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Synopsis

Sleep is a period of quiescence that is widespread in the animal kingdom and
while its quantity and quality may differ between different animals, certain
characteristic  features remain conserved across taxa. These include
electrophysiological signatures such as reduced overall brain activity and muscle tone.
Additionally, mammals and birds have characteristic waves of activity of specific
frequencies which define different stages of sleep such as Rapid Eye Movement (REM)
and non-REM sleep. However, in animals lacking complex nervous systems where such
features may not be present and/or detection of such features maybe technically
difficult, several behavioural features are used to characterize sleep. These include
species-specific posture during sleep, preference for certain sites to sleep, reduced
responsiveness to sensory cues and increased arousal thresholds. Most importantly,
sleep is regulated by a sleep homeostat, which regulates how much and how well an
animal sleeps, and by circadian clocks, which are internal time-keeping mechanisms
that regulate the timing of sleep and wake behaviours. How the two processes overlap
and interact in their regulation of sleep is a question that remains unanswered and |
sought to address this question in my studies on sleep/wake cycles in fruit flies
Drosophila melanogaster that form a part of this thesis. A small part of my thesis also
addresses the question of significance of sleep by examining the relationship between

sleep and reproductive output in female fruit flies.

The two-process model of sleep regulation was proposed almost thirty-five
years ago to explain sleep regulation in rats, and was later used to explain sleep
regulation in humans as well. It posits that sleep is regulated by a homeostatic process

that builds up sleep pressure during wake and discharges during sleep; and a circadian



process which determines the timing of occurrence of sleep and wake. This model
implicitly assumes an interaction between these two processes, and while several
studies using mammalian model systems have tried to understand the nature of this

interaction, a clear picture is yet to emerge.

Several features of sleep are recapitulated in Drosophila and therefore it serves
as an excellent model system to study many behavioural, neuronal and molecular
aspects of sleep/wake cycles. Almost two decades of research on Drosophila sleep has
resulted in the uncovering of distinct neuronal circuits underlying sleep and
wakefulness. Thus, higher centres of the Drosophila brain such as the central complex
structures like the Ellipsoid Body (EB) and the dorsal Fan-shaped Body (dFB) are
shown to be parts of the sleep homeostat; and circadian clock neurons such as the large
ventral lateral neurons (I-LN,) are shown to promote wakefulness. Yet, so far, none of
the homeostatic structures have been shown to affect circadian clock properties, and
neither have circadian neurons been shown to affect sleep homeostatic features, thereby
suggesting independent regulation of sleep/wake cycles by homeostat and circadian
clocks. Furthermore, whether the two-process model can be used to explain sleep
regulation in simpler organisms such as invertebrates remains as yet untested. Thus, as
a first step to address these questions, | examined the possibility and nature of
interaction between the sleep homeostat and circadian clocks in Drosophila
melanogaster. The two-process model and its assumptions and implications, neuronal
circuits controlling sleep and wake in Drosophila and a review of studies conducted in
Drosophila to address the significance of sleep are discussed in detail in the

introductory chapter, Chapter 1.

In order to probe the nature of interaction between sleep homeostat and

circadian clocks, my first approach was to examine if sleep homeostatic features can be
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modulated by circadian clocks and if functioning of the sleep homeostat can affect
circadian clock properties. In animals with large brains that enable recording neuronal
activity through electroencephalograms (EEGs) while the animals are freely moving
and sleeping, it is easy to obtain homeostatic markers such as delta power of slow wave
sleep (a well-characterized sleep homeostatic feature). However, recording brain
activity of flies requires a setup where the flies are tethered that may not allow them to
freely move and sleep. Mapping the levels of other molecular markers such as NMDA
receptors, Shaker and Sandman Potassium (K™) channels that are shown to encode sleep
pressure from freely moving and sleeping flies is difficult due to technical limitations.
Thus, examining behavioural markers of the sleep homeostat is the best method
available in order to investigate the homeostat-circadian clock interaction. | examined
whether properties of one of the most fundamental features of the sleep homeostat —
recovery or rebound sleep, varies across time of day. | found that depriving flies of
sleep through mechanical perturbation at different time intervals, results in differential
recovery of sleep both in terms of quantity and quality — sleep lost at certain time
intervals is not recovered at all, whereas sleep lost at certain other time intervals is
recovered only in terms of quality, while sleep lost during the middle of the night is
recovered both quantitatively and qualitatively. Intriguingly, functioning of the sleep
homeostat at different times of day does not change any core circadian clock properties
such as clock period, robustness and phase. Taken together these results suggest that
circadian clocks and sleep homeostat indeed interact and perhaps in a unidirectional

