD groups (C) Quantification of the change in micromoving from baseline,
mechanical SD groups were statistically compared to the change in micromoving in
D.melanogaster lab strain. All flies were raised and tested on standard food.* = <
0.05, ** = < 0.01 & *** = < 0.001. The plots are representative of a minimum of 3
repeats and Wilcoxon Rank Sum Test was used for the statistical comparisons in B &
C.
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CI95% = [18,70], p-value = 0.89) and D.virils (asleepCTRL = 84 min, CI95% = [62,106]

against asleepSD = 57 min, CI95% = [34,80], p-value = 0.14) slept equally during the

ZT0-3 rebound phase as the rested controls (Fig 3.13B).

3.2.2.4 Mechanical sleep deprivation in constant conditions

It was plausible that the lack of response was due to a strong arousal drive elicited by

the onset of the lights inside the incubator during the ZT0-3 period in which rebound

sleep was measured. Therefore, the results I had collected thus far may have been due

to a masking effect of the light-driven arousal on the homeostatic response. To address

this, I performed the mechanical SD experiments in the same manner as before but in

constant darkness removing the light zeitgeber. Once again, mechanical SD only elicited

a rebound response in the D.melanogater species, sleeping in excess of 45 min during the

ZT0-3 period following SD compared to their undisturbed counterparts (asleepCTRL =

30 min, CI95% = [20,40] against asleepSD = 72 min, CI95% = [56,89], p-value = 0.00018)

(Fig 3.14A,B). The remaining species did not incur elevated sleep after the mechanical

sleep loss in DD conditions, and each SD group’s sleep was indistinguishable from

the rested flies. Unexpectedly, D.virilis effectively had a negative rebound, sleeping

significantly less during this period (asleepCTRL = 134 min, CI95% = [107,161] against

asleepSD = 84 min, CI95% = [61,108], p-value = 0.0025) (Fig 3.14A,B).

3.2.2.5 Social sleep deprivation

In both acute and chronic mechanical SD paradigms, the lab strain and wild caught

D.melanagater were the only species to exhibit a robust sleep increase. A pattern that

persisted even in constant darkness, eliminating the possibility of light-driven masking

of the rebound phenotype. The results I had collected thus far suggested that the

species had an altered homeostatic mechanism. In the introduction, I explained that

the response to sleep loss varies widely depending on the chosen method and waking

environment[201][108]. Therefore, the absent rebound in the non-melanogaster group

may have arisen due to divergent homeostatic mechanisms rather than the lack of

homeostatic control of sleep. If this were true, I would expect that another method of

SD would elicit rebound.

The mechanical SD method was efficient at reducing sleep to almost zero across the

SD period; however, one could argue that the approach was ecologically irrelevant and

that while no homeostatic rebound is observed after mechanical sleep loss, a more

natural approach would generate different results. In order to probe the existence of

homeostatic sleep regulation in the non-melanogaster flies, I exposed the panel to a

second method of sleep loss termed social SD. The social SD paradigm incorporates
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the interactions of two previously isolated males over a 24 hr period and has been

previously shown to induce sleep loss and subsequent rebound[108]. After social SD,

the lab strain and wild caught D.melanogaster flies increased sleep during the ZT0-3

period post-SD, sleeping 22 min and 51 min extra, respectively (D.melanogaster lab

strain = asleepCTRL = 63 min, CI95% = [55,72] against asleepSD = 85 min, CI95% =

[76,93], p-value = 0.00049 & D.melanogaster wild caught = asleepCTRL = 9 min, CI95%

= [1,17] against asleepSD = 60 min, CI95% = [42,78], p-value = 1.7 x10-5) (Fig 3.15A,B).

With this approach, a selection of the panel that was previously devoid of a rebound

response exhibited a significant elevation in their sleep to the social SD. D.simulans

(asleepCTRL = 26 min, CI95% = [15,37] against asleepSD = 58 min, CI95% = [45,71],

p-value = 0.00016), D.sechellia (asleepCTRL = 24 min, CI95% = [16,32] against asleepSD

= 43 min, CI95% = [29,56], p-value = 0.052), and D.yakuba (asleepCTRL = 4 min, CI95%

= [0,10] against asleepSD = 10 min, CI95% = [4,16], p-value = 0.054) all had rebound

following the male-male interactions compared to the mock controls (Fig 3.15A,B).

However, D.erecta (asleepCTRL = 74 min, CI95% = [51,97] against asleepSD = 58 min,

CI95% = [43,73], p-value = 0.25), D.willistoni (asleepCTRL = 40 min, CI95% = [33,47]

against asleepSD = 45 min, CI95% = [35,55], p-value = 0.8), and D.virilis (asleepCTRL

= 116 min, CI95% = [105,127] against asleepSD = 108 min, CI95% = [93,124], p-value =

0.42) yet again displayed no change in sleep or rebound architecture (Fig 3.15A,B).

Therefore, the species appear to have an intact rebound response, at least in the case

of D.simulans, D.sechellia, and D.yakuba. In order to establish what may have caused

the elevated sleep need with the social SD approach, I set out to understand how the

two males were interacting within the experimental tubes throughout the 24 hr SD. To

achieve this, I recorded 15 min videos at intervals over the 24 hr period capturing their

behaviour over the day and manually scoring them in 1 min bins based on a hierarchy

of fighting > moving > and immobile. In other words, if an individual was identified to

carry out all three behaviours during a 1 min bout, it was scored as fighting; otherwise,

all other movement was classed as moving, and therefore, only immobility lasting 1 min

was scored.

Interestingly, the species that were found to perform higher levels of aggressive be-

haviour corresponded to their social SD rebound (Fig 3.16). That is, the groups that

exhibited significant increases in sleep post-social SD were scored to have allocated

more time to fighting. D.melanogaster were found to interact with the intruder fly ag-

gressively 52% (CI95% = [41,64]) of the scored bins, D.sechellia 39% (CI95% = [29,48]),

D.yakuba 33%(CI95% = [27,40]), D.simulans 35% (CI95% = [26,44]), D.willistoni 21%

(CI95% = [14,28]), D.erecta 10% (CI95% = [6,14]), and D.virilis 6% (CI95% = [0,12])

(Fig 3.16A). The D.melanogaster group engaged in a higher level of fighting behaviour
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Figure 3.15: The panel of 7 Drosophila species response to social SD
(A) Sleep profile of socially isolated male D.melanogaster lab strain (dark blue),
D.melanogaster wild caught (light blue), D.simulans (green), D.sechellia (pink),
D.erecta (yellow), D.yakuba (purple), D.willistoni (red) & D.virilis (brown) exposed
to 24 hr social SD (solid line) and mock slept controls (dashed line) (B) Quantification
of average sleep (C) duration of sleep bouts and sleep bout number during the ZT0-3
rebound period (green shading) following social SD (solid line) or in the mock slept
controls (dashed line). All flies were raised and tested on standard food.* = < 0.05,
** = < 0.01 & *** = < 0.001. The duration of the tracking was 3 days and rebound
sleep characteristics were measured over ZT0-3 of the recovery day. The plots are rep-
resentative of a minimum of 3 repeats and Wilcoxon Rank Sum Test was used for the
statistical comparisons in B, C & D.
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than most of the other Drosophila species and only the D.sechellia aggression scores

were statistically comparable (p-value = 0.067). D.sechellia, D.yakuba and D.simulans

displayed equivalent fighting behaviour, while D.willistoni were significantly less ag-

gressive (p-value = 0.014 compared to D.simulans). D.erecta and D.virilis exhibited

the least number of fighting instances, with D.erecta scoring 11% below D.willistoni (p-

value = 0.025). To explore the relationship between aggression and homeostatic sleep

rebound in greater detail, I performed linear regression analysis on the mean fighting

and sleep change % values for each species (Fig 3.16B). Sleep change was calculated

as the increase or decrease in sleep over ZT0-3 following social SD when compared to

the sleep amount in the control group during the same period. The analysis revealed a

positive correlation between fighting levels during the social SD period and the change

in sleep during the rebound period, with a Pearson’s correction coefficient value of

0.81. The linear regression model provided only a partial representation of the data,

as demonstrated by the calculated fit of the raw data to the modelled linear trend

(adjusted R-squared value = 0.59). Although the relationship between sleep change

and fighting level is not strictly proportional, it is noteworthy that species identified as

more aggressive tend to exhibit increased sleep following the social SD encounter.

3.2.2.6 Sleep homeostasis with CDM and L-dopa feeding

In order to understand if elevating neuromodulatory signalling in the Drosophila genus

could restore the abolished rebound to mechanical SD displayed in the non-melanogaster

species, I exposed the species to the octopamine agonist, CDM, and dopamine precur-

sor, L-dopa, throughout the mechanical SD experiment and measured their rebound

response. In both scenarios, the drug feeding did not elicit a change in sleep follow-

ing the cessation of SD in D.simulans (p-valueCDM =0.89 & p-valueL-DOPA = 0.35),

D.sechellia(p-valueCDM = 0.09 & p-valueL-DOPA = 0.75), D.erecta (p-valueCDM = 0.33

& p-valueL-DOPA = 0.43), D.yakuba (p-valueCDM = 0.93 & p-valueL-DOPA = 0.072),

D.willistoni (p-valueCDM = 0.31 & p-valueL-DOPA = 0.74 ) or D.virilis (p-valueCDM =

0.4 & p-valueL-DOPA = 0.49), with all groups sleeping comparably to their undisturbed

controls. However, contrastingly to the result found with 24hr and 168hr mechanical

SD, CDM, and L-dopa feeding in D.melanogaster wild caught attenuated the elevated

sleep during ZT0-3 associated with the mechanical method (p-valueCDM = 0.71 & p-

valueL-DOPA = 0.17) (Fig 3.17).
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Figure 3.16: Fighting levels and rebound sleep with 24 hr social SD male-male interac-
tions
(A) Quantification of the proportion of 1 min bins that were scored as containing fight-
ing behaviour in D.melanogaster lab strain (dark blue), D.simulans (green), D.sechellia
(pink), D.erecta (yellow), D.yakuba (purple), D.willistoni (red) & D.virilis (brown). 15
min videos were recorded at 6 time-points (ZT0, ZT6, ZT11.75, ZT12, ZT18, ZT23.5)
over the course of the interaction and were manually scored as described in the Mate-
rials and methods 2.4.2. (B) Linear regression analysis of the relationship between the
fighting levels and the change in sleep during ZT0-3 following social SD compared to
the control. Each point represents the group average fighting and sleep change values
for each species. The strength and direction of the relationship was quantified using
Pearson’s correlation coefficient (r).* = < 0.05, ** = < 0.01 & *** = < 0.001. A is
representative of 2 repeats and the sleep change in B was from an experiment with a
minimum of 3 repeats. Wilcoxon Rank Sum Test was used for the statistical compar-
isons in A.
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Figure 3.17: Response to mechanical SD with CDM and L-dopa feeding
(A) Quantification of average sleep during the ZT0-3 rebound period following mechan-
ical SD (solid box) or in the undisturbed slept control (dashed box) in D.melanogaster
wild caught (light blue), D.simulans (green), D.sechellia (pink), D.erecta (yellow),
D.yakuba (purple), D.willistoni (red) & D.virilis (brown) exposed to CDM (B) or
L-dopa feeding for the duration of the experiment. All flies were raised on the potato
starch diet and tested on drug food. The plots are representative of a minimum of 4
repeats and Wilcoxon Rank Sum Test was used for the statistical comparisons
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3.2.3 Summary

• The circadian aspects of Drosophila sleep are mostly conserved in D.melanogaster,

D.simulans, D.sechellia, D.erecta, D.yakuba, and D.willistoni. D.virilis, however,

are arrhythmic in constant darkness.

• There is potential divergence in the molecular mechanisms underpinning sleep,

with alterations in response to dopamine feeding.

• D.melanogaster are the only group to exhibit homeostatic rebound following 24

and 168 hr mechanical SD.

• A selection of the panel (D.melanogaster, D.simulans, D.sechellia & D.yakuba)

display rebound following a potentially more ecologically relevant social SD method.

• A casual link between aggression and sleep is revealed with manual scoring of the

male-male interactions during social SD.
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Chapter 4

Synaptic plasticity and sleep

homeostasis

4.1 Background

Conceptually, if a homeostatic mechanism regulates sleep, it must have all the features

of a true homeostat. This would require a sensor that measures the change in sleep state,

an integrator to compute any change in the system, and an effector, or output arm,

to restore the variable to baseline. The underlying cellular and molecular mechanism

of this accumulation of sleep need that is sensed within the sleep homeostat likely

encodes an essential function of sleep. Currently, there are two branches of thinking

which investigate the underlying mechanistic correlates of sleep need - cellular metabolic

maintenance (reviewed in [380]) and synaptic homeostasis[90].

Over the past decades, evidence has started to build that demonstrates the relationship

between synaptic plasticity, learning, and sleep need. In 2003, the SHY hypothesis[381] of

sleep need was proposed and described that sleep was the ’price of plasticity’. Synap-

tic potentiation occurs during learning and wake, as neurons selectively distinguish

potentially meaningful neuronal inputs from electrical coincidences, firing and thus in-

creasing synaptic strength. As the number and strength of synaptic connections build

throughout wake, neuronal selectivity is impaired as the signal-to-noise decreases, and

the brain becomes saturated. This negatively impacts the brain and organism due to

the increases in energy consumption and cellular stress, ultimately impacting the brain’s

ability to continue learning [90]. The SHY hypothesis postulates that during sleep, when

an animal is shut off from the external environment, synaptic strength is downscaled,

allowing for less meaningful synaptic connections to be pruned and for consolidating
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Figure 4.1: Synaptic homeostasis hypothesis of sleep need.
The SHY hypothesis postulates that sleep serves as a period of downscaling the synaptic
connections accumulated during wake. While an organism is interacting with its envi-
ronment and learning, there is a net increase in synaptic strength due to the increasing
number and size of synaptic connections. On account of energy and space restrictions
in the brain, these connections must be removed and sleep may act as a period in
which an organism is disconnected from the external world, and synaptic strength can
be downscaled.

relevant information into long-term memory (Fig 4.1). Thus, synaptic plasticity allows

us to learn and could be an essential function of sleep.

Mechanisms of activity-dependent synaptic plasticity

Synaptic plasticity can be broadly categorised as morphological and functional changes

that modulate presynaptic response to activity-dependent alterations and postsynaptic

response to the neurotransmission of presynaptic neurons[382]. Morphological changes

include synaptic number, size and density, branching of dendrites, and alterations in

the synaptic contacts. While functional changes broadly incorporate the alteration of

neurotransmission via mechanisms involved with the release of neurotransmitters from

the presynaptic neuron and the organisation of receptors at the post-synapse.

Many molecules, proteins, and pathways are involved with mechanisms of synaptic

plasticity[382]. A well-studied mechanism is that of the secondary messenger cAMP,

found to mediate pre and postsynaptic plasticity in vertebrates and invertebrates, pri-

marily via activation of its downstream target PKA[383]. The presynaptic mechanisms

which evoke alterations in plasticity include PKA phosphorylation of proteins impli-

cated in the mechanisms of neurotransmitter release; for example, activation of ion
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channels or synaptic proteins involved in synaptic vesicle processes[384]. In contrast,

the PKA phosphorylation of transcriptional activators causes long-term effects by me-

diating protein synthesis. For example, the cAMP-responsive element binding protein

(CREB) is activated by phosphorylation, stimulating mRNA transcription, and plays

a prominent role in forming long-term memory[385].

Early canonical learning and memory mutants for the genes dunce and rutabaga were

later found to have altered cAMP signalling in opposing directions - with dunce encod-

ing a phosphodiesterase responsible for cAMP degradation[386] and rutabaga encoding

a membrane-bound adenylyl cyclase essential for cAMP synthesis[387]. A 1990 study

of the synaptic plasticity mechanisms in the muscle fibres of the larval neuromuscular

junction identified that while dunce- and rutabaga- mutations impact cAMP levels in op-

posing directions, they incur several similar impairments in synaptic plasticity, albeit

likely via different mechanisms[388]. The principal difference between the dunce- and

rutabaga- mutations was the elevation in neurotransmitter release in dunce- fibres. In

comparison, rutabaga- neurotransmitter release was unchanged. Despite this difference,

both mutations resulted in impaired synaptic facilitation and long-term potentiation,

likely underlying the common phenotypes that both mutants exhibit in short-term

memory[388]. A 2011 study observed varied synaptic morphology at the neuromuscular

junction, with rutabaga- exhibiting decreases in synaptic bouton number, branching,

and innervation length, while dunce- had increased bouton number[389]. This evidence,

taken together, demonstrates the impact of cAMP homeostasis on structural and func-

tional synaptic plasticity.