manner. These experiments and their results are discussed in detail in Chapter 2.

My next approach was to probe sleep homeostatic roles for different subsets of
circadian clock neurons. | found that activity of a subset of 3-5 dorsal lateral neurons

(LNg) represents a sleep deprived state as their activation alone results in sleep loss
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which is recovered upon removal of the activation. Interestingly, functional circadian
clocks within the LNq4 are not required to modulate sleep recovery, thereby indicating
that these neurons lie at the interface of clocks and sleep homeostat as they have
independent functions in both the processes. The results of these experiments are

presented in detail in Chapter 3.

My third and final approach was to examine if any of the known sleep
homeostatic neurons are downstream of the wake-promoting subset of Pigment-
dispersing-factor (PDF) expressing ventral lateral neurons (LN,) of the circadian clock
network. In a screen using the down-regulation and over-expression of the gene
encoding PDF receptor (pdfr), | found that a subset of dopaminergic neurons respond to
PDF to promote wakefulness during the day. Moreover, LN, and dopaminergic
neurons form synaptic contacts, and PDFR signaling to the dopaminergic neurons
results in their inhibition during the day-time thereby promoting wake. | propose that
these dopaminergic neurons that respond to PDFR signaling are sleep-promoting and
that during the day when PDF levels are high they are inhibited to promote wake and
during night when PDF levels are low their inhibition is reduced, thereby leading to
sleep. Further, in a previous study it was found that dopaminergic neurons arborize to
dFB, EB and the learning and memory centre, mushroom body, thus uncovering a
unique circadian — homeostat pathway. The results of these experiments are detailed in

Chapter 3.

While sleep research over several years has uncovered features unique to sleep
or sleep-like states, the adaptive significance of this phenomenon remains unclear.
Although reproductive deficits are associated with lifestyle induced sleep deficiencies,
how sleep loss affects reproductive physiology is poorly understood, even in model

organisms. | aimed to bridge this gap by impairing sleep in female fruit flies and
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testing its effect on egg output. | found that sleep deprivation by feeding caffeine or by
mechanical perturbation results in decreased egg output. Transient activation of wake-
promoting dopaminergic neurons decreases egg output in addition to sleep levels, thus
demonstrating a direct negative impact of sleep deficit on reproductive output.
Similarly, loss-of-function mutation in dopamine transporter fumin (fmn) leads to both
significant sleep loss and lowered fecundity. This demonstration of a direct relationship
between sleep and reproductive fitness indicates a strong driving force for the evolution

of sleep. Results pertaining to this section are detailed in Chapter 4.

In summary, my studies reveal important characteristics about the organization
of homeostat and circadian clocks in regulation of sleep/wake cycles in Drosophila
melanogaster. | find that the two-process model can be used to explain sleep regulation
in Drosophila, as | demonstrate using three different approaches that the primary
assumption of the model of interaction between the homeostatic and clock processes is
met. Furthermore, by showing different amount and intensity of recovery sleep
occurring as a result of sleep deprivation at different times of the day, | uncover
presence of different stages of sleep in Drosophila through behavioural means, thereby
building upon previous studies that have demonstrated these stages using
electrophysiology and other behavioural features of sleep homeostat. Moreover, my
studies also reveal two independent pathways, one involving the circadian neurons LNg
as putative sensors of sleep need, and another involving PDF’ LN, to dopaminergic
neurons as regulators of day-time wakefulness. Additionally, | find that sleep
deprivation by different methods decreases reproductive fitness in female fruit flies.
The role of sleep in maintaining brain homeostasis has been extensively examined with
the prevailing idea being that sleep has evolved to serve restorative functions within the

nervous system. My results connecting sleep to reproductive health underscores a
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broader restorative function for sleep encompassing other systems and thereby
supporting the idea that perhaps sleep may have evolved to serve functions not
pertaining to the brain exclusively, unraveling the potential to discover sleep-like states

in organisms lacking organized nervous systems.
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Chapter 1

Regulation and significance of sleep



1.1.What is sleep?

Organisms perform many behaviours that are essential for their survival, among
which sleep is perhaps the most paradoxical one. This is because, sleep which is a
behaviour that is characterized by reduced activity and reduced responsiveness to the
sensory world, results in increased risk of predation and reduction in time available for
evidently more beneficial activities such as foraging, feeding, courting and mating.
Yet, it is clear that sleep exists to serve vital functions because till date, no animal has
been found that either can do without sleep or manage to not accrue negative effects of
sleep loss (Cirelli and Tononi, 2008). While questions have been raised about such a
simplified reasoning for assigning functional significance to sleep (Eban-Rothschild et
al., 2016), one cannot possibly argue against the logic of Allan Rechtschaffen’s rather
spectacular statement — “If sleep does not serve an absolutely vital function, it is the

biggest mistake evolutionary process ever made.” (Rechtschaffen, 1971).

Sleep is so essential that several organisms have evolved ways to sleep “on the
job”. Dolphins and whales have the ability to sleep uni-hemispherically, such that one
half of their brain is asleep and displaying slow wave brain activity characteristic of
sleep, while the other half displays electrical activity associated with wakefulness
(Cirelli and Tononi, 2008; Lyamin et al., 2008). Nevertheless it is important to note
that in such animals Rapid Eye Movement (REM, discussed later) sleep stage does not
occur, and therefore certain stages of sleep may require whole brain participation
(Mascetti, 2016). Some birds such as male pectoral sandpipers display “microsleeps”
throughout the day especially during the fertile phase of the females, so that they can
compete for longer durations (Lesku et al., 2012). Ducks typically line up in rows such
that the ones in the middle shut both eyes while the “sentinel” birds at the end sleep uni-

hemispherically and keep an eye out for predators in a literal sense (Rattenborg et al.,
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1999).  Other examples including cows chewing their cud while displaying a non-
Rapid Eye Movement (NREM, discussed later) stage of sleep (Ruckebusch, 1972),
great frigate birds sleeping while flying (Rattenborg et al., 2016) and ostriches sitting in
a vigilant pose during NREM stage of sleep (Lesku et al., 2011) point toward the

indispensable facet of sleep.

Sleep in its broadest form can be defined as physical quiescence accompanied
by reduced responsiveness to the sensory world (Campbell and Tobler, 1984).
However, sleep is different from mere rest or simply the opposite of activity, as
sleeping individuals display elevated arousal threshold, viz. a higher intensity of
stimulus is required to elicit a response from a sleeping individual as compared to when
the same individual is awake (Hendricks et al., 2000b). It is characterized by additional
behavioural attributes such as immobility, maintenance of a typical posture, exhibiting a
preference for the site of sleep, and accompanied by stereotypical behaviours like
yawning and so on (Campbell and Tobler, 1984). These behavioural criteria have been
defined since 1913 (Pieron, 1913) and has aided in the behavioural characterization of
sleep in several invertebrates such as octopus (Lafont, 1870) and insects (Fiebrig, 1912;
Rau, 1916). The opposite of sleep, arousal or wakefulness, makes animals more active,
heightens their awareness of the surroundings and increases their ability to respond to
various sensory cues (van Swinderen and Andretic, 2003). These two seemingly
opposite processes are timed to perfection by an internal timekeeping mechanism that
allows organisms to choose their temporal niches depending upon their daily needs

(Ascoff, 1966).