Neurotransmitters are stored and transported in synaptic vesicles, which undergo exocy-

tosis from the synapse mediated by Ca2+ signalling. Following exocytosis, the vesicles

are recycled for reuse. However, at higher activity levels, synaptic vesicles are mo-

bilised from a reserve pool to meet the neurotransmitter demand and maintain synaptic

strength under persistent firing[390]. The synaptic proteins involved with the synaptic

vesicle machinery are essential for the function of synapses and synaptic plasticity. For

example, mutations in the synapsin phosphoprotein involved in the maintenance and

mobilisation of the reserve pool result in multiple functional synaptic plasticity and

behavioural impairments. Synapsin- flies exhibit a diminished reserve pool[391], reduced

neurotransmitter release upon maintained depolarization[392], substantial depression,

and impaired learning and memory[393].

Synaptic plasticity and sleep need

Evidence of sleep needs association with synaptic plasticity has been found in humans

and multiple model organisms. A small, non-invasive human study demonstrated that
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cortical excitability in wake is higher than that of sleep [394].Vyazovskiy et al.[395] com-

prehensively demonstrated comparable results in rodents, finding molecular and elec-

trophysiological evidence of long-term potentiation and long-term depression during

wake and sleep respectively. Levels of GluR1 containing glutamatergic AMPA recep-

tors (GluR1-AMPARs) serve as a measure for synaptic strength, as stronger synapses

have a higher proportion of the receptors. GluR1-AMPARs levels at the cortical and

hippocampal synaptoneurosomes were found to be 50% higher in spontaneously wak-

ing rats compared to sleeping animals. Elevated molecular synaptic strength markers

were accompanied by increased synaptic efficacy, uncovered by the increased long-term

potentiation during wake and decrease during sleep. In Drosophila, social enrichment,

and therefore the waking environment, increases synaptic density[396][397] with accom-

panied elevations in sleep [398][399]. The two sleep studies established that genes involved

in learning and memory were essential for social enrichment-induced increases in sleep

need, reinforcing the relationship between learning and sleep. Spontaneous wake [319]

and social enrichment [399] led to increased levels of pre and postsynaptic proteins in the

fly brain, that was reduced after a period of sleep. Importantly, in all of these studies,

SD maintained or heightened the described molecular and electrophysiological changes

during wake, which were only reduced after a period of rebound sleep. This evidence

supports that the downscaling of synapses that are strengthened during wake is spe-

cific to mechanisms that occur during sleep. Gilestro et al.[319] showed that increasing

lengths of mechanical and social SD led to accumulation in the levels of the presynaptic

protein Bruchpilot (BRP) and postsynaptic protein Discs large, that were all reduced

after rebound. Therefore, the pre and postsynaptic protein levels correlate with the

wake length. All of this evidence across the animal kingdom supports the hypothesis

that sleep downscales the synaptic plasticity-mediated synaptic strength elevations that

occur during wake.

In this chapter, I investigated the synaptic strength dynamics underlying homeostatic

sleep. Firstly, I measured the levels of BRP across the panel of Drosophila species

in response to SD to uncover the influence of synaptic strength on their rebound re-

sponse, or lack thereof. Secondly, I utilised the elegant genetic toolbox available in the

D.melanogaster model and examined the impact of alterations in synaptic plasticity on

both mechanical and social SD. In order to elucidate the possible underlying mechanism

responsible for the divergence in response to mechanical SD.
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4.2 Results

4.2.1 BRP expression after sleep deprivation

In Chapter 3, I demonstrated that only the canonical D.melanogater line rebounds

after mechanical SD, even though a selection of the other Drosophila species appear

to have a functioning homeostat – illustrated by the rebound sleep after social SD

seen with D.simulans, D.sechellia and D.yakuba. It was plausible that the altered

rebound following mechanical SD was due to modifications in the accumulation of sleep

need. In recent years, evidence has emerged that suggests not all sleep loss is the

same. Accumulation of sleep need in Drosophila depends on the wake environment;

starvation[201], male-female interactions[108], and male-male interactions[319] all result in

sleep loss in males. However, only the latter sleep deficit is recovered. I reasoned that

the environment of wake within the mechanical SD method was qualitatively different

in the non-melanogaster species, failing to drive sleep need despite the drastic loss in

total sleep. In order to address this, and on account of the strong relationship between

homeostatic sleep need and synaptic strength, I wanted to measure changes in synaptic

dynamics in response to SD in the panel of species.

Sleep need is correlated with changes in synaptic strength markers, including the presy-

naptic scaffolding protein, BRP. It is an essential component of the presynaptic active

zone, and higher synaptic density will be associated with increased levels of BRP. It is

often utilised as a proxy for measuring changes in synaptic strength upon SD, found

to be elevated throughout a sleep-deprived fly’s brain. I measured the levels of the

BRP protein in the Drosophilid brains upon mechanical SD, in the same manner as

the foundational Gilestro et al.[319] study. The flies were exposed to mechanical SD

for 24 hr, dissected at ZT0, and immunostained for confocal measurement of the BRP

signal in their brains. I investigated the BRP signal specifically in the FB due to

its established output role in the sleep homeostat. In both D.melanogaster lab and

wild species, mechanical SD was accompanied by increased intensity of the BRP sig-

nal (intensitySDlab
= 1.17 a.u., CI95% = [0.97,1.37] & intensitySDwild

= 1.35 a.u., CI95%

= [1.10,1.60]) compared to the slept controls (intensityCTRLlab
= 0.91 a.u., CI95% =

[0.79,1.03] & (intensityCTRLwild
= 0.65, CI95% = [0.53,0.77], p-value = 0.032 & 0.00016

respectively) (Fig 4.2). Interestingly, D.simulans and D.sechellia both exhibited ele-

vated BRP intensity in response to mechanical SD (p-valueSIM = 0.0014 & p-valueSEC

= 0.00021)(Fig 4.2). D.erecta, D.yakuba, D.willistoni and D.virilis exhibited equivalent

FB BRP intensity after mechanical SD to the undisturbed controls (Fig 4.3) (Fig 4.4)

(Fig 4.5) (Fig 4.6) (Fig 4.7) (Fig 4.8) (Fig 4.9). In the D.melanogaster flies, the abun-
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Figure 4.2: BRP intensity in the FB of the 7 Drosophila species following mechanical
SD
(A) Quantification of the BRP signal intensity in the FB following mechanical SD
(purple) and in the undisturbed slept controls (orange). All flies were raised on the
potato starch diet and tested on standard food. * = < 0.05, ** = < 0.01 & *** = <
0.001. The plots are representative of a minimum of 2 repeats and Wilcoxon Rank Sum
Test was used for the statistical comparisons

dance of the synaptic scaffolding protein complemented the rebound exhibited following

mechanical SD. However, I identified two candidates, D.simulans and D.sechellia, where

mechanically induced wakefulness resulted in an elevation in the molecular marker of

sleep need without a compensatory sleep response. In contrast, with respect to D.erecta,

D.yakuba, D.willistoni and D.virilis the lack of rebound correlates with the absence of

the stereotypical BRP upregulation usually exhibited upon sleep loss.

4.2.2 Pan-neuronal knockdown of synaptic plasticity genes

Although the research of other Drosophila species is currently limited in terms of

the genetic tools that are available for the study of the underpinnings that drive

changes in sleep need and response to SD; I employed the elegant toolbox available

in D.melanogaster to further investigate the relationship between synaptic plasticity

and sleep. In harnessing the GAL4-UAS system combined with RNAi, I performed a

small screen of GOIs that have an established role in synaptic plasticity. More infor-

mation on the full list of genes involved in the small screen, including their proposed

roles in synaptic plasticity are summarised in Table 4.1.

I used an nSyb-GAL4 line that labels all neurons in the fly brain to drive the RNAi-

mediated KD of the GOIs and measured changes in their sleep behaviour during baseline
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Figure 4.3: D.melanogaster brain images used for the quantification of BRP following
mechanical SD
(A) D.melanogaster brain images used for the quantification of BRP following mechan-
ical SD in Fig 4.2

slept control mechanical sleep 
deprivation

D.simulans

A

Figure 4.4: D.simulans brain images used for the quantification of BRP following me-
chanical SD in Fig 4.2
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Figure 4.5: D.sechellia brain images used for the quantification of BRP following me-
chanical SD in Fig 4.2
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A

Figure 4.6: D.erecta brain images used for the quantification of BRP following mechan-
ical SD in Fig 4.2
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Figure 4.7: D.yakuba brain images used for the quantification of BRP following me-
chanical SD in Fig 4.2
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Figure 4.8: D.willistoni brain images used for the quantification of BRP following
mechanical SD in Fig 4.2
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Figure 4.9: D.virilis brain images used for the quantification of BRP following mechan-
ical SD in Fig 4.2

and after SD. For each experiment, nSyb-GAL4/+ and UAS-GOIRNAi /+, referred to

as the parental controls, were tested alongside the KD groups.

4.2.2.1 Baseline sleep

I first tested whether the GOI KD impacts baseline sleep characteristics. Almost all KD

manipulations led to a significant change in the total sleep amount (Fig 4.10). While the

sleep of synapsin and starrynight KD flies over the 24-hour day were equivalent to the

UAS-GOIRNAi controls, significant sleep alterations occurred in animals lacking dunce,

orb2, appl, fmr1 and rutabaga. Highlighting the role of synaptic plasticity mechanisms

in controlling sleep duration.

Pan-neuronal KD of dunce resulted in a reduction of total sleep, sleeping 561 min (CI95%

= [531,590]) of the day compared to the +/ UAS-dunceRNAi sleep of 633 min (CI95% =

[605,660], p-value =0.00030) and nSyb-GAL4/+ sleep of 652 min (CI95% = [633,673],

p-value =9.1 x10-7). A strong sleep suppression was found in orb2 KD flies, which slept

only 332 min (CI95% = [295,369]) over the 24-hour day, while the +/UAS-orb2RNAi flies

slept for 444 min (CI95% = [417,471], p-value =< 2.0x10-16) (Fig 4.10).

Conversely, nSyb-GAL4 driven KD of appl , fmr1 and rutabaga enhanced daily sleep

compared to +/UAS-GOIRNAi controls. The flies lacking the appl gene sustained an

approximate 3 hour rise in sleep (asleepKD = 650 min, CI95% = [610,689] against

asleepRNAi= 464 min, CI95% = [432,496], p-value= 3.8 x10-11), fmr1 KD animals had

110



UAS-synapsinRNAi UAS-orb2RNAi UAS-rutabagaRNAi

100

75

50

25

0

As
le

ep
 (%

)
ns

RNAi
UAS-starrynight

472 168 168 179 180 163 151 158 137 180 178 175 175 160 153n    

***

***

***

***

*** ***

* *** *** ****** *** ******

***

***ns ns

ns

ns
A

RNAi
nSyb-GAL4

UAS-dunce UAS-applRNAi UAS-fmr1RNAi

Figure 4.10: Total daily sleep with pan-neuronal KD of synaptic plasticity associated
genes
(A)Quantification of the total daily sleep levels with nSyb-GAL4 mediated KD of UAS-
dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi (green), UAS-orb2RNAi

(blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) & UAS-starrynightRNAi

(yellow) and their parental controls (grey). All flies were raised and tested on stan-
dard food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The duration of the tracking
was 24 hours and the plots are representative of a minimum of 4 repeats. Wilcoxon
Rank Sum Test was used for the statistical comparisons

a modest 1.5 hour sleep extension (asleepKD = 722 min, CI95% = [691,754] against

asleepRNAi= 627 min, CI95% = [598,656], p-value= 6.6 x10-6) and rutabaga KD flies an

approximate 2 hour increase (asleepKD =733 min, CI95% = [708,758] against asleepRNAi=612

min, CI95% = [587,638], p-value= 2.6 x10-9) (Fig 4.10).

However, the appl KD sleep was statistically indistinguishable from the nSyb-GAL4/+

parental control (asleepKD =650 min, CI95% = [610,689] against asleepGAL4= 652 min,

CI95% = [633,673], p-value= 0.99). Therefore I am unable to conclude that the sleep

elevation seen is directly due to the absence of the appl gene product or simply a result

of the nSyb-GAL4 background. Substantial differences were found in the +/UAS-

GOIRNAi and nSyb-GAL4/+ sleep across the screen, and only +/UAS-dunceRNAi and

+/UAS-fmr1RNAi flies generated equivalent sleep values to the nSyb-GAL4/+ control

(p-value = 0.23177 & 0.25 respectively). Due to the differences observed in the parental

controls, I disregarded results where a change is only seen when compared to one of the

parental controls (Fig 4.10).

While changes were seen in the total sleep amount, all of the KD flies maintained

the relationship between day and night sleep, with all lines sleeping significantly more

during the night phase than the dark phase (Fig 4.11). This indicates that the circadian

drives for arousal during the light phase and sleep during the night phase are intact

across the genetic manipulations.
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Figure 4.11: Day and night sleep with pan-neuronal KD of synaptic plasticity associ-
ated genes
(A) Quantification of the day and night sleep levels with nSyb-GAL4 mediated
KD of UAS-dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi (green),
UAS-orb2RNAi (blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) & UAS-
starrynightRNAi (yellow) and their parental controls (grey). All flies were raised and
tested on standard food. The ns are equivalent to their total sleep quantification in
(Fig 4.10). * = < 0.05, ** = < 0.01 & *** = < 0.001. The duration of the tracking
was 24 hours and the plots are representative of a minimum of 4 repeats. Wilcoxon
Rank Sum Test was used for the statistical comparisons.
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Figure 4.12: The alterations to day and night sleep with pan-neuronal KD of synaptic
plasticity associated genes
(A) Quantification of the day sleep levels with nSyb-GAL4 mediated KD of UAS-
dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi (green), UAS-orb2RNAi

(blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) & UAS-starrynightRNAi

(yellow) compared to their parental controls (grey)(B) Quantification of the night sleep
levels. All flies were raised and tested on standard food. * = < 0.05, ** = < 0.01 &
*** = < 0.001. The duration of the tracking was 24 hours and the plots are represen-
tative of a minimum of 4 repeats. Wilcoxon Rank Sum Test was used for the statistical
comparisons.
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To obtain a more comprehensive view of the impact of the global neuronal KD of the

genes included in the screen, I explored more extensively the sleep alteration over the

light and dark phase. I specifically interrogated the change in sleep time, bout number

and bout duration between the KD and their +/UAS-GOIRNAi controls over the day

and night. The dunce (p-value = 5.3x10-6), synapsin (p-value = 0.0035), orb2 (p-

value = 1.9 x10-13) and starrynight (p-value = 7.6x10-6) pan-neuronal manipulations all

displayed a reduction in daytime sleep when compared to their UAS-GOIRNAi parental

controls (Fig 4.12A). Conversely, appl, fmr1 and rutabaga KD presented with elevated

day (p-value = 1.3x10-2, 1.3x10-5 & 4.1x10-4 respectively) and night sleep (p-value = <

2.0x10-16, 8.3x10-6 & 4.8x10-10 respectively) (Fig 4.12A,B). With respect to the dunce

KD, the observed reduction in sleep during the light phase resulted from fewer sleep

bout occurrences (p-value = 2.4x10-10) rather than a decrease in the duration of each

bout, as the average bout length resembled controls (p-value = 0.25) (Fig 4.13A,B).