The internal timing systems, or circadian (Latin, ‘circa’ — about, ‘diem’ — day)
clocks, apart from keeping time using cues from the cycling environment, also function

as natural alarm clocks, by ensuring that animals wake and sleep at the correct time of
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day (Franken and Dijk, 2009). Moreover, if the animal is deprived of a certain fraction
of its normal duration of sleep, it is found to compensate for the sleep loss by sleeping
longer, thereby displaying homeostatic control. If sleep deprivation is intense, then the
animal is found to fall asleep even at a time when it is normally active. This
phenomenon of making-up for lost sleep — sleep rebound is a very important feature in
the behavioural characterization of sleep. Certain physiological signatures also
characterize sleep, most important of which are the electrophysiological correlates. In
most mammals and birds, electrical activity of the entire brain as measured by
electroencephalograms (EEGSs), cycles between fast active firing during waking and
Rapid Eye Movement (REM) sleep which as its name suggests is also accompanied by
rapid jerky movements of the eye. Slow waves and spindles during deep sleep, or Non-
Rapid Eye Movement is yet another sleep stage (NREM; (Steriade et al., 2005)). In
fact, NREM sleep is often divided into four more stages based on proportion of Slow
Wave Activity (SWA) i.e. EEG power in the range of 0.5-4.5 Hz and spindles, i.e. EEG
oscillations in the range of 12-14 Hz — typically, in NREM stages 3 and 4, occurrence
of SWA is at its highest (Dijk et al., 1993; Rechtschaffen, 1968), and thus sleep during
these stages is termed Slow Wave Sleep (SWS). Apart from the electrophysiological
properties, other physiological attributes of sleep include a reduction in core body
temperature and slowing down of metabolic processes during NREM and instabilities in

heart beat rate and breathing rate during REM sleep (Iber, 2007).

1.2.Models of sleep/wake regulation

The question of how sleep is regulated has been a long-standing one. Ancient
Greek physician Hippocrates thought sleep is induced when blood retreated into the
inner reaches of the body, while Aristotle believed that waking warmed up the brain

through warm vapors rising by digestion, and condensation of these vapors caused the
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brain to cool down which would result in blood flow into the heart to induce sleep
(Hammond, 1902). While Aristotle was obviously wrong in thinking about the heart’s
role in sleep induction, his basic view of a warmed up or “switched-ON” brain during
wakefulness and a general shutting OFF of the brain during sleep was a popular opinion
even in the late 19" century, according to William C. Dement — the famous American
physician considered as the father of sleep medicine (Dement, 1998). Perhaps because
of the Austrian psychoanalyst Sigmund Freud’s obsession with explaining the causation
of dreams with innate, instinctive and suppressed behaviours, sleep research especially
in human patients was focused more on dreams rather than viewing it as an independent
physiological state during the early 1900s. Nevertheless, with the advent of recording
methods such as EEGs (described first in humans by Hans Berger in 1929) and interest
among physicians to conduct sleep, EEG, electrooculogram (EOG) and
electromyogram (EMG) recordings all through the night (also called
polysomnography), the formal description and characterization of sleep as a
physiological process commenced. Even though two of the earliest pioneers of sleep
research, Eugene Aserinsky and Nathaniel Kleitman, began their studies with the
intention of finding a neurological correlate for dreaming — which they did (Aserinsky
and Kleitman, 1953; Dement and Kleitman, 1957), Dement’s interest in REM sleep
soon facilitated sleep research in becoming independent of dream research (Dement,

1998).

REM and NREM sleep typically alternate 3-4 times throughout the night and
occur in approximately 80-120 minute intervals. Thus, sleep can be considered to
consist of an ultradian rhythm of alternating REM and NREM cycles. To explain the
mechanistic details of this rhythm, a model based on neurophysiological signatures

obtained empirically was proposed whose basic principle is similar to the Lotka-



Volterra model, such that alternation between REM and NREM sleep was predicted to
occur by reciprocal interaction between self-inhibitory and self-excitatory cell
populations in the brain stem (Hobson, 1986; Massaquoi and McCarley, 1992;
McCarley and Hobson, 1975). This model represented an attempt to understand the
composition of sleep, and the idea of reciprocal interaction has also been somewnhat
extended to sleep/wake regulation by reciprocal inhibition and disinhibition of
ascending arousal systems and the sleep-promoting ventrolateral preoptic nucleus
(VLPO) to promote wakefulness and sleep, that gave rise to the classical flip-flop

model (Saper et al., 2005).

While the EEG characteristics of sleep and their anatomical origins were of
interest to certain researchers, some researchers were intrigued by how qualitative
features of sleep could emerge from these EEG signatures. In fact, sleep intensity was
correlated with proportion of slow waves in brain activity way back in 1937 (Blake and
Gerard, 1937). Furthermore, reduced responsiveness to stimuli was observed in
subjects with the onset of SWS (Loomis A.L., 1937). Moreover, arousal thresholds for
pain and acoustic stimuli were higher during SWS than during stage 2 NREM sleep
(Goodenough et al., 1965). Importantly, after sleep deprivation, amount of SWS
increased during sleep recovery (Moses et al., 1975; Nakazawa et al., 1978; Webb and
Agnew, 1971) and upon prolonged sleep during night or due to day-time napping SWS
was reduced (Feinberg et al., 1980; Karacan et al., 1970). These results indicate a
homeostatic process at play — i.e. a mechanism which regulates maintenance of

appropriate levels of sleep.

On the other hand, several chronobiologists (chronobiology — study of
biological rhythms) were interested in modeling sleep/wake regulation as a rhythmic

behaviour since many studies had shown that sleep drive is a rhythmic process. For
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instance, in a 3 day sleep deprivation study, it was found that self-reported fatigue in
subjects shows a circadian rhythm (Akerstedt, 1977). Jim Enright fashioned a
simplistic single-oscillator model that he proposed could arise from a population of
loosely coupled individually weakly rhythmic neurons, whose synchronous activity
corresponded to the active phase of the animal, and trough of the oscillation brought
about sleep (Enright, 1980). Often, core body temperature rhythms were used as
“hands of the clock™, in other words, as a marker of the phase of the internal clock, and
it was shown to get desynchronized with sleep/wake cycles, such that each of these
rhythms would run with their own period where external cycles could not entrain (or
synchronize with a stable phase relationship) the circadian oscillator (Aschoff et al.,
1967). Thus, it was hypothesized that sleep/wake cycles are due to the combined action
of two oscillators — a temperature rhythm-controlling and a sleep/wake-controlling one
(Wever, 1975). This two-oscillator model was further developed as consisting of van
der Pol oscillators, and sleep was predicted to occur during two-thirds of the cycle when
the phase of one of the two oscillators is below the average phase (Kronauer et al.,
1982). While these circadian oscillator models were rich in their description of
circadian clock properties and functions of entrainment, free-running behaviour and
precision, these models were inadequate to explain sleep/wake regulation since they

lacked an explanation for homeostatic control of sleep.

It was Alexander Borbély who brought the two processes of homeostasis and
circadian clocks together in a coherent model to explain sleep/wake regulation initially
using data from rats (Borbély, 1982), and with formalizations, a quantitative model was
put forth by Serge Daan, Domien Beersma and Borbély to explain features of
sleep/wake regulation in humans (Daan et al., 1984). In the original model, Borbély

proposed that two processes regulate sleep propensity, i.e. the drive to sleep — a