The attenuated daytime sleep found in synapsin, orb2 and starrynight KDs manifested

from a fall in the number of bouts executed (p-value = 2.4x10-10, 8.8x10-10 & 1.5x10-11

respectively). However, the mean duration of the bouts were notably longer (p-value =

0.0074, 1.1x10-6 & 0.035 respectively), suggesting that the nSyb-GAL4 mediated KD

of synapsin, orb2 & starrynight may impact sleep and wake transitions. In orb2 flies,

the elevated length (p-value = 3.7x10-6) and reduced number of sleep bouts (p-value

= 2.7x10-10) were also exhibited in the dark period, while it was restricted to only the

light phase in the case of synapsin (Fig 4.13A,B).

In summary, pan-neuronal dunce KD resulted in a significant reduction in total baseline

sleep, with no change in the organisation of their sleep over the light and dark phases.

Synapsin and orb2 KD flies were able to maintain prolonged sleep bouts during the day,

demonstrated by the increased length of the day sleep episodes. Orb2 removal caused

the strongest sleep suppression. Both fmr1 and rutabaga KD resulted in a significant

sleep elevation. The synaptic plasticity genes appeared to be involved in many aspects

of baseline sleep control. While their initial assessment of homeostasis appeared intact,

further testing employing SD was required to interrogate their role in the homeostatic

control of sleep.

4.2.2.2 Response to mechanical and social sleep deprivation

Analogously to the species experiments executed in Chapter 3, I exposed the KD and

parental control flies to 24hr mechanical or social SD and measured the rebound re-

sponse.
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Figure 4.13: The alterations to day and night sleep bout architecture with pan-neuronal
KD of synaptic plasticity associated genes (A) Quantification of the day and night
sleep bout number with nSyb-GAL4 mediated KD of UAS-dunceRNAi (orange), UAS-
synapsinRNAi (purple), UAS-applRNAi (green), UAS-orb2RNAi (blue), UAS-fmr1RNAi

(yellow), UAS-rutabagaRNAi (yellow) & UAS-starrynightRNAi (yellow) compared to their
parental controls (grey)(B) Quantification of the day and night sleep bout duration.
All flies were raised and tested on standard food. * = < 0.05, ** = < 0.01 & *** =
< 0.001. The duration of the tracking was 24 hours and the plots are representative
of a minimum of 4 repeats. Wilcoxon Rank Sum Test was used for the statistical
comparisons.
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Figure 4.14: Sleep architecture over the day and night with pan-neuronal KD of synaptic
plasticity associated genes
(A) Quantification of the day and night mean sleep bout duration with nSyb-GAL4
mediated KD of UAS-dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi

(green), UAS-orb2RNAi (blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) &
UAS-starrynightRNAi (yellow) and their parental controls (grey) (B) Quantification of
the day and night sleep bout number. All flies were raised and tested on standard food.
The ns are equivalent to their total sleep quantification in (Fig 4.12). * = < 0.05, **
= < 0.01 & *** = < 0.001. The duration of the tracking was 24 hours and the plots
are representative of a minimum of 4 repeats. Wilcoxon Rank Sum Test was used for
the statistical comparisons.
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All parental controls (nSyb-GAL4/+, UAS-dunceRNAi/+, UAS-synapsinRNAi/+, UAS-

applRNAi/+, UAS-orb2RNAi/+, UAS-fmr1RNAi/+, UAS-rutabagaRNAi/+ and UAS- star-

rynightRNAi/+) showed increased sleep in the ZT0-3 rebound period after both me-

chanical and social SD, and therefore an intact rebound response (Fig 4.15) (Fig 4.16).

Comparable results were found with KD of fmr1, rutabaga, and starrynight, which had

significantly elevated sleep compared to the undisturbed flies. I identified four poten-

tially interesting candidates - dunce, synapsin, appl, and orb2 KD all exhibited im-

paired rebound after mechanical SD (Fig 4.15). Interestingly, I consistently discovered

rebound after social SD in all parental control and KD flies (Fig 4.16). The differential

response revealed in the dunce, synapsin, appl, and orb2 KD to mechanical and social

SD casually mimicked the rebound responses revealed in Chapter 3, where D.simulans,

D.sechellia, and D.yakuba showed rebound in response to social SD while exhibiting no

response to mechanical.

Dunce and synapsin knockdown restricts mechanical rebound

Pan-neuronal dunce KD flies showed a significant rebound sleep after mechanical SD

(asleepCTRL= 93 min, CI95% = [84,102] against asleepSD = 129 minuets, CI95% =

[118,141], p-value = 1.5x10-8) (Fig 4.15). However, the response was minimal, provision-

ally demonstrated by the sleep trace over the duration of the SD experiment (Fig 4.17).

In the parental controls, there was a clear demarcation between the SD group and slept

control during rebound (indicated by the green shaded area)(Fig 4.17A). The dunce

KD plot was distinct from the parental controls, with little separation between the two

traces. Suggesting that the dunce KD restricts rebound sleep after mechanical SD.

I further empirically probed this finding by calculating the sleep change in rebound

compared to baseline, with the following simple calculation:

rebound∆ = sleep ZT0-3 rebound day – sleep ZT0-3 baseline day

The baseline day measurements were taken from the morning preceding the 24hr SD

period. The above quantification exposed whether any change in their sleep occurred

when comparing the sleep amount in the same individual before and after SD. Most

rebound change measurements predicatively mimicked the results observed when com-

paring SD samples to their slept controls (Fig 4.18). For example, the SD parental

control groups all had a positive change in their sleep during rebound compared to

baseline, which was significantly higher than that of the change in sleep in the slept

controls. However, in the case of the mechanical SD dunce KD group, there was no

change in their sleep during rebound, sleeping 2 min less (rebound∆ = - 2 min, CI95% =

[-9,5], p-value = 0.424) during the rebound period than during baseline (Fig 4.18). For

comparison, the SD +/UAS-dunceRNAi parental control flies were sleeping 11 mins more
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Figure 4.15: Sleep rebound following mechanical SD with pan-neuronal KD of synaptic
plasticity associated genes
(A) Quantification of the sleep during the ZT0-3 rebound period with nSyb-GAL4
mediated KD of UAS-dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi

(green), UAS-orb2RNAi (blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) &
UAS-starrynightRNAi (yellow) and their parental controls (grey) following mechanical
SD (solid box) or in the undisturbed controls (dashed box). All flies were raised and
tested on standard food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The plots are
representative of a minimum of 4 repeats and Wilcoxon Rank Sum Test was used for
the statistical comparisons.

during rebound (CI95% = [1,20], p-value = 0.056), and the nSyb-GAL4/+ individuals

slept an extra 39 min (CI95% = [28,49], p-value = 4.55x109) (Fig 4.18,A).

Synapsin KD flies’ rebound response was impaired, sleeping comparably during the

ZT0-3 period in the SD and slept controls (asleepCTRL= 37 min, CI95% = [27,46]

against asleepSD = 52 min, CI95% = [40,64], p-value = 0.046) (Fig 4.15). The +/UAS-

synapsinRNAi flies slept 82 min (CI95% = [70,95]) compared to 50 min (CI95% = [39,62],

p-value = 0.00017) in their undisturbed counterparts. However, there was a signifi-

cant positive change in sleep, with SD flies sleeping 13 min more during the rebound

period than in the same time frame during baseline (CI95% = [0,25], p-value = 0.035)

(Fig 4.18A).
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Figure 4.16: Sleep rebound following social SD with pan-neuronal KD of synaptic
plasticity associated genes
(A) Quantification of the sleep during the ZT0-3 rebound period with nSyb-GAL4
mediated KD of UAS-dunceRNAi (orange), UAS-synapsinRNAi (purple), UAS-applRNAi

(green), UAS-orb2RNAi (blue), UAS-fmr1RNAi (yellow), UAS-rutabagaRNAi (yellow) &
UAS-starrynightRNAi (yellow) and their parental controls (grey) following social SD
(solid box) or in the mock controls (dashed box). All flies were raised and tested on
standard food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The plots are representative
of a minimum of 4 repeats and Wilcoxon Rank Sum Test was used for the statistical
comparisons.
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In both dunce and synapsin KD flies, there was a strong rebound response to social SD.

Socially sleep deprived flies lacking dunce slept 86 min more than their slept counter-

parts (asleepCTRL= 12 min, CI95% = [7,17] against asleepSD = 98 min, CI95% = [87,108],

p-value = 1.7 x-10-13) and an extra 58 (CI95% = [46,70], p-value = 2.31x10-10) min

than during ZT0-3 at baseline (Fig 4.16) (Fig 4.18B). Synapsin KD flies also exhib-

ited elevated sleep compared to slept controls (asleepCTRL= 29 min, CI95% = [19,39]

against asleepSD = 72 min, CI95% = [59,84], p-value = 4.6 x-10-6) (Fig 4.15) and baseline

(rebound∆ = 36 min, CI95% = [23,49], p-value = 4.55x106) (Fig 4.16) (Fig 4.18B).

Appl and orb2 knockdown abolishes mechanical rebound

Rebound after mechanical SD was abolished in flies lacking appl (asleepCTRL= 27 min,

CI95% = [18,35] against asleepSD = 50 min, CI95% = [33,66], p-value = 0.13) and orb2

(asleepCTRL= 7 min, CI95% = [2,12] against asleepSD = 17 min, CI95% = [6,29], p-value

= 0.23), with no significant change in sleep between the SD and slept groups (Fig 4.15).

Once again, their rebound response was intact after social SD, and appl (asleepCTRL=

49 min, CI95% = [39,59] against asleepSD = 84, CI95% = [70,99], p-value = 0.00036) and

orb2 KD flies (asleepCTRL= 7 min, CI95% = [4,17] against asleepSD = 27 min, CI95%

= [13,40], p-value = 0.0066) displayed higher values in the SD group (Fig 4.16). The

lack of mechanical rebound was recapitulated when looking at the change in rebound

compared to baseline. KD of appl and orb2 flies had no significant change in rebound

(rebound∆ =7 min, CI95% = [-5,18], p-value =0.59 and rebound∆= -6 min, CI95% =

[-27,16], p-value =0.29, respectively) (Fig 4.18A). However, the KD of orb2 also led to

marked reductions in their baseline sleep, with the flies sleeping only 332 min (CI95% =

[295,369]) of the day, and 7 min (CI95% = [4,17]) during the ZT0-3 rebound phase, while

the +/UAS-orb2RNAi controls slept 48 min (CI95% = [38,59]) (Fig 4.15). Therefore, it is

plausible that changes found in the rebound response may be due to alterations in the

baseline sleep appearance rather than an impaired homeostatic response to mechanical

SD.

Taken together, I postulate that the synaptic plasticity genes, dunce, synapsin and appl

are involved in the synaptic strength dynamics responsible for increasing sleep pressure

or for the initiation of sleep in response to high sleep need.

4.2.3 Dunce and synapsin mutant sleep

Within Drosophila genetic manipulations, it is important to validate any phenotypes

observed with a secondary approach to ensure results are due to the specific genetic ma-

nipulation and not any off-targets. I controlled for this to some degree in the previous

120



nSyb-GAL4/+

nSyb-GAL4/UAS-dunceRNAi

UAS-dunce /+RNAi

UAS-synapsin /+RNAi

UAS-appl /+RNAi

UAS-orb2 /+RNAi

nSyb-GAL4/UAS-synapsinRNAi

nSyb-GAL4/UAS-appl

nSyb-GAL4/UAS-orb2RNAi

RNAi

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

Baseline Recovery
Mechanical

sleep deprivation Baseline Recovery
Social

sleep deprivation

slept control
 

sleep deprivation

ZT (days) ZT (days)

A B

0 1 2 3 0 1 2 3

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)
As

le
ep

 (%
)

As
le

ep
 (%

)

Figure 4.17: Sleep profile of pan-neuronal KD of dunce, synapsin, appl & orb2 over the
baseline, SD and recovery days with mechanical and social SD
(A) Sleep profile of nSyb-GAL4 mediated KD of UAS-dunceRNAi (orange), UAS-
synapsinRNAi (purple), UAS-applRNAi (green) & UAS-orb2RNAi (blue) and their parental
controls (grey) over the baseline, SD and recovery days with mechanical (B) and social
SD. The ZT0-3 rebound period is indicated by the green shaded area. All flies were
raised and tested on standard food. The duration of the tracking was 3 days and the
plots are representative of a minimum of 4 repeats.
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Figure 4.18: Sleep rebound∆ following mechanical and social SD with pan-neuronal KD
of synaptic plasticity associated genes
(A) Quantification of the sleep rebound∆ compared to the ZT0-3 baseline period
with nSyb-GAL4 mediated KD of UAS-dunceRNAi (orange), UAS-synapsinRNAi (pur-
ple), UAS-applRNAi (green), UAS-orb2RNAi (blue), UAS-fmr1RNAi (yellow), UAS-
rutabagaRNAi (yellow) & UAS-starrynightRNAi (yellow) and their parental controls
(grey) following mechanical (A) and social SD. All flies were raised and tested on
standard food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The plots are representative
of a minimum of 4 repeats and Wilcoxon Rank Sum Test was used for the statistical
comparisons.

122



nSyb-GAL4 KD experiments by outcrossing lines to a common wild-type and running

both nSyb-GAL4/+ and +/UAS-GOIRNAi. With this approach, changes due specifi-

cally to other alterations in the fly genome, other than the removal of the target genes

mRNA product, would be captured in the individual parental controls sleep pattern.

In order to address this further and validate the phenotype observed with pan-neuronal

KD, I tested the dunce1 and synapsin97 mutants in the same conditions as the pre-

vious assays (Fig 4.19). The Canton-S sleep during rebound was elevated after both

mechanical (asleepCTRL= 93 min, CI95% = [84,102] against asleepSD = 129 min, CI95%

= [118,141], p-value = 1.5x108) and social SD (asleepCTRL= 77 min, CI95% = [77,85]

against asleepSD = 88 min, CI95% = [80,], p-value = 0.034 ) (Fig 4.19). Synapsin97 flies

mimicked the KD response, with no rebound after 24hr mechanical SD (asleepCTRL=

78 min, CI95% = [62,95] against asleepSD = 96 min, CI95% = [76,115], p-value = 0.33)

(Fig 4.19A). In comparison, the rebound post social SD was maintained (asleepCTRL=

46 min, CI95% = [28,65] against asleepSD = 96 minuets, CI95% = [71,120], p-value =

0.33) (Fig 4.19B). Surprisingly, the results with the dunce1 animals generated conflicting

results to what was observed with pan-neuronal KD, as they had a strong rebound after

mechanical SD (asleepCTRL= 56 min, CI95% = [44,69] against asleepSD = 89 min, CI95%

= [73,105], p-value = 0.00064) (Fig 4.19A). Social SD results were comparable to the

KD with sleep elevated during the ZT0-3 rebound period (asleepCTRL= 27 min, CI95%

= [17,38] against asleepSD = 80 min, CI95% = [68,93], p-value = 8.2 x-10-8) (Fig 4.19B).

4.2.4 Dunce and synapsin targeted knockdown

It seems that dunce and synapsin are required for normal rebound sleep after mechanical

SD, as pan-neuronal KD of dunce or synapsin abolished rebound, and similar results

were collected with synapsin97. Following the initial assessment of pan-neuronal KD,

I wanted to investigate the specific neuronal populations where dunce and synapsin

were required. In order to achieve this, I again utilised the GAL4-UAS system to

perform a systematic KD of the dunce or synapsin genes using GAL4 drivers that

label subsets of neurons in the fly sleep centres. The dFB (R72G06-GAL4), R5 EB

neurons (R30G03-GAL4), MB (MB010B-GAL4), and the PAM cluster of DAN neurons

(R58E010-GAL4)(Fig 4.20A).

Firstly, dunce and synapsin were required in the PAM DANs for normal recovery sleep,

with KD eliminating the rebound response (p-value compared to slept controls = 0.06

& 0.11, respectively) (Fig 4.20B). Interestingly, KD of the genes in the MB (a down-

stream target of the PAM DANs) had no impact on their homeostatic recovery, with

MB010B-GAL4 mediated KD of both dunce (p-value = 0.00072) and synapsin (p-value
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Figure 4.19: Response to mechanical and social SD of dunce1 & synapsin97

(A) Sleep profile of dunce1 (orange), synapsin97 (purple) & Canton-S (grey) over base-
line, SD and recovery with mechanical SD (solid line) and with the undisturbed con-
trols (dashed line) (B) Quantification of the sleep during the ZT0-3 rebound period in
dunce1 (orange), synapsin97 (purple) & Canton-S (grey) following mechanical SD (C)
Sleep profile of dunce1 (orange), synapsin97 (purple) & Canton-S (grey) over baseline,
SD and recovery with social SD (solid line) and with the undisturbed controls (dashed
line) (D) Quantification of the sleep during the ZT0-3 rebound period in dunce1 (or-
ange), synapsin97 (purple) & Canton-S (grey) following social SD. All flies were raised
and tested on standard food. * = < 0.05, ** = < 0.01 & *** = < 0.001. The duration
of the tracking was 3 days and the plots are representative of a minimum of 4 repeats.
Wilcoxon Rank Sum Test was used for the statistical comparisons in B & C.
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Figure 4.20: Response to mechanical SD following targeted KD of dunce and synapsin
(A) Simplified schematic of the central complex and MB structures of the fly brain,
alongside the DANs that have targets in the MB, EB & dFB. The neuronal regions inter-
rogated in this experiment are highlighted – MB (MB010B-GAL4, blue), EB (R30G03-
GAL4, green), PAM DANs (R58E02-GAL4, pink) & FB (R72G06-GAL4, yellow). The
EB driver labels the R5 ring neurons and the FB driver the ExFl2 dFB neurons (B)
Quantification of the sleep during the ZT0-3 rebound period in UAS-dunceRNAi (orange)
& UAS-synapsinRNAi (purple) with MB010B-GAL4. R30G03-GAL4. R58E02-GAL4 &
R72G06-GAL4 mediated KD following mechanical SD (solid boxplot) or in the undis-
turbed controls (dashed boxplot). All flies were raised and tested on standard food. *
= < 0.05, ** = < 0.01 & *** = < 0.001. The plots are representative of a minimum
of 3 repeats and Wilcoxon Rank Sum Test was used for the statistical comparisons.
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= 0.00016) exhibiting a robust rebound response. Similar results were found in the EB

R5 circuit, where dunce and synapsin were not required in the R30G03-GAL4 labelled

neurons for rebound sleep (p-value compared to slept controls =0.0015 & 3.9 x-10-6

respectively). Finally, dunce KD in the dFB abolished rebound in the ZT0-3 period

following SD, exhibiting sleep levels comparable to the undisturbed controls (p-value

= 0.59). However, the KD of synapsin in the same region did not influence the home-

ostatic response to mechanical SD (p-value = 9x-10-4) (Fig 4.20B). I conclude that

broadly impacting the mechanisms of synaptic plasticity in the PAM neurons leads to

sleep rebound impairments, as individual KD of dunce and synapsin resulted in abol-

ished rebound post mechanical SD. While specific mechanisms of cAMP regulation are

required in the ExF12 projection neurons of the dFB, where only KD of dunce, and not

synapsin, remove rebound.

Information of the expression pattern of GAL4s are readily available using resources

such as the Virtual Fly Brain[176] and FlyLight[414]. Utilising these resources, I examined

the expression of the target GAL4 lines used in this study. The MB010B and R58E02

GAL4 lines both exhibit specificity to their intended target neurons, with expression

strictly confined to the MB KCs and the PAM DANs, respectively. However, while

the R72G06 and R58E010 drivers have been utilised in previous studies to target UAS

expression to the dFB and R5 EB respectively, both have expression pattens outside of

their target regions. For instance, the R72G06-GAL4 expression is not only present in

the dFB but also extends to the superior intermediate protocerebrum neuropil. Sim-

ilarly, R30G03-GAL4, despite its utility in targeting the EB, exhibits expression in

various regions of the fly brain, including the prow, flange, bulb and FB. In both the

R72G06 and R30G03 GAL4s, expression is also detected outside of the brain in the

ventral nerve chord. Therefore, it is important to note that the phenotypes observed

with R72G06 and R30G03 GAL4 mediated UAS-RNAi KD may have potentially arisen

as a result of KD in areas outside of the intended region.

4.2.5 RNAi caveats

RNAi-mediated KD exhibits variable efficiency in terms of mRNA reduction levels.

The KD for specific UAS-GOIRNAi lines targeting the dunce, appl, fmr1, rutabaga, and

starrynight genes have been validated in prior literature, with phenotypic confirmation

through use of independent RNAi lines or mutants, as outlined in the Materials and

methods Section 2.1.2.2 (Table 4.1). For example, dunce and rutabaga mutations are

well established to result in learning and memory defects[149][412] and Walkinshaw et al.,

performed pan-neuronal KD of both genes with the same UAS-RNAi lines used in this
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study and found poor olfactory memory performance[352]. While there is no literature

available utilising the particular UAS-synapsinRNAi and UAS-orb2RNAi lines, within

this study, the synapsin KD phenocopied the synapsin95 mutant, notably abolishing

rebound response following mechanical SD (Fig 4.19).

Although some evidence in the literature validates the RNAi lines based on expected

phenotypes, the phenotypes reported in this thesis have not been confirmed, and the

efficiency of KD is rarely quantified using methods such as qPCR. Furthermore, the

VDRC website reports off-target effects for the synapsin, appl, and orb2 UAS-GOIRNAi

lines.

Therefore, the findings presented in this chapter could be strengthened by validat-

ing observed phenotypes using an independent RNAi line, ideally one without known

off-targets, to affirm the specificity of target gene KD. Furthermore, qPCR could be

employed to quantify the GOI mRNA levels relative to controls, thereby establishing

the efficiency of the KD process.

4.2.6 Summary

• The lack of rebound found after mechanical SD correlated with unchanged levels

of the synaptic scaffolding protein BRP, in D.melanogaster, D.erecta, D.yakuba,

D.willistoni and D.virilis.

• Pan-neuronal KD of fmr1 and rutabaga increased sleep, while KD of dunce and

orb2 suppressed levels.

• The synaptic-plasticity associated dunce, synapsin, orb2, and appl are required

for rebound in D.melanogaster after mechanical SD.

• Rebound following social SD was resilient to synaptic-plasticity associated gene

KD.

• General mechanisms of synaptic plasticity were required in the PAM DANs for

homeostatic rebound following mechanical SD. While specific downregulation of

cAMP was necessary in the dFB.
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Chapter 5

Discussion

5.1 Characterising Drosophila baseline sleep

5.1.1 Timing of sleep is largely conserved in LD conditions

D.melanogaster is shown to exhibit two periods of sleep over the 24 hr day. A siesta

daytime sleep period and a more consolidated period of nighttime sleep. These baseline

sleep period characteristics are repeatedly observed in male flies within the literature

across various methodologies and are considered a robust element of D.melanogaster

sleep[376]. I have shown that the panel of species tested in this study exhibit equivalent

features in LD conditions. D.melanogaster lab strain, D.melanogaster wild caught,

D.simulans, D.sechellia, D.erecta, D.yakuba, D.willistoni and D.virilis all have day and

night sleep intervals, with the latter associated with bouts of longer length.

5.1.2 Anticipatory peaks are conserved, with varying activity

composition

D.melanogaster shows circadian-driven crepuscular activity peaks that anticipate the

changing light phase in between the two sleep times. In addition to the equivalent

siesta and night sleep organisation, the crepuscular activity increases in anticipation of

the light transition appear to be conserved across the panel. Each species is found to

have elevated activity in the 2 hours leading up to lights off. While the light to dark

activity peak prevails, I found inconsistent magnitudes in the species’ waking activity

throughout the transition period (ZT 11 - 13). The panel can be seen as bifurcated

into two groups, the melanogaster -like activity peak, where they perform larger walk-

ing movements, and a second group which executes smaller micromovements. This
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division is also represented in their total activity across the 24 hr day, as the higher

ranking activity magnitude at the transition from light to dark reflects the waking be-

haviour that predominates over the 24 hr day. D.simulans, D.sechellia,D.yakuba, and

D.willistoni could be considered melanogaster -like, spending more time walking than

micromoving during ZT11-13. However, both D.melanogaster species (lab strain &

wildcaught) carry out low micromovements during this period, while all other species,

excluding D.sechellia, micromoving more than D.melanogaster. Based on these find-

ings, I will crudely describe the species’ transitional waking activity into three classes:

almost exclusively walking (D.melanogaster lab strain, D.melanogaster wild caught &

D.sechellia), predominately walking (D.simulans, D.yakuba & D.willistoni) and pre-

dominately micromoving (D.erecta & D.virilis). Discriminating waking behaviour is

an advantageous feature of video tracking systems. However, data on Drosophila activ-

ity composition is lacking due to the principal use of infrared beam activity monitors in

the field. Therefore, activity is primarily viewed as a binary state where a fly is either

mobile or immobile. A previous study using the ethoscope tracking system supports

my findings, with males preferentially executing walking at the transition from light to

dark. Interestingly, increased micromovements were observed only in female flies[65].

The increase in activity separating the sleep periods is controlled by the circadian

clock, with clock neurons responsible for the increase in movement. The sLNvs[415]

are necessary for anticipatory activity at the onset of the light phase, whilst the 5th

sLNv and LNds are implicated in dark phase anticipation[415][416]. Although this is

often considered a simplistic and imperfect overview of the clock neuron’s anticipatory

influence, due to the evidence that numerous clock cells influence both the light and

dark crepuscular activity[417][418], it is clear that circadian neurons are partly responsible

for the increased movement. However, it has been shown in the literature that even

circadian clock component mutants exhibit some level of rhythmic sleep behaviour in

the presence of light. Light is a strong zeitgeber that has been shown to control sleep-

wake cycles in the absence of a functioning clock[419][420]. For this reason, I tested

the species’ activity under constant dark conditions, removing light as a zeitgeber to

investigate whether the sleep-wake cycle’s circadian control is conserved.

The endogenous circadian rhythms in the absence of a light zeitgeber are primarily

maintained across the panel, with D.melanogaster wild caught, D.simulans, D.sechellia,

D.erecta, D.yakuba, and D.willistoni all displaying a period of strength above the signif-

icance threshold, suggesting rhythmic cycles in their sleep and activity. However, while

the D.simulans, D.erecta, and D.willistoni period was equivalent to D.melanogaster

( 24hr), D.sechellia had a shorter period (23.3), and D.yakuba exhibited an extended
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period (25.3). D.virils presented with arrhythmic behaviour, with only three individ-

uals’ peak meeting the significance threshold for the period calculation. A previous

study observed corresponding results, where the D.virilis population exhibited largely

arrhythmic behaviour, and the small number of flies that demonstrated rhythmicity did

so weakly. The researchers found that the lack of free-running circadian cycles likely

manifested from the absence of PDF expression at the s-LNVs[339].

5.1.3 Variation across the animal kingdom is captured in our

panel

As detailed in Section 1.1.6, there is considerable variability in sleep across the animal

kingdom, in terms of its total amount, among other elements. I observed a similar sleep

disparity in the Drosophilid species over the entire day and the light and dark phases.

Such an outcome is not surprising since a combination of ecological factors is speculated

to shape the daily sleep amount[100]. The diverse selective pressures each species would

have been exposed to in shaping the evolution of their sleep behaviour may account for

the differences I have observed.

The D.willistoni night sleep duration is an interesting case, displaying the greatest total

amount and bout duration of nighttime sleep. The longer intervals of uninterrupted

night sleep may indicate that the dark phase sleep is of greater depth. Thus, this re-

sult may suggest that D.willistoni individuals experience greater sleep need than the

other species, requiring extra rest after a bout of wakefulness. However, van Alphen

and colleagues[94] demonstrated that not all longer-length episodes equated to higher-

intensity sleep. Thus, one can only accurately assess sleep intensity by probing ani-

mals’ arousal thresholds during the sleep bout. A 2015 study of D.melanogaster sleep

in populations collected from different latitudinal locations across North and Central

America found a latitudinal cline associated with nighttime sleep duration, with equa-

torial populations sleeping almost twice the length in the dark phase[421]. D.willistoni

flies were originally collected from Guadalupe Island, located in the West Indies (sub-

tropical region), and correspondingly, a latitudinal influence of sleep may account for

the nighttime elevation. However, the aforementioned study only included one tropical

population, and the investigations were restricted to the North American continent;

thus, additional equatorial samples are necessary to confirm the finding of a latitudinal

cline in sleep duration. Furthermore, while I have not investigated the impact of lat-

itude on Drosophilid sleep, I think the value in studying such correlations lies within

the same species to first determine if intraspecific variation exists. D.melanogaster is

an excellent candidate for such investigations due to its widespread colonisation of the
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continents. Further characterisation of the latitudinal influence in other Drosophilid

species will address whether this is a common trend in the Drosophila genus and poten-

tially the animal kingdom. However, such investigations are outside the scope of this

thesis. Irrespective of such findings, latitudinal and geographical influences on sleep

would not, by itself, account for the enigma that is sleep and its variability. For it

cannot account for developmental changes in sleep or resolve why one animal can carry

out the essential function(s) of sleep in a shorter time than another.

Nevertheless, the variability in sleep across the panel ascertains the Drosophila genus

as a potential framework for the study of sleep and its variability across the animal

kingdom.

5.1.4 D.sechellia baseline sleep resembles D.melanogaster

Considering their sleep and activity behaviour, I propose that D.sechellia’s sleep most

closely resembles that of D.melanogaster. The first line of evidence in support of this

is the total sleep over the light and dark phases, where D.sechellia sleep in each pe-

riod is statistically insignificant when compared to D.melanogaster lab stain. Secondly,

they are the only species that mimic the D.melanogaster activity transitional compo-

sition, falling into the ’almost exclusively walking’ group. D.sechellia is a relatively

close relation to the D.melanogaster model, a member of the melanogaster subgroup

that diverged approximately 2-3 million years ago[327]. Even so, I found this result

surprising on two accounts. Firstly, the two species occupy varying ecological niches,

with D.sechellia a specialist species that inhabits a restricted geographical region, found

solely on Seychelles island. In contrast, D.melanogaster is a generalist, human com-

mensal species that has colonised almost every continent, minus Antarctica. Alongside

this, the D.melanogaster are historically absent from the Seychelles and have only re-

cently been found to inhabit the island, likely due to an involuntary introduction[422].

The D.melanogaster Canton-S lab strain used in this study was collected in Canton,

Ohio, in the 1920s. Therefore, finding such comparative sleep characteristics from

species from vast ecological niches was unusual, particularly considering the variability

in the other Drosophilid species. This leads to the second reason that I find the result

that D.sechellia best resembles D.melanogaster sleep unexpected. D.simulans is also

closely related to D.melanogaster, and has a recent common ancestor with D.sechellia.

D.simulans shares several ecological factors with D.melanogaster : both are generalist

species inhabiting many of the same geographical regions, mainly due to their status

as human commensal animals. I predicted that due to their similar ecological niches,

D.simulans’ sleep would closely resemble D.melanogaster. However, this was not the
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case as D.simulans were found to sleep significantly more during the dark phase and

the activity transitional composition varied, with elevated micromovement in addition

to walking.

However, I found disparate sleep results between the Drosophila strains, while the

D.melanogaster wild caught flies sleep considerably less than the lab strains. Such

results have been identified previously in the literature, with wild-type strains exhibiting

vast variation in total sleep amount[423]. Therefore it is unlikely that the similarities in

sleep between D.melanogaster Canton-S and D.sechellia, strain 1, are species specific.

Nevertheless, within the bounds of this study, the resemblance of their sleep establishes

that I have observed a group that presents baseline sleep characteristics comparable to

D.melanogaster.

5.1.5 Response to octopamine is conserved, while dopamine

has potentially diverged

A combination of environmental cues and intrinsic mechanisms shapes behaviour, in-

cluding sleep. Neuromodulators (neurotransmitters, neuropeptides & hormones) coor-

dinate these inputs to drive the appropriate behavioural output. Octopamine, dopamine,

and GABA are neurotransmitters implicated in modulating D.melanogaster sleep, along

with other neurotransmitters and neuromodulators, reviewed in[424], with the former two

bioamines promoting wake and the latter amino acid considered to promote sleep. Many

neuromodulator sleep effects, including octopamine, dopamine, and GABA, appear to

be conserved throughout the animal kingdom. This conservation is often considered

evidence of the shared sleep circuitry within animals and evidence of an ancestral sleep

state that has persisted throughout evolution.