homeostatic process S which is wake-dependent, and a wake-independent circadian
process C. The fundamental idea of the model is that as the animal remains awake; the
propensity to sleep regulated by the wake-dependent process S begins to rise. With
sleep onset and maintenance of sleep through the night, sleep propensity decreases
(Figure 1.1A, red curve). The parameter values regarding process S were obtained from
SWS characteristics. Thus, wake-dependent component of sleep propensity is thought
to asymptotically rise with wakefulness, and exponentially fall with occurrence of
sleep. Moreover, the rising phase is much longer than the falling phase (Figure 1.1A).
Process C is regulated by the circadian oscillator which refers to the inherent rhythm in
sleep propensity that does not depend upon the occurrence of sleep (wake-independent
sleep propensity, Figure 1.1A, blue curve). Thus, net sleep propensity is thought to be a
difference between its levels due to S and C, i.e. wake-dependent and wake-
independent components. On the basis of rhythms in vigilance and core body
temperature, circadian oscillation of sleep propensity was modeled to be a sine wave
with its peak in the middle of the day and trough in the middle of the night. Thus, even
though wake-independent sleep propensity due to C was high in the afternoon, sleep is
not initiated because wake-dependent sleep propensity is low. During night, just before
the onset of sleep, sleep propensity due to S is high, and that due to C is at an
intermediate level, such that the difference between S and C is high and sleep occurs at
the highest point of difference (Figure 1.1A, solid black line). Next morning, just
before wake, sleep propensity due to S is low and due to C is also low and thus sleep
gets terminated and wake occurs. Given the assumption of two processes regulating
sleep and wake, this model was quite unimaginatively called the two-process model of

sleep/wake regulation (Borbely, 1982).
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Figure 1.1. Schematic representation of the two-process model. (A) Process S - the sleep homeostat,
regulates wake-dependent sleep propensity, i,e. this propensity to sleep builds up with time spent awake and
is discharged as sleep occurs (red curve). Circadian process C regulates daily cycling of wake-independent
sleep propensity (blue curve). According to the two-process model, the two processes interact such that sleep
(purple shaded bar) begins when the difference between the values of sleep propensities brought about by
process S and C is maximum (solid vertical black line), also known as the preferred bed-time of the animal.
This ensuing sleep duration is represented by purple hatched lines. Wake (light purple shaded bar) is said to
begin when this difference reaches a minimum value. (B) During sleep deprivation (green bar), the wake-de-
pendent sleep propensity continues to rise (red solid curve), instead of discharging (red dotted curve). Wake
state is maintained due to process C-regulated sleep propensity being in the rising phase, such that difference
between sleep propensities brought about by S and C is not as much to initiate sleep (DAY 2, dashed vertical
black line). With the process C-regulated sleep propensity entering the descending phase, sleep can begin,
and in this case, lost sleep in terms of duration is recovered (purple shaded bar, purple hatched lines) as sleep
onset is advanced (black arrow). If sleep onset and wake onset (black triangles) occur at expected times of
the day, then more intense sleep occurs since process S-regulated sleep propensity must be discharged from
a higher value, and hence at a faster rate (dark pink shaded bar, hatched lines).



The two-process model in its simplest form could explain different phenomena
observed during sleep. For instance, under sleep deprivation, process S-driven sleep
propensity was thought to continue to increase (Figure 1.1B), as a result of which sleep
could get induced even during the day when animals should be typically awake. An
interesting prediction emerged due to the nature of circadian oscillation of sleep
propensity. During the early part of the day, the process C-driven oscillation is in the
rising phase, while in the later part of the day, it is in the descending phase. Thus, even
though process S-driven sleep propensity is high, the difference between S and C driven
sleep propensity is higher during the later part of the day, because of which recovery
sleep is more likely to occur during the later part of the day (Figure 1.1B). Yet another
prediction owing to the exponential nature of decay of sleep propensity is that duration
of recovery sleep is similar for sleep deprivation of different durations. What is
expected to change is the recovery sleep intensity, as the level of process S-driven sleep

propensity would be higher with longer sleep deprivation durations (Figure 1.1B).

The two-process model, while adequate in many ways, was modified several
times in order to explain different aspects of sleep characteristics and patterns in novel
experimental conditions (Borbély and Achermann, 1992; Borbély and Achermann,
1999). One important feature that Borbély’s 1982 model could not explain was the
internal desynchronization often seen in non-entrained rhythms of humans resulting in
phase jumps and circabidian (~48 h rhythm) sleep patterns (Czeisler et al., 1980;
Wever, 1979). A modified version of the two-process model which was a culmination
of Daan and Beersma’s circadian gating model (Daan and Beersma, 1984) and
Borberly’s 1982 model was put forth. The basic principle of this model was similar to
Borbély’s original model with the difference being that two circadian oscillations were

thought to oscillate in parallel to determine sleep onset and sleep termination times.



The sleep propensity determined by process S oscillated between these two cycles, and
its amplitude, interval and period could be varied. Under low amplitudes, this
modification allowed the replication of circabidian sleep patterns and when noise was
added to the threshold oscillations, phase jumps could be replicated (Daan et al., 1984).
An important difference in the combined model, also called the “somnostat” model for
its similarities with a thermostat model for temperature regulation, is that the threshold
oscillations are left-skewed sine waves. Because such left-skewed waves were unlikely
to be found physiologically, Arcady Putilov equated the thermostat analogy to the
somnostat model and in his model, the threshold cycles were now 24 h sine waves,
which led to an interesting prediction that the interaction between process S and C is
continuous rather than occurring only at discrete intervals at the thresholds (Putilov,
1995). Yet another modification led to what is called the three-process model, which
included the parameter sleep inertia (W) to account for sleepiness changes during
shiftwork (Folkard and Akerstedt, 1992). Other modifications concerning REM-NREM
cycles within sleep, REM sleep homeostasis, and brain regional differences in EEG
power spectra have also been discussed in detail (Borbély and Achermann, 1992;

Borbély and Achermann, 1999; Borbély et al., 2016).

1.3.Empirical evidence for two-process model of sleep/wake regulation in

mammalian sleep

One of the main assumptions of two-process model is that circadian oscillation
of sleep thresholds and wake-dependent sleep propensity are independently regulated.
Indeed, it has been found that lesions in the Suprachiasmatic Nucleus (SCN), a set of
~20,000 neurons in the hypothalamus identified as the site of circadian clocks (Moore
and Eichler, 1972; Stephan and Zucker, 1972), do not affect recovery sleep (Mistlberger

et al., 1983; Tobler et al., 1983). Moreover, sleep deprivation also does not affect clock
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phase or free-running period (Borbély et al., 1982). Furthermore, it was possible to
manipulate core body temperature and melatonin rhythms without affecting sleep
intensity as measured by SWA (Dijk et al., 1989; Dijk et al., 1987b). These results
show that circadian and sleep homeostatic mechanisms originate independently and are
regulated independent of each other. However, sleep propensity is assumed to be
regulated by both processes S and C, and according to later modifications of the model,
it is brought about through the interaction of S and C (Borbély and Achermann, 1999).
In fact, in one of the original papers of the two-process model, Daan and colleagues
have speculated the modulation of circadian process by the homeostat, as sleep/wake
cycles would influence active light-selecting behaviours (Daan et al., 1984). This
expectation now has ample empirical evidence in mammals — nocturnal rats and mice as
well as diurnal Sudanian grass rats show altered phase-shifts in response to light pulses
(Challet et al., 2001; Jha et al., 2017; Mistlberger et al., 1997; van Diepen et al., 2014).
On the other hand, there seems to be some evidence to suggest that circadian phase may
alter SWA after prolonged waking (Deboer et al., 2007). Moreover, many studies have
shown that several mutations in core clock genes show defects in REM and NREM
EEG (reviewed in (Franken and Dijk, 2009)). Furthermore SCN electrical activity has
been shown to be affected by NREM sleep deprivation — it increases during NREM
deprivation and decreases during NREM recovery (Deboer et al., 2007; Deboer et al.,
2003). These kinds of interactions and mutual influences of S and C are discussed in

detail elsewhere (Borbély et al., 2016).