While the baseline characteristics of sleep are primarily shared across the panel, further

examination is needed to clarify whether the underlying mechanisms which regulate and

coordinate sleep are conserved. In order to answer this crucial question, I administered

drug agonists of the above neuromodulators in the fly food and examined their sleep

response.

Firstly, the action of octopamine on Drosophila sleep is generally common across the

panel. Previous D.melanogaster studies demonstrated that octopamine drives arousal

via PKA signalling in the PI region of the fly brain, as the wake-promoting effects

of octopamine feeding were abolished via inhibiting PKA in PI neurons[216]. In this

study, D.melanogaster, D.simulans, D.sechellia, D.erecta, D.willistoni, and D.virilis all
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experienced a decline in sleep with feeding of the octopamine agonist, CDM, suggesting

that the arousal results established in the D.melanogaster model are maintained in

both close and distantly related Drosophilid species. These results agree with studies

of other invertebrates, as a wake-promoting role of octopamine signalling is found in

other insects, and octopamine agonists are commonly implemented as pesticides due to

the increased activity induced by such drugs[425]. In contrast to the other species in this

study, D.yakuba’s sleep was unaffected by the drug treatment, sleeping comparably to

the controls. The seemingly pervasive action of octopamine emphasises the unexpected

result I obtained concerning D.yakuba’s response to CDM feeding.

Secondly, the impact of dopamine manipulation on Drosophilid sleep is disparate, con-

tradicting the general consideration of dopamine as a conserved arousal-promoting

neurotransmitter[426]. Multiple methods of manipulating dopamine signalling, for ex-

ample, mutations in the dopamine transporter[287] or dopamine receptors[427], validate

the action of dopamine in arousal. The results I collected on D.melanogaster sleep

upon feeding with the dopamine precursor, L-dopa, support the previous evidence in

the literature on the wake promotion of dopamine since I found L-dopa treatment to re-

duce daily sleep by 255 min. Remarkably, no other species included in this study were

found to suppress sleep on the L-dopa diet, with D.sechellia and D.willistoni mod-

estly increasing sleep, while D.simulans, D.erecta, D.yakuba, and D.virilis sleep was

unchanged. Considering the consensus of dopamine in arousal from evidence across the

animal kingdom, I found the results obtained on L-dopa rather unusual.

The altered response could be attributed to a variety of factors. For example, the

non-melanogaster species may have elevated dopamine levels at baseline and therefore

are unresponsive to dietary increases. Moreover, several factors could contribute to

reduced bioavailability of the L-dopa drug in the other species, including metabolism

and excretion. It is possible that the species metabolise L-dopa differently, breaking

it down into inactive metabolites, thus showing no influence on sleep. Alterations in

the rate of excretion may also play a role; increased excretion would lower the drug’s

circulation level, potentially causing a highly variable physiological dose across the

panel. To explore these possibilities, future studies should investigate the endogenous

and response to L-dopa levels of dopamine together with the enzymes and amino acids

involved in the dopamine biosynthesis pathway. For instance, ultra performance liquid

chromatography-mass spectrometry as performed in[329] could be employed to aid this

investigation.

Alternatively, the divergence may rest in the postsynaptic targets of dopamine sig-

nalling. In D.melanogaster, the Dop1R receptor is the principal sleep-relevant receptor

in the brain, and the explanation for the differential dopamine response could be based
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on the expression of Dop1R in the non-melanogaster circuits. Further research could

could conceivably introduce the D.melanogaster Dop1R receptor transgenically into the

species to test whether it rescues the canonical L-dopa wake-promoting response.

It was plausible that the other species were not eating the L-dopa food, as a reason-

able explanation could be that L-dopa was not wake-promoting because they were not

consuming the drug. However, I considered this unlikely due to the sleep suppression

found in D.melanogaster and other Drosophilidae to starvation after 12 hours[207]. Nev-

ertheless, I have performed a preliminary experiment to validate species feeding with

a simple blue dye assay. As anticipated, each species engaged in eating the L-dopa

food (data not shown), and therefore a lack of consumption does not justify the diverse

findings of wake promotion, sleep promotion, and no effect across the panel.

5.1.6 THIP feeding has a limited effect on baseline sleep

The ionotropic GABAA agonist THIP had a limited influence on sleep amount in

D.melanogaster. GABA is a prevalent inhibitory neurotransmitter in vertebrate and

invertebrate species alike. Due to its sleep-promoting qualities, GABA circuits are a

popular target for pharmacological intervention on sleep impairments and human dis-

eases associated with altered sleep. A previous study demonstrated that THIP feeding

at concentrations as low as 0.025mg/ml increased daytime sleep in a dose-dependent

manner[428]. However, my results display only a modest increase in the transition from

light to dark. The aforementioned study presented the initial findings on THIP-induced

sleep elevation in females, and the pharmacological results within this thesis were un-

dertaken in males. This detail is significant because male flies exhibit a strong siesta

sleep during the day, whereas females are more active during this period. Therefore,

the lack of sleep promotion generated by THIP feeding may be due to a ceiling effect

of the daytime sleep level exhibited in males.

5.2 Investigating Drosophila homeostatic response

From cnidarians to mammals, a sleep-like state that encompasses the mammalian be-

havioural aspects of sleep has been found in almost every animal tested[1][14][15][76]. The

Drosophila genus presented in this thesis thus far encompasses many of the sleep criteria.

They exhibit circadian-driven preferentially rest in prolonged bouts during the night

phase. Another aspect of sleep behaviour that is necessary for animal quiescence to be

determined as a period of sleep is the existence of homeostatic regulation. Thus, after
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characterising the baseline characteristic of quiescence across the panel, I endeavoured

to examine their response to enforced wakening with a mechanical SD paradigm.

5.2.1 D.melanogaster is the only species to exhibit homeo-

static rebound in response to mechanical sleep depriva-

tion

The D.melanogaster lab strain and wild caught flies exhibited a robust period of re-

bound following 24 hr mechanical SD, in accordance with previous observations in

the literature of mechanical interrogation of D.melanogaster sleep[63][429][204][65]. Re-

markably, each non-melanogaster species encountered a severe loss of sleep without

detectable rebound following the suppression. Analysis of the sleep architecture dur-

ing the ZT0-3 rebound phase revealed that the species did not perform any bouts of

longer duration or increased number to their undisturbed counterparts. The unchanged

structure suggests that the non-melanogaster species are not recovering their sleep in

more consolidated bouts, as observed with the increased length of sleep episodes in the

D.melanogaster lab strain.

In consideration of the differential baseline activity displayed across the species, I ex-

amined their waking activity during the 24 hr mechanical SD. Although there was

considerable contrast in the time allocated to walking and micromoving, the walking

levels of each species were elevated compared to baseline. However, it could be argued

that the absence of rebound in response to mechanical SD is due to the level of physi-

cal exhaustion generated across the 24 hr period, with species that are predominantly

micromoving less fatigued than the predominantly walking groups. In order to address

this, I conducted a long-form SD experiment whereby the flies were exposed to 7 days

of SD to ensure that the flies were adequately exhausted, referred to as chronic SD. In

the first 3 hours following chronic SD, the D.melanogaster lab strain slept 44 min more

than their slept controls. Once again, the D.melanogaster group is the only species to

display a compensatory period of rebound. Despite the extensive course of sleep sup-

pression D.simulans, D.sechellia, D.erecta, D.willistoni, D.yakuba, and D.virilis each

displayed comparable sleep to their undisturbed controls. Moreover, the absence of a

homeostatic sleep response to the mechanical SD persisted in constant darkness, sug-

gesting that the rebound phenotype was not due to the light-promoted arousal at the

onset of the morning. The divergent manifestations across the Drosophila genus of sleep

need in response to SD suggest that the common aspects of their sleep, and likely the

ancestral component shared across the animal kingdom, are derived from the circadian

shaping of sleep-wake cycles. This would support the theories of sleep surrounding its
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adaptive function[79], that is, that sleep emerged as a period of adaptive inactivity. In

this scenario, the homeostatic control may have been later acquired via exaptation and

could plausibly be the reason for the plethora of physiological functions in which sleep

is implicated.

5.2.2 Several species exhibit rebound in response to social

sleep deprivation

Homeostatic control is a widely regarded criterion for sleep behaviour and is required

for a state of rest to qualify as sleep[14]. Considering the ubiquity of sleep across the an-

imal kingdom, I thought it improbable that the entire panel other than D.melanogaster

were devoid of homeostatic sleep regulation. There are many instances where resistance

to sleep loss (i.e., no rebound) has been reported, for example, with the activation of

the wake-promoting octopaminergic neurons[247] or starvation-induced SD[249]. Hence I

monitored modifications in the panel’s sleep behaviour in response to an alternative SD

approach, an ecologically relevant method of social SD. The social SD paradigm har-

nesses the sleep suppression that occurs when two previously isolated males are confined

to a small space within the experimental glass tubes over 12 and 24 hr. The interac-

tions between the focal and intruder two males have been demonstrated to generate

an accumulation of sleep need. In respect of brain-wide elevated synaptic strength[319],

increases in Ca2+ activity in the R5 neurons of the EB, comparable to the levels sus-

tained with mechanical SD[108], and a period of rebound on separation of the male

pairs[319][108]. In this thesis, I executed the social SD technique over 24 hr to establish

whether the non-melanogaster species possessed a sleep homeostat. Comparable to the

results obtained by other researchers using the described method, the D.melanogaster

lab strain and wild caught produced a heightened sleep level on removing the intruder

male from the tube. With this ecologically relevant method, D.simulans now exhibited

a substantial rebound in the ZT0-3 time post-SD, while D.sechellia and D.yakuba had a

significant, albeit modest, elevation in their sleep compared to the slept controls. Thus,

providing evidence that D.simulans, and potentially D.sechellia and D.yakuba possess a

homeostatic mechanism. I have found three species, D.erecta, D.willistoni and D.virilis

that do not display a rebound response within the limits of this study. However, rather

than suggesting the absence of sleep in the non-rebounding species, I hypothesise that

within the appropriate environmental context, the species will accumulate sleep need

and present with the anticipated homeostatic rebound.

The results I have presented in this thesis suggest that the elevated sleep need following

social SD may correlate with their aggressive behaviour. Upon recording and manually
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scoring the interactions during social SD, a tentative relationship emerged between the

proportion of aggressive encounters and the rebound response. In that, the species

with a homeostatic recovery period performed higher levels of aggressive behaviour,

while the non-rebounding species were scarcely found to exhibit fighting tendencies.

Therefore, the waking period over the social SD is qualitatively different across the

Drosophilid species. While linear regression analysis identified a positive correlation

between fighting levels and rebound following social SD, it’s important to note that

the strength of this correlation is constrained due to the model’s limited fit to the

data. Future research could focus on assessing fighting levels during the interaction

and measuring the subsequent increase in sleep during the rebound phase within the

same individuals. This approach would provide a more comprehensive understanding

of the direct influence of aggression on rebound sleep and also generate a larger dataset

for robust correlative analyses. In support of the connection between aggression and

rebound, preliminary experiments suggested that social enrichment in D.melanogaster

prior to interaction abolished recovery sleep (data not shown). It is widely reported in

the literature that social isolation increases aggression and social enrichment suppresses

aggressive behaviour[430][431][432] . A key detail in the social SD approach is that both the

focal and intruder male are isolated for four days before the interactions. The previous

social experience of the fly influences how it responds to the social SD, likely due to

alterations in their aggression levels. In future studies, alterations in the method to

elicit an aggressive response, for example, extending the period of isolation prior to the

interactions, will inform whether the increased sleep need generated by social SD is

shared across the Drosophilid genus.

A 2015 study found that sleep and aggression are coupled, as SD resulted in suppressed

aggression, suggesting that the signals generated by increased sleep need may impact

aggression circuits[218]. However, the study of the influence of aggression on sleep in

Drosophila is largely understudied. Octopamine is a prominent wake[433] and aggression-

promoting[297] neuromodulator, and the intersection of sleep and aggression likely lies

within the octopaminergic system. Indeed, in the Kayser et al.[218] study, feeding with

an octopamine agonist replenished fighting levels after SD. In Section 5.1.5, I established

conservation in the wake-promoting action of octopamine, suggesting potentially shared

octopaminergic circuits in the brain that impact wake and sleep. Therefore, elevated

octopamine signalling may drive wake during the interaction and result in a subsequent

rebound.

In order to test this, I conducted experiments on the influence of octopamine agonist

feeding on their response to mechanical SD. If elevated octopamine levels are respon-

sible for the accumulation during social SD, then modulating octopamine circuits with
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feeding of CDM should result in rebound. This was not the case; contrastingly, CDM

feeding abolished rebound in D.melanogaster flies. This result may be due to limita-

tions in the experimental design, where the flies were kept on CDM food for the entire

experiment, including the rebound period. Therefore the wake-promoting influence

of CDM could have masked the rebound response, supported by the abolished recov-

ery in D.melanogaster. However, conflicting results are found in the literature on the

influence of octopamine on rebound, as one study reported increased sleep following

feeding[433] and another identified that transient activation of octopaminergic neurons

suppressed sleep rebound[371]. Most octopaminergic neurons also release the glutamate

neurotransmitter[434], and thus glutamate transmission with octopamingeric activation

may play a role in the rebound suppression observed by Seidner et al.[371]. Therefore,

the role of octopamine in regulating sleep-wake cycles is complex and requires further

study. Furthermore, as a preliminary experiment, the number of individuals in each

group during the drug feeding mechanical SD were relatively low and thus the observed

results should be validated. Nevertheless, the species of the Drosophila genus offer a

potential playground for studying the influence of aggression and octopamine signalling

on sleep.

5.2.3 Summary

The circadian aspects of the species sleep-wake cycle are generally conserved, suggesting

that the alterations observed in their sleep likely arise from a divergent homeostatic re-

sponse. However, the D.virilis species were arrhythmic in constant conditions, a finding

that has also been found in another study[339]. Therefore the D.virilis alterations that

I observed may stem from their circadian control, likely due to altered PDF expression

in the s-LNvs. Indeed across the panel, widespread impaired homeostatic response to

mechanical SD was observed with the non-melanogaster species. This was true even

in the closely related D.sechellia species, whose baseline sleep patterns were primarily

reminiscent of D.melanogaster. The lack of rebound is unlikely due to an inherent ab-

sence of homeostatic sleep control mechanisms due to the intact rebound found with

the second method of social SD. Mechanistically, the non-existent homeostatic response

to mechanical SD may manifest as a result of modifications in the neurochemical reg-

ulators responsible for coordinating sleep-wake circuits. Indeed, the consequence of

L-dopa feeding was diverse across the panel, with no other species exhibiting the wake-

promoting effects associated with elevated dopamine signalling.

The results I have found across the Drosophila genus indicate that the shared aspects

of sleep, across the genus and potentially the animal kingdom, primarily rest in their
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circadian aspects. This finding supports the notion that sleep initially emerged from

circadian-driven periods of inactivity to ensure an animal is active during the period it

is best suited for to carry out the essential tasks and inactive during the period where

they are at higher risk of predation. It could be that the homeostatic aspects of sleep

then were acquired through evolution, shaped by the environment and ecology, resulting

in the varying manifestations of sleep that are observed across the animal kingdom -

including the duration and physiological functions.

5.3 Examining synaptic strength dynamics

According to the SHY hypothesis, sleep may function as a period where the synaptic

connections accumulated through wake with long-term potentiation are downscaled

to reduce the strain of high synaptic strength on the neurons and organism (energy

consumption, cellular stress, learning)[90]. In order to elucidate the underlying cellular

mechanisms responsible for the contrasting rebound results following mechanical and

social SD between D.melanogaster and the non-melanogaster species investigated in this

study, I interrogated the synaptic strength dynamics following SD across the panel. I

conducted further analysis strictly in D.melanogaster, incorporating the elegant toolbox

available in the model organism.

5.3.1 Mechanical BRP results

Many lines of evidence support the notion that sleep need correlates with synaptic

strength in vertebrates and invertebrates. Thus, it is possible to elucidate the build-

up of sleep need by investigating the level of synaptic strength markers in the brain

following SD . Considering the absence of rebound following mechanical SD in the non-

melanogaster species, I measured the intensity of the synaptic scaffolding protein, BRP,

in the dFB following 24hr of sleep loss. D.melanogaster exhibited elevated levels of BRP

in response to the mechanical method, in accordance with previous findings reported in

the literature[319] [320]. Interestingly, although mechanically induced rebound was absent

for all the non-melanogaster species, their sleep need signal varied. D.erecta, D.yakuba,

D.willistoni and D.virilis showed no measurable change from the slept controls, while

D.simulans and D.sechellia both exhibited increased BRP signal. My initial postulation

was that the lack of rebound observed could be due to the absence of sleep need, which

indeed appears to be the case for the D.erecta, D.yakuba, D.willistoni and D.virilis

flies. These results support the growing evidence of the close connection between sleep

need and synaptic plasticity, as the synaptic strength marker levels post SD correlated
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with the occurrence of rebound. However, contrary to my expectations, the D.simulans

and D.sechellia species exhibited elevated sleep need despite the absence of rebound.

There are various possibilities that would explain these results. Firstly, BRP is a proxy

for elevated synaptic strength due to its role at the presynaptic active zone, but is not

necessarily directly involved with the rebound response. It could be that while the BRP

dynamics are intact in D.simulans and D.sechellia, alterations exist in other synaptic

plasticity markers usually elevated during SD, for example, postsynaptic changes or

alterations in the secretory machinery. This could be investigated further by measuring

changes in the postsynaptic protein Discs large and in the synaptic vesicle associated

proteins synapsin and syntaxin following mechanical SD across the panel. Another

explanation could be that while there may be the associated changes in sleep need

signals in D.simulans and D.sechellia, the downstream mechanisms for sensing these

changes have diverged, and therefore do not respond to the unexpected changes in sleep

need with elevated sleep.

In order to further investigate the influence of changes in synaptic strength on the home-

ostatic response, I manipulated the plasticity mechanics in D.melanogaster neurons and

measured the impact on sleep and homeostasis.

5.3.2 Pan-neuronal knockdown of synaptic plasticity candi-

dates influences baseline sleep

Pan-neuronal KD of the candidate synaptic plasticity GOI produced various sleep phe-

notypes, with fmr1 and rutabaga removal increasing sleep and dunce and orb2 KD

reducing sleep, compared to the nSyb-GAL4 and UAS-GOIRNAi parental controls. Mu-

tations in these genes are also associated with numerous learning and memory defects,

restating the relationship between synaptic plasticity, learning, and sleep.

Fmr1 knockdown

The fragile X messenger ribonucleoprotein 1 gene fmr1 encodes the RNA binding

FMRP protein, and a mutation in humans is related to a neurodevelopmental dis-

order known as fragile X syndrome[435]. In Drosophila, fmr1 mutations cause enhanced

neurotransmission, overgrown dendrites and synaptic boutons, and its expression is

activity-dependent[410]. In this study, I identified that pan-neuronal KD of fmr1 re-

sulted in elevated total sleep, a finding that is corroborated in the literature. Bushey

et al.[436] identified that the amorphic fmr1 mutant had elevated baseline sleep, while

overexpression of fmr1 had the reverse effect, reducing daily sleep. The elevated sleep

associated with fmr1 KD and mutant phenotypes supports the notion that sleep plays

a role in the downscaling of the synaptic potentiation that occurs during wakefulness.
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That is, the heightened functional synaptic plasticity mechanisms reported with fmr1

mutations requires more sleep in order to reduce the increased synaptic connections

acquired during wake.

Contrastingly to what was found in the KD rebound screen in this thesis, the afore-

mentioned study reported that fmr1 amorphic knockout and overexpression eliminated

rebound, whereas I observed intact rebound with pan-neuronal KD. However, Bushey

et al.[436] employed the DAM device for sleep measurements, where the crossing of in-

frared beams indicates movement. In contrast, the sleep measurements in this study

were undertaken with the ethoscope video tracking software, which can capture lower-

magnitude movements that may be missed with infrared beam crossing. The researchers

reported a high level of sleep during the rebound period in the fmr1 mutants during

baseline conditions, and therefore it is plausible that the rebound phenotype observed

was due to increased smaller movements, for example, feeding, that would not result in

an infrared beam break.

Dunce and rutabaga KD

Dunce and rutabaga are the canonical genes identified to impair learning and memory

in forward genetic screens[149][412]. Investigations of their function revealed that they

encode enzymes responsible for the reciprocal regulation of cAMP. Dunce encodes a

phosphodiesterase responsible for cAMP degradation[386], and rutabaga, an adenyl cy-

clase involved in its synthesis[412]. Therefore, mutants or KD of the genes has opposing

influences on cAMP levels, but both have learning and memory impairments. In this

study, the impact of pan-neuronal KD of dunce and rutabaga generated opposite sleep

phenotype results, with cAMP elevations reducing sleep, in the case of dunce KD, and

cAMP reductions, in the case of rutabaga KD, increasing sleep. This finding is echoed

in a 2001 study, where Hendricks et al. demonstrated that manipulations that increase

cAMP signalling or the downstream targets of cAMP signalling, for example, PKA

and CREB2 activity, reduced sleep and vice versa, including the dunce and rutabaga

mutants. Thus, sleep timing is inversely related to cAMP signalling in the brain.

Elevated cAMP levels produce wake, likely due to the downstream effects of elevated

cAMP-PKA signalling. For example, widespread overexpression of PKA in adult neu-

rons reduces sleep, mimicked with PKA overexpression in distinct MB cells; however,

PKA overexpression in another MB GAL4 driver increased sleep[272]. Since this finding

in 2006, the distinct MB circuits responsible for sleep and wake promotion have been

identified. The influence of cAMP-PKA signalling on sleep is not restricted to the MB.

PKA mediates wake-promotion in the PI in response to octopamine signalling, and

cAMP activity downstream of the Dop1R receptor in the dFB inhibits dFB activity,
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inducing wake[437]. Dopamine is a prominent wake-promoting molecule, which exerts

its effect by binding to G-protein coupled receptors that modify cAMP signalling [438].

Indeed, inhibition of dunce in a pair of serotonergic projection neurons was found to

stimulate the cAMP-PKA pathway, activating downstream DAN neurons and facili-

tating the formation of long-term memory in the MB[439]. Therefore, it is possible

that the KD of dunce and rutabaga is influencing wake-promoting dopamine (or other

neurotransmission) signalling in the brain.

Other baseline sleep alterations

The baseline sleep phenotypes I discussed here are based on the significant change

compared to both parental controls. There are some instances where the GOI KD

produced significantly elevated sleep compared to the UAS-GOIRNAi control, but the

levels were indistinguishable from the nSyb-GAL4. Differences in baseline sleep level of

parental controls are often found in the literature, primarily as a result of background

variability[246][440][441]. The RNAi lines are all sourced from the same VDRC KK library

and therefore generated in the same host strain, while the nSyb-GAL4 construct was

likely inserted in an alternate background and resulting in the observed changes in the

GAL4 and UAS-GOIRNAi controls.

5.3.3 Pan-neuronal knockdown of synaptic plasticity candi-

dates influences sleep homeostasis

Pan-neuronal KD of dunce, synapsin, orb2, and appl resulted in impaired rebound. The

lack of rebound generated with genes that have associated roles in synaptic plasticity

strengthen the building picture found in this study and others on the relationship

between synaptic strength and sleep need. Further investigation of the phenotypes

generated with dunce and synapsin with targeted GAL4 KD in established sleep and

wake centres in the Drosophila brain revealed the requirement of the genes in shared

(PAM DANs) and distinct (dFB) circuits for the homeostatic response to mechanical

SD. While demonstrating the role of cAMP signalling and neurotransmission in sleep

homeostasis throughout the brain and in the PAM DANs and dFB circuits, further

study is needed in order to interpret the mechanisms underlying these findings. Herein,

I will discuss the results of dunce and synapsin and provide examples of potential

lines of investigation based on evidence from the literature on the gene function and

downstream targets on the neuronal cells. However, these lines of reasoning are highly

speculative.

Pan-neuronal dunce knockdown attenuated mechanical rebound
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The rebound found in wild-type flies after mechanical SD was attenuated with pan-

neuronal KD of dunce, while the homeostatic response persisted in rutabaga KD flies.

Hendricks et al. reported that dunceML mutants exhibited a rebound reduction while

rutabaga mutants abolished rebound; however, the data was not shown. I tested the

response of another dunce mutant, dunce1, to mechanical SD and found a strong re-

bound. While unexpected, the mutant results are likely due to the type of mutation

in the dunce1 flies. Dunce is seemingly expressed in all tissues within the fly[442], and

many amorphic mutations cause female sterility in flies[443]. The dunce1 mutant used in

this study is hypomorphic, where levels of the dunce cAMP phosphodiesterase product

are reduced to 51% of the Canton-S wild-type levels[444]. This perhaps offers an expla-

nation for the disparity in results we see here with the KD and mutant response, as the

remaining levels of cAMP phosphodiesterase in the brain may mask the impact of the

removal of the dunce gene. However, the efficiency of the RNAi mediated KD of dunce

has not been established in order to confirm whether this is the case.

While few studies directly measure the rebound response of dunce and rutabaga ma-

nipulations, comparisons in the effect of cAMP signalling on rebound sleep in the liter-

ature can be explored due to the inverse impacts on cAMP signalling in the dunce and

rutabaga flies. For example, another learning and memory gene with a suspected role

in sleep regulation is amnesiac, which likely encodes a human neuropeptide orthologue

of PACAP and mediates L-type Ca2+ channels via cAMP signalling. PKA activity is

enhanced in amnesiac mutants, with a short sleeping and lack of rebound phenotype,

providing another example of where elevated cAMP-dependent PKA activity impacts

rebound[445]. However, amnesiac expression is restricted to a small number of neurons,

the dorsal paired medial cells, and thus does not resemble the widespread elevation in

PKA activity likely associated with pan-neuronal dunce KD. Huntington disease mod-

els in flies have associated sleep phenotypes, including an impaired rebound in response

to mechanical SD, which has been shown to be restored by genetically decreasing PKA

levels[446].

Pan-neuronal synapsin knockdown abolished mechanical rebound

In this study, pan-neuronal synapsin KD abolished rebound following mechanical SD,

with no effect on baseline sleep amount. Synapsin encodes a phosphoprotein that

forms a complex with the endocytic scaffolding protein Dap160, sustaining the reserve

synaptic vesicle pool, and mobilising the reserve vesicles with increased action poten-

tial firing[447]citeme. Synapsin mutants show defects in complex behavior, including

degraded learning and memory[393], likely due to impaired functional synaptic plas-

ticity in the absence of the synapsin phosphoprotein[391][392]. Furthermore, synapsin

levels in the brain have been found to increase upon SD[319], alongside the active zone
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scaffolding protein BRP. Therefore, the lack of rebound may be due to reduced neuro-

transmitter release and synaptic strength during SD , attenuating the accumulation of

sleep need and initiation of rebound.

Pan-neuronal KD diminished daytime sleep

The dunce, synapsin and orb2 nSyb-GAL4 driven KD resulted in a significant reduc-

tion of daytime sleep, primarily manifested thought bouts of comparable or increased

length, alongside a reduction in bout number. Consequently, it could be speculated

that the abolished rebound identified in the aforementioned genes may be attributed

to a stronger arousal drive during the rebound phase, as indicated by the diminished

sleep time. However, a reduction in daytime sleep does not reliably predetermine the

loss of recovery sleep following SD, as evidenced by the case of starrynight KD. In this

instance, the flies exhibited a pronounced daytime sleep suppression, one more severe

than dunce and synapsin KD, yet maintained an intact rebound response to mechan-

ical SD. Furthermore, in all KD groups, socially induced sleep loss elicited a rebound

response regardless of the baseline sleep level. While these observations provide sup-

port that the abolished rebound in dunce and synapsin is unlikely to be solely due

to the overall reduction in sleep during that period, further studies should investigate

their role in the control of early morning sleep and arousal. Such studies will hopefully

generate insight into whether the observed rebound phenotypes are due to a key role

in homeostasis or circadian driven arousal.

Dunce and synapsin are required in the PAM DANs for mechanical

rebound

Further interrogation of the dunce and synapsin KD rebound phenotype revealed that

the genes are required in the MB innervating DAN PAM neurons for wild-type levels

of rebound sleep, as KD with the R58E02-GAL4 resulted in impaired recovery. This

result may arise due to an impaired ability to initiate or maintain sleep need or the

disruption in the build-up of sleep need. Synapsin has a specified role in synaptic

vesicle release and KD results in impaired mobilisation of the synaptic vesicle reserve

pool, limiting neurotransmitter release upon intense stimulation. However, the elevated

cAMP with the dunce KD and subsequent PKA signalling likely has myriad downstream

implications due to the wide-reaching effects of PKA phosphorylation mechanisms.

In this section, I will speculate about possible mechanisms that may cause the observed

rebound phenotype. Firstly in the event of increased neurotransmission from the PAM

DANs with elevated cAMP in dunce KD and secondly with reduced synaptic efficacy

in the case of both dunce and synapsin KD.

Sitaraman et al.[114] established that thermogenetic activation of multiple classes of
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PAM neurons results in decreased sleep, and R58E02 labelled neurons were required

for the wake-promoting effect. Activation of PAM DANs with R58E02-LexA elevates

the activity of the wake-promoting MBON-γ5β’2a/β’2mp/β’2mp bilateral, mediated

by the Dop1R receptor, and thus DAN input from the PAM DANs likely activates the

MBON-γ5β’2a/β’2mp/β’2mp bilateral circuit[114]. Interestingly, the same group iden-

tified that this wake-promoting MBON converges on the same downstream target as a

sleep-promoting MBON-γ2α’1, with the synaptic weight of either circuit likely deter-

mining whether the downstream target promotes sleep or wake[275]. It is reported that

the activity of the sleep-promoting MBON-γ2α’1 increases with sleep need and is essen-

tial for normal rebound sleep[275]. It is possible that the elevation in cAMP in the PAM

DANs upon dunce KD results in increased synaptic transmission, with elevated neuro-

transmitter release at the neuromuscular junction reported in dunce mutants[448].The

impaired homeostatic response elicited with KD of dunce may arise due to downstream

enhanced activity in the wake-promoting MBON-γ5β’2a/β’2mp/β’2mp bilateral cir-

cuit, overriding the MBON-γ2α’1 sleep-promoting signal and thus inhibiting rebound.

Indeed, TrpA1 activation of the MBON-γ5β’2a/β’2mp/β’2mp bilateral circuit has been

reported to suppress homeostatic rebound sleep[275].

However, this is highly speculative and relies on the assumption that dunce KD in the

PAM DANs elevates neurotransmitter release. While this is supported by evidence

in the literature of dunce mutants[448], I have not confirmed this in this study with

dunce knockdown. The elevated PKA signalling likely induced with cAMP elevation

has a multitude of downstream targets, including the phosphorylation of transcriptional

activators that affects the synthesis of many proteins. Evidence from the mouse hip-

pocampus suggests that PKA signalling can result in the synthesis of phosphatases,

which have competing actions on protein function to PKA, catalysing the removal of

phosphate groups from proteins and potentially reducing the effects of cAMP PKA

signalling[449][400]. In addition, while neurotransmitter release is elevated at the neu-

romuscular junction, the dunce mutants were found to have impaired long-term po-

tentiation and failed to recruit synaptic vesicles from the reserve pool upon intense

stimulation[448][450].

An alternative interpretation of the PAM DAN KD results is that a reduction in synap-

tic efficacy in the MB innervating neurons disrupts the build-up of sleep need. This

speculation is supported by the finding that synapsin KD exhibits similar rebound

deficits.

A 2021 study established that the MB lobes undergo synaptic scaling during mechan-

ical SD, which is diminished after induced rest with dFB activation[277]. Interestingly,

starvation-induced SD did not incur the changes in synaptic strength, suggesting that
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the scaling correlated with high sleep need and not simply sleep loss, as starvation-

induced sleep suppression is thought to occur without increasing sleep pressure[201].

The synaptic strength elevation was not found throughout the MB, and subpopula-

tions of MB KCs were responsible for the overall elevation[277]. Interrogation of the

PAM & PPL1 DANs that innervate the MB revealed comparable synaptic scaling upon

mechanical SD, suggesting that the MB DANs alongside the MB increase in synaptic

strength with growing sleep pressure and may signal to downstream targets to induce

homeostatic rebound sleep. Therefore, the result I report here of synapsin KD in the

PAM DANs highlights the importance of prolonged neurotransmission in this circuit

during SD for rebound. One explanation could be that the continued signalling to the

MB neurons from the PAM DANs is required for the synaptic scaling in the subpop-

ulations in the MB and necessary for the accumulation of sleep need. KD of dunce

in this circuit may elicit comparable impairments in the synaptic efficacy of the PAM

DAN signalling. Indeed, synapsin is a known target of PKA[384] and synapsin and

dunce mutations are both reported to have impaired synaptic vesicle release[450][391]. In

future studies, the requirement of the PAM DANs in the build-up of sleep need should

be investigated in terms of the impact of silencing the neurons on rebound and the

synaptic scaling in the MB circuit. Additionally, investigating the effect of dunce and

synapsin KD on the synaptic efficacy of neurons, and the influence on the activity of

downstream targets, for example, with genetically encoded fluorescent Ca2+ reporters,

will provide insight into the mechanisms underlying the rebound phenotype.

Interestingly KD of synapsin and dunce in the entire MB lobes had no impact on

rebound, suggesting that mobilisation of the reserve pool is important in the PAN DANs

for effective communication of sleep need, but not in the MB. However, the MBONs

are found to have discrete sleep and wake-promoting roles, and the synaptic weight of

the inputs likely coordinates the behavioural output. Thus, specific investigations of

the distinct circuits may yield more informative results. It is peculiar that impaired

synaptic vesicle release from the other known homeostatic centres, the EB and dFB,

had no impact on rebound sleep. The firing of the R5 neurons of the EB correlates with

sleep drive[254], and thus one might expect that impaired neurotransmitter release at

higher rates of action potentials, as observed with synapsin mutants[392], would abolish

rebound. The investigation of the effect of synapsin KD on neurotransmitter release in

the EB and the resulting influence on the activity of the downstream dFB may provide

information on the communication between the centres.

cAMP homeostasis is required in the dFB for mechanical rebound

While the impact of dunce and synapsin KD elicited similar phenotypes in the PAM

DANs, the result was diverse when driven in the dFB. Dunce, and not synapsin, was
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required in the ExFl2 neurons for a conventional rebound response.

The dFB is often considered the output arm of the sleep homeostat and is a sleep-

promoting centre required for the building sleep need in the EB to affect sleep. TrpA1

activation of ExFl2 neurons labelled with the R72G06-GAL4 elevated sleep, and si-

lencing with another dFB driver, the 104y-GAL4, via expression of a leak K+ channel

reduced sleep[258]. The ExF12 neurons were found to be required for sleep promotion

following activation of the R5 EB neurons. The R5 EB neurons have been found to

increase in activity with extended wakefulness, measured by levels of Ca2+, and thus

synaptic properties of the R5 circuit are correlated with growing sleep pressure. The

increasing sleep need is found to be translated into sleep via activation of the ExFl2

dFB neurons[254].

DAN input into the dFB has been demonstrated to inhibit the dFB via the Dop1R1[258]

and Dop1R2[451] receptors. D1-like DAN receptors are known to increase cAMP levels,

and transgenically increasing PKA activity with the 104y-GAL4 dFB driver has been

shown to reduce sleep time[258]. Further investigations by Pimentel et al.[451] discovered

that dopamine hyperpolarizes the dFB neurons via the Dop1R2 receptor mediated by

the regulation of potassium conductances. Therefore, the dunce KD and likely cAMP

elevation in the ExF12 may inhibit the neurons via increased PKA signalling, reducing

their activity and abolishing rebound. There is also evidence of recurrent circuitry in

the R5 EB and Exfl2 homeostatic mechanism, mediated by helicon cells which respond

to visual input and play a permissive role in locomotion via activation of the R5 neurons

of the EB[266]. The helicon cells are inhibited by AstA transmission from the ExF12

neurons during sleep, inhibiting the helicon cells influence on R5 neurons and blocking

locomotion. Therefore, the lack of inhibitory AstA signalling from potentially reduced

electrical excitability in the dFB with dunce KD could elevate locomotion and block

homeostatic sleep. Once again, these are highly speculative, and further investigation

of the mechanisms by which cAMP elevation impacts synaptic plasticity and sleep in

specific circuits is essential. Nevertheless, these results reiterate the impact of disrupted

cAMP homeostasis on baseline and rebound.

5.3.4 Rebound after social sleep deprivation is resistant to the

synaptic plasticity manipulations

While candidate genes were found to impair rebound post-mechanical SD, all KD geno-

types exhibited a normal response to social SD. This result highlights the disparity

between the types of SD and supports the growing picture that there are likely multiple

circuits that mediate homeostatic control in response to different environmental cues.
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Previous results in the literature have demonstrated that the social SD method results in

synaptic scaling, with elevated BRP at the end of the deprivation period[319]. Therefore,

increases in synaptic strength are associated with social sleep loss, but the manipula-

tions of synaptic plasticity included in my screen were unnecessary for rebound. The

above small RNAi screen revealed that alterations in synaptic plasticity likely have

different implications depending on the circuit, with both dunce and synapsin impair-

ments removing rebound in the PAM DANs. However, only dunce KD generatated a

phenotype in the dFB. Further investigations of the social SD method should inves-

tigate the circuit by which sleep need is sensed and output. One method by which

this can be achieved is by transiently silencing candidate neuronal populations during

the sleep loss and recovery in order to identify the circuits required for the social SD

rebound response.

Social enrichment increases sleep need, resulting in elevated markers of synaptic strength

and overall elevated sleep levels after enrichment. One may elucidate that the rebound

observed after social SD may result from accumulated sleep need via social enrichment.

However, mutants for the genes dunce [452] and rutabaga [399] have both been shown to

be resistant to social enrichment-induced alterations in sleep, sleeping comparably to

their isolated controls. However, I have demonstrated here that in the case of pan-

neuronal KD of these genes, the increases in sleep post-social SD remain. Suggesting

social SD-induced rebound is not due to the increased sleep previously reported with

social enhancement. As mentioned in Section 5.2.2, the social SD rebound may occur

due to an influence of aggression sleep.

5.3.5 Summary

The absence of homeostatic rebound in the non-melanogaster Drosophila species in-

cluded in this study appears to be due to an alteration in the generation of, or response

to, the sleep need signal usually accumulated during mechanically interrupted sleep

loss. This is evidenced by the lack of rebound across the panel and varied changes

in the synaptic strength marker, BRP. Further interrogation of the synaptic strength

dynamics in the D.melanogaster species revealed that cAMP homeostasis was neces-

sary for the mechanically induced rebound, as KD of dunce pan-neuronally along with

in the PAM DAN and dFB neurons resulted in absent rebound response. Dunce is

responsible for the degradation of cAMP, and the mutant has been found to exhibit

elevated overall cAMP levels. The impaired rebound, at the pan-neuronal level, ap-

pears specific to elevated cAMP levels, as pan-neuronal KD of rutabaga, responsible

for cAMP synthesis and associated with overall reduced levels, had an intact rebound
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response. Widespread KD of synapsin and targeted KD in the PAM DANs resulted in

comparable results of the dunce manipulations, with no detectable rebound. Synapsin

is required for synaptic vesicle release from the reserve pool upon intense stimulation.

Moreover, dunce mutants are found to have impaired synaptic vesicle release, and the

synapsin protein is a downstream target of cAMP-PKA mechanisms. Therefore, the

equivalent results obtained with synapsin and dunce KD in the PAM DANs may be

due to presynaptic cAMP-mediated synaptic plasticity alterations (neurotransmitter

release). While the impaired rebound found with KD of dunce in the dFB could be a

result of cAMP-mediated reduction in the activity of the dFB at the pre-synapse.

5.4 Limitations

5 min rule of sleep

In D.melanogaster, sleep is defined as a 5 min bout of immobility established from

repeated findings that arousal thresholds were significantly elevated after this time[67][94].

In this study, the 5 min criterion was applied to the other non-melanogaster species, and

therefore the 5 min rule may not be appropriate for the measurement of D.simulans,

D.sechellia, D.erecta, D.yakuba, D.willistoni, and D.virils sleep. However, the fact that

I can measure increases in sleep in a selection of non-melanogaster after social SD

rebound partly supports that the 5 min rule is adequate in capturing sleep across the

panel. Future studies could investigate the arousal thresholds during the length of an

immobility bout to confirm that the non-melanogaster exhibit a comparable decrease

in response to stimuli.

Arousal

In this study, I have measured the response to SD in terms of the increased level of

sleep following sleep loss, a widely utilised parameter to establish rebound. However,

sleep duration is only one aspect of rebound, and it is known, particularly in mammals,

that individuals can recover from SD with sleep episodes of greater depth[453][67][423]. I

accounted for the depth of sleep episodes to some degree by calculating the length and

number of sleep bouts during the rebound phase. With this approach, bouts of longer

length would provisionally indicate greater sleep depth. Across my investigations, the

sleep architecture following SD was unchanged to undisturbed controls, and therefore,

within the scope of this thesis, there were no detectable changes in sleep intensity. In

the future, researchers should incorporate arousal measurement to stimuli during the

rebound phase to further investigate the Drosophilid rebound.

Environmental conditions
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It is essential in the study of behaviour and sleep that the environmental conditions

are strictly controlled to restrict the variables that could influence the measured phe-

notypes, particularly considering the impact of external factors on sleep. I tightly

managed the environmental settings of the experiments presented in this study, con-

trolling for light, diet, temperature, and humidity. The behavioural experiments were

performed in a temperature-controlled incubator, with a 12:12 hr LD cycle (or DD) and

humidity of 50-70%. In each incubator, the ethoscopes contained individuals from each

Drosophila species and were organised irregularly between the arenas to remove any (un-

likely) influence of the position in the arena on the sleep and activity measurements.

The raised and experimental diets were equal within every experiment, consisting of

either the standard food or a potato starch supplemented diet. However, considering

the differential ecological niches that the Drosophild panel occupies, the environmen-

tal conditions considered optimum for D.melanogaster may only apply to some of the

species. For example, D.sechellia, D.erecta, and D.virilis are specialist species and feed

on the Morinda fruit, Pandanus fruit, and slime flux of decaying trees, respectively.

Therefore, there may be more suitable diets; however, within the bounds of this study,

I thought it essential to control the diet due to the considerable impact of yeast and

sucrose levels on D.melanogaster sleep[454]. Future explorations should interrogate the

sleep and activity across the Drosophila genus on various diets. A similar argument

could be made for temperature, light cycles, and humidity as the species inhabit vast

climates. A 2022[349] study demonstrated that D.simulans, D.erecta, D.yakuba, and

D.willistoni showed a locational preference for lower temperatures(18◦C-23◦C). How-

ever, D.melanogaster, D.virilis, and D.sechellia all preferred the temperature used in

this study, 25◦C. Therefore, it is unlikely that the controlled temperature settings in

this experiment are related to the striking alterations in the rebound that was observed.

Body size and relative movement in experimental tubes

The Drosophila species included in this study exhibit variations in their overall body

size. Notably, the D.virilis group are considerably larger and this could influence the

sleep and activity measured in this specific species. This issue is highlighted in Fig-

ure 3.5 where an increase in estimated size corresponds to an increase in sleep, and

therefore a reduction in movement. There is a possibility that their size limits their

mobility, leading to the observed elevated sleep levels. However, reduced activity can

be found with direct visual observation of the D.virilis flies in their stock vials. It is

important to determine whether the elevated sleep found in D.virilis is physiologically

related to their size, potentially tied to metabolic rate, or if can be attributed to a

confounding factor related to the size of the experimental tube. Future studies involv-
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ing D.virilis and other larger Drosophila species should ensure the experimental arena

provides adequate space and is appropriately controlled relative to the mean species

size.

Aggression scoring

The aggression scoring was carried out manually by three researchers and included

monitoring the incidence of fighting behaviour during 15 min in 1 min bins at ZT0, ZT6,

ZT11.75, ZT12, ZT18, and ZT23.75. This approach was reasonable for estimating the

amount of fighting across the panel. Still, it is plausible that the timing rather than the

fighting levels were altered, as the videos only captured a subset of the 24hr period. On

top of this, discrimination between the discrete aggressive behaviours usually performed

in a D.melanogaster aggressive encounter were not scored. The automated monitoring

and analysis CADABRA software, commonly used for the interrogation of aggression

and courtship behaviour[455][456], could be utilised in future research to investigate not

only aggression during social SD but to understand how aggression manifests differently

across Drosophilids.

5.5 Impact and outlook

This study introduces the Drosophila genus as a potential framework for interrogating

sleep regulatory mechanisms from an evolutionary perspective, characterising sleep and

response to SD across a panel of 7 Drosophila species. Alongside the well-established

D.melanogaster model, I presented sleep’s circadian and homeostatic aspects in closely

and distantly related species - D.simulans, D.sechellia, D.erecta, D.yakuba, D.willistoni,

and D.virilis. Studying the neuromodulatory underpinnings and homeostatic rebound

in the Drosophila genus revealed striking disparities. Firstly, while the wake-promoting

effect of octopamine was generally conserved across the panel, dopamine did not ap-

pear to drive arousal in the non-melanogaster species, suggesting alterations in the

dopaminergic signalling in the Drosophilid brain. Secondly, the accumulation of sleep

need and the corresponding rebound in response to substantial sleep suppression with

mechanical SD was solely exhibited in the D.melanogaster species. However, imple-

menting an ecologically relevant method of social SD demonstrated that a selection

of the panel possesses a homeostatic sleep mechanism, presenting with a rebound re-

sponse (D.simulans, D.sechellia, and D.yakuba). These results indicate that divergent

homeostatic mechanisms could be responsible for regulating sleep in the Drosophilids.

Furthermore, utilising the D.melanogaster model, I corroborated the literature find-

ings that activity-dependent synaptic plasticity mechanisms are required for rebound

following mechanical SD: with alterations in cAMP degradation and the maintenance
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and mobilisation of the synaptic vesicle reserve pool resulting in impaired rebound re-

sponse. Interestingly, the mechanisms of synaptic plasticity implicated in response to

mechanical SD were not necessary for social SD-induced rebound. This finding mim-

icked the results in the Drosophila genus, where D.simulans, D.sechellia, and D.yakuba

were resistant to mechanical SD but appeared to have a strong (D.simulans) or modest

(D.sechellia and D.yakuba) rebound following social SD. These results present a causal

relationship between alterations in the dynamics of synaptic strength in the observed

changes in the homeostatic sleep mechanism. Although, a further detailed investi-

gation is required in the Drosophila species to confirm if such alterations are indeed

responsible for the divergence. For example, the generation of CRISPR mutants of the

synaptic plasticity-associated genes included in this study or other key players in the

D.melanogaster homeostatic response. Moreover, mutants in their dopamine receptors

could enlighten the role of dopamine in the sleep-wake cycle in the non-melanogaster

species.

The horizontal comparative analysis, which I have presented here, establishes that the

Drosophila genus offers a novel approach to the study of sleep. Future investigation

will benefit from the development of equivalent tools available in the D.melanogaster

species for an in-depth systematic interrogation of the underlying genetic, molecular,

and cellular mechanisms that have given rise to sleep variability across the Drosophila

genus and potentially the animal kingdom.
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“Evolution of wakefulness, sleep and hibernation: From reptiles to mammals,”

Neuroscience & Biobehavioral Reviews, vol. 34, pp. 1144–1160, July 2010.

[100] W. J. Joiner, “Unraveling the evolutionary determinants of sleep,” Current biology

: CB, vol. 26, pp. R1073–R1087, Oct. 2016.

[101] J. M. Siegel, P. R. Manger, R. Nienhuis, H. M. Fahringer, and J. D. Petti-

grew, “Monotremes and the evolution of rapid eye movement sleep,” Philosoph-

ical Transactions of the Royal Society of London. Series B: Biological Sciences,

vol. 353, pp. 1147–1157, July 1998.

[102] M. G. Frank, R. H. Waldrop, M. Dumoulin, S. Aton, and J. G. Boal, “A Pre-

liminary Analysis of Sleep-Like States in the Cuttlefish Sepia officinalis,” PLOS

ONE, vol. 7, p. e38125, June 2012.

[103] N. Gravett, A. Bhagwandin, R. Sutcliffe, K. Landen, M. J. Chase, O. I. Lyamin,

J. M. Siegel, and P. R. Manger, “Inactivity/sleep in two wild free-roaming African

elephant matriarchs – Does large body size make elephants the shortest mam-

malian sleepers?,” PLOS ONE, vol. 12, p. e0171903, Mar. 2017.

[104] X. Zhao, H. Sun, Z. Tang, J. Flanders, S. Zhang, and Y. Ma, “Characterization

of the sleep architecture in two species of fruit bat,” Behavioural Brain Research,

vol. 208, pp. 497–501, Apr. 2010.

[105] J. M. Siegel, “Clues to the functions of mammalian sleep,” Nature, vol. 437,

pp. 1264–1271, Oct. 2005.

[106] O. Lyamin, J. Pryaslova, P. Kosenko, and J. Siegel, “Behavioral aspects of sleep

in bottlenose dolphin mothers and their calves,” Physiology & Behavior, vol. 92,

pp. 725–733, Nov. 2007.

[107] O. I. Lyamin, P. O. Kosenko, S. M. Korneva, A. L. Vyssotski, L. M. Mukhametov,

and J. M. Siegel, “Fur Seals Suppress REM Sleep for Very Long Periods without

Subsequent Rebound,” Current Biology, vol. 28, pp. 2000–2005.e2, June 2018.

[108] E. J. Beckwith, Q. Geissmann, A. S. French, and G. F. Gilestro, “Regulation of

sleep homeostasis by sexual arousal,” eLife, vol. 6, p. e27445, 2017.

163



Bibliography

[109] C. Cirelli, “The genetic and molecular regulation of sleep: from fruit flies to

humans,” Nature Reviews Neuroscience, vol. 10, pp. 549–560, Aug. 2009.

[110] W. Norton and L. Bally-Cuif, “Adult zebrafish as a model organism for be-

havioural genetics,” BMC Neuroscience, vol. 11, p. 90, Aug. 2010.

[111] S. Ly, A. I. Pack, and N. Naidoo, “The neurobiological basis of sleep: Insights

from Drosophila,” Neuroscience & Biobehavioral Reviews, vol. 87, pp. 67–86, Apr.

2018.

[112] C. N. Chiu and D. A. Prober, “Regulation of zebrafish sleep and arousal states:

current and prospective approaches,” Frontiers in Neural Circuits, vol. 7, p. 58,

Apr. 2013.

[113] Q. Liu, S. Liu, L. Kodama, M. R. Driscoll, and M. N. Wu, “Two Dopaminer-

gic Neurons Signal to the Dorsal Fan-Shaped Body to Promote Wakefulness in

Drosophila,” Current Biology, vol. 22, pp. 2114–2123, Nov. 2012.

[114] D. Sitaraman, Y. Aso, G. M. Rubin, and M. N. Nitabach, “Control of Sleep by

Dopaminergic Inputs to the Drosophila Mushroom Body,” Frontiers in Neural

Circuits, vol. 9, p. 73, Nov. 2015.

[115] A. Crocker, M. Shahidullah, I. B. Levitan, and A. Sehgal, “Identification of a

Neural Circuit that Underlies the Effects of Octopamine on Sleep:Wake Behavior,”

Neuron, vol. 65, pp. 670–681, Mar. 2010.

[116] K. M. Parisky, J. Agosto, S. R. Pulver, Y. Shang, E. Kuklin, J. J. L. Hodge,

K. Kang, X. Liu, P. A. Garrity, M. Rosbash, and L. C. Griffith, “PDF Cells

Are a GABA-Responsive Wake-Promoting Component of the Drosophila Sleep

Circuit,” Neuron, vol. 60, pp. 672–682, Nov. 2008.

[117] W. Yi, Y. Zhang, Y. Tian, J. Guo, Y. Li, and A. Guo, “A Subset of Cholinergic

Mushroom Body Neurons Requires Go Signaling to Regulate Sleep in Drosophila,”

Sleep, vol. 36, pp. 1809–1821, Dec. 2013.

[118] G. Seidner, J. E. Robinson, M. Wu, K. Worden, P. Masek, S. W. Roberts, A. C.

Keene, andW. J. Joiner, “Identification of Neurons with a Privileged Role in Sleep

Homeostasis in Drosophila melanogaster,” Current Biology, vol. 25, pp. 2928–

2938, Nov. 2015.

[119] J. Tomita, T. Ueno, M. Mitsuyoshi, S. Kume, and K. Kume, “The NMDA Re-

ceptor Promotes Sleep in the Fruit Fly, Drosophila melanogaster,” PLOS ONE,

vol. 10, p. e0128101, May 2015.

164



Bibliography

[120] J. E. Zimmerman, M. T. Chan, O. T. Lenz, B. T. Keenan, G. Maislin,

and A. I. Pack, “Glutamate Is a Wake-Active Neurotransmitter in Drosophila

melanogaster,” Sleep, vol. 40, p. zsw046, Feb. 2017.

[121] C. Cirelli, C. M. Gutierrez, and G. Tononi, “Extensive and Divergent Effects of

Sleep and Wakefulness on Brain Gene Expression,” Neuron, vol. 41, pp. 35–43,

Jan. 2004.

[122] C. Cirelli, T. M. LaVaute, and G. Tononi, “Sleep and wakefulness modulate gene

expression in Drosophila,” Journal of Neurochemistry, vol. 94, no. 5, pp. 1411–

1419, 2005.

[123] M. Mackiewicz, K. R. Shockley, M. A. Romer, R. J. Galante, J. E. Zimmerman,

N. Naidoo, D. A. Baldwin, S. T. Jensen, G. A. Churchill, and A. I. Pack, “Macro-

molecule biosynthesis: a key function of sleep,” Physiological Genomics, vol. 31,

pp. 441–457, Nov. 2007.

[124] S. T. Harbison, M. A. Carbone, J. F. Ayroles, E. A. Stone, R. F. Lyman, and

T. F. C. Mackay, “Co-regulated transcriptional networks contribute to natural

genetic variation in Drosophila sleep,” Nature Genetics, vol. 41, Mar. 2009.

[125] S. T. Harbison, L. J. McCoy, and T. F. Mackay, “Genome-wide association study

of sleep in Drosophila melanogaster,” BMC Genomics, vol. 14, p. 281, Apr. 2013.

[126] T. Allison and D. V. Cicchetti, “Sleep in mammals: Ecological and constitutional

correlates,” Science, vol. 194, pp. 732–734, 1976.

[127] N. C. Rattenborg, S. L. Lima, and C. J. Amlaner, “Facultative control of avian

unihemispheric sleep under the risk of predation,” Behavioural Brain Research,

vol. 105, pp. 163–172, Nov. 1999.

[128] J. A. Lesku, N. C. Rattenborg, M. Valcu, A. L. Vyssotski, S. Kuhn, F. Kuemmeth,

W. Heidrich, and B. Kempenaers, “Adaptive sleep loss in polygynous pectoral

sandpipers,” Science (New York, N.Y.), vol. 337, pp. 1654–1658, Sept. 2012.

[129] J. Horne, “REM sleep, energy balance and ‘optimal foraging’,” Neuroscience &

Biobehavioral Reviews, vol. 33, pp. 466–474, Mar. 2009.
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[215] E. Murillo-Rodŕıguez, R. Haro, M. Palomero-Rivero, D. Millán-Aldaco, and

R. Drucker-Coĺın, “Modafinil enhances extracellular levels of dopamine in the nu-

cleus accumbens and increases wakefulness in rats,” Behavioural Brain Research,

vol. 176, pp. 353–357, Jan. 2007.

[216] A. Crocker and A. Sehgal, “Octopamine Regulates Sleep in Drosophila through

Protein Kinase A-Dependent Mechanisms,” The Journal of Neuroscience, vol. 28,

pp. 9377–9385, Sept. 2008.

[217] C. Dubowy, K. Moravcevic, Z. Yue, J. Y. Wan, H. P. Van Dongen, and A. Sehgal,

“Genetic Dissociation of Daily Sleep and Sleep Following Thermogenetic Sleep

Deprivation in Drosophila,” Sleep, vol. 39, pp. 1083–1095, May 2016.

[218] M. S. Kayser and D. Biron, “Sleep and Development in Genetically Tractable

Model Organisms,” Genetics, vol. 203, pp. 21–33, May 2016.

174



Bibliography

[219] R. W. McCarley, “Neurobiology of REM and NREM sleep,” Sleep Medicine,

vol. 8, pp. 302–330, June 2007.

[220] B. van Swinderen, D. A. Nitz, and R. J. Greenspan, “Uncoupling of Brain Activity

from Movement Defines Arousal States in Drosophila,” Current Biology, vol. 14,

pp. 81–87, Jan. 2004.

[221] M. H. W. Yap, M. J. Grabowska, C. Rohrscheib, R. Jeans, M. Troup, A. C. Paulk,

B. van Alphen, P. J. Shaw, and B. van Swinderen, “Oscillatory brain activity in

spontaneous and induced sleep stages in flies,” Nature Communications, vol. 8,

p. 1815, Nov. 2017.

[222] L. A. L. Tainton-Heap, L. C. Kirszenblat, E. T. Notaras, M. J. Grabowska,

R. Jeans, K. Feng, P. J. Shaw, and B. van Swinderen, “A Paradoxical Kind

of Sleep in Drosophila melanogaster,” Current Biology, vol. 31, pp. 578–590.e6,

Feb. 2021.

[223] O. T. Shafer and A. C. Keene, “The Regulation of Drosophila Sleep,” Current

Biology, vol. 31, pp. R38–R49, Jan. 2021.

[224] H. Zeng, Z. Qian, M. P. Myers, and M. Rosbash, “A light-entrainment mechanism

for the Drosophila circadian clock,” Nature, vol. 380, pp. 129–135, Mar. 1996.

[225] F. T. Glaser and R. Stanewsky, “Temperature Synchronization of the Drosophila

Circadian Clock,” Current Biology, vol. 15, pp. 1352–1363, Aug. 2005.

[226] L. Sarov-Blat, W. V. So, L. Liu, and M. Rosbash, “The Drosophila takeout Gene

Is a Novel Molecular Link between Circadian Rhythms and Feeding Behavior,”

Cell, vol. 101, pp. 647–656, June 2000.

[227] A. Eban-Rothschild and G. Bloch, “Chapter 1 - Social Influences on Circadian

Rhythms and Sleep in Insects,” in Advances in Genetics (M. B. Sokolowski and

S. F. Goodwin, eds.), vol. 77 of Gene-Environment Interplay, pp. 1–32, Jan. 2012.

[228] C. Dubowy and A. Sehgal, “Circadian Rhythms and Sleep in Drosophila

melanogaster,” Genetics, vol. 205, pp. 1373–1397, Apr. 2017.

[229] R. J. Konopka and S. Benzer, “Clock Mutants of Drosophila melanogaster,” Pro-

ceedings of the National Academy of Sciences, vol. 68, pp. 2112–2116, Sept. 1971.

[230] A. Sehgal, J. L. Price, B. Man, and M. W. Young, “Loss of Circadian Behavioral

Rhythms and per RNA Oscillations in the Drosophila Mutant timeless,” Science,

vol. 263, pp. 1603–1606, Mar. 1994.

175



Bibliography

[231] R. Allada, N. E. White, W. V. So, J. C. Hall, and M. Rosbash, “A Mutant

Drosophila Homolog of Mammalian Clock Disrupts Circadian Rhythms and Tran-

scription of period and timeless,” Cell, vol. 93, pp. 791–804, May 1998.

[232] J. E. Rutila, V. Suri, M. Le, W. V. So, M. Rosbash, and J. C. Hall, “CYCLE

Is a Second bHLH-PAS Clock Protein Essential for Circadian Rhythmicity and

Transcription of Drosophila period and timeless,” Cell, vol. 93, pp. 805–814, May

1998.

[233] W. So and M. Rosbash, “Post-transcriptional regulation contributes to Drosophila

clock gene mRNA cycling,” The EMBO Journal, vol. 16, pp. 7146–7155, Dec.

1997.

[234] L. Saez and M. W. Young, “Regulation of Nuclear Entry of the Drosophila Clock

Proteins Period and Timeless,” Neuron, vol. 17, pp. 911–920, Nov. 1996.

[235] S. H. Im and P. H. Taghert, “PDF Receptor Expression Reveals Direct Interac-

tions between Circadian Oscillators in Drosophila,” The Journal of comparative

neurology, vol. 518, pp. 1925–1945, June 2010.

[236] M. Cavey, B. Collins, C. Bertet, and J. Blau, “Circadian rhythms in neuronal ac-

tivity propagate through output circuits,” Nature neuroscience, vol. 19, pp. 587–

595, Apr. 2016.

[237] D. J. Cavanaugh, J. D. Geratowski, J. R. A. Wooltorton, J. M. Spaethling, C. E.

Hector, X. Zheng, E. C. Johnson, J. H. Eberwine, and A. Sehgal, “Identification

of a Circadian Output Circuit for Rest:Activity Rhythms in Drosophila,” Cell,

vol. 157, pp. 689–701, Apr. 2014.

[238] J. C. Hendricks, S. Lu, K. Kume, J. C.-P. Yin, Z. Yang, and A. Sehgal, “Gen-

der Dimorphism in the Role of cycle (BMAL1) in Rest, Rest Regulation, and

Longevity in Drosophila melanogaster,” Journal of Biological Rhythms, vol. 18,

pp. 12–25, Feb. 2003.

[239] V. Sheeba, K. J. Fogle, M. Kaneko, S. Rashid, Y.-T. Chou, V. K. Sharma, and

T. C. Holmes, “Large Ventral Lateral Neurons Modulate Arousal and Sleep in

Drosophila,” Current Biology, vol. 18, pp. 1537–1545, Oct. 2008.

[240] L. Sun, R. h. Jiang, W. j. Ye, M. Rosbash, and F. Guo, “Recurrent circadian

circuitry regulates central brain activity to maintain sleep,” Neuron, vol. 110,

pp. 2139–2154.e5, July 2022.

176



Bibliography

[241] F. Guo, M. Holla, M. M. Dı́az, and M. Rosbash, “A Circadian Output Circuit

Controls Sleep-Wake Arousal in Drosophila,” Neuron, vol. 100, pp. 624–635.e4,

Nov. 2018.

[242] M. Kunst, M. E. Hughes, D. Raccuglia, M. Felix, M. Li, G. Barnett, J. Duah,

and M. N. Nitabach, “Calcitonin Gene-Related Peptide Neurons Mediate Sleep-

Specific Circadian Output in Drosophila,” Current Biology, vol. 24, pp. 2652–

2664, Nov. 2014.

[243] S. Liu, A. Lamaze, Q. Liu, M. Tabuchi, Y. Yang, M. Fowler, R. Bharadwaj,

J. Zhang, J. Bedont, S. Blackshaw, T. E. Lloyd, C. Montell, A. Sehgal, K. Koh,

and M. N. Wu, “WIDE AWAKE Mediates the Circadian Timing of Sleep Onset,”

Neuron, vol. 82, pp. 151–166, Apr. 2014.

[244] M. Kunst, M. E. Hughes, D. Raccuglia, M. Felix, M. Li, G. Barnett, J. Duah,

and M. N. Nitabach, “Calcitonin Gene-Related Peptide Neurons Mediate Sleep-

Specific Circadian Output in Drosophila,” Current Biology, vol. 24, pp. 2652–

2664, Nov. 2014.

[245] F. Guo, J. Yu, H. J. Jung, K. C. Abruzzi, W. Luo, L. C. Griffith, and M. Ros-

bash, “Circadian neuron feedback controls the Drosophila sleep–activity profile,”

Nature, vol. 536, pp. 292–297, Aug. 2016.
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