Most of the sleep homeostat related predictions of the model have received
considerable attention in the mammalian sleep field. The model predicts that wake-
dependent sleep propensity increases with waking. SWA, one of the main markers of

process S both for deriving parameter values to use in simulations of the model, as well
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as for gaining insights in terms of estimating variables, has been found to increase
during waking, with the observation that day-time naps following increasing times
spent awake consist of increasing proportion of SWA (Dijk et al., 1987a). SWA and
SWS was greater during afternoon naps as compared to morning naps (Knowles et al.,
1990). Other predictions of the model including effect of increased day-time sleep on
night-time sleep, effect of repeated partial sleep deprivation on SWA etc. and the
empirical data for the same are discussed in detail elsewhere (Borbély and Achermann,
1992). An interesting prediction, as mentioned before, pertains to the recovery sleep
intensity and duration. Borbély very eloquently argued that sleep intensity, and not
duration is recovered after sleep deprivation. The findings that almost 100 hours of
sleep deprivation in one case and a spectacular case of ~260 hours of sleep deprivation
recovering only about 10-15 hours of sleep in both cases can be explained by this

prediction of the model (Blake and Gerard, 1937; Gulevich et al., 1966).

1.4.Drosophila as a model system for studying sleep

Much of what we know about mechanisms underlying sleep is as a result of
studies on model organisms — both vertebrate (Siegel, 2005) and invertebrate (Miyazaki
etal., 2017; Zimmerman et al., 2008a). Vertebrate model systems such as mice and rats
have always been attractive as they are closer to humans in terms of their phylogenetic
relationship (Hedges, 2002). The fruit fly Drosophila melanogaster is a favorite model
organism for the neurogenetic dissection of many behaviours as its minimal genetic
redundancy enables researchers to target candidate genes effectively and obtain clear,
strong phenotypes (Sokolowski, 2001; St.Johnston, 2002). Moreover, tremendous
potential exists in the usage of modern genetic tools and techniques that give an
exceptional control over spatio-temporal expression of certain genes (Venken et al.,

2011). Thus, when two seminal papers by the Sehgal and Tononi groups in the year
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2000 demonstrated that rest in flies resembles sleep in mammals, it heralded a new
chapter in sleep research (Hendricks et al., 2000a; Shaw et al., 2000). Indeed, both
papers using different techniques were able to demonstrate in flies, all the behavioural
characteristics that are attributable to sleep — physical inactivity, specific posture
associated with sleep, site preference for sleep, elevated arousal threshold, regulation
via both circadian clock and homeostatic processes (Hendricks et al., 2000a; Shaw et
al., 2000). Additionally, fly sleep was responsive to sleep-inducing and sleep-inhibiting
agents in much the same way as mammalian sleep was (Hendricks et al., 2000a; Shaw
et al., 2000). Just like in mammals, flies also sleep more as young adults (Kayser et al.,
2014; Koh et al., 2006; Shaw et al., 2000). Moreover, the finding that frequency of
oscillations of EEG-like Local Field Potentials (LFPs) in flies differs depending upon
whether they were asleep or awake (Nitz et al., 2002; van Swinderen et al., 2004)

established D. melanogaster as a potent model organism to study sleep.

The utility of Drosophila in studying sleep (Donelson et al., 2012; Gilestro,
2012; Huber et al., 2004) and the simplicity with which it can be quantified (Andretic
and Shaw, 2005; Huber et al., 2004) have yielded mutants that show certain sleep
defects and initial studies have favored the forward genetic approach. In flies, sleep is
defined as a period of immobility that lasts for longer than five minutes (Hendricks et
al., 2000a; Shaw et al., 2000). This definition was arrived at based on extensive studies,
which showed that disruption of such sleep requires a higher arousal threshold, thus
distinguishing it from mere inactivity (reviewed in (Shaw, 2003)) and is now the
accepted definition for estimating fly sleep using the standard Drosophila Activity
Monitor (DAM) devised by Trikinetics Incorporated (Waltham, MA, USA). There are
video recording-based methods which also complement DAM recording system and in

fact are considered better for studying sleep as several other features of sleep such as
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site-specificity, inactive rest and micro-movements can be captured (Faville et al., 2015;

Zimmerman et al., 2008b).

The fact that no single gene mutation has been uncovered in any organism
which completely abolishes sleep suggests that sleep is a complex behaviour influenced
by many different genes (Crocker and Sehgal, 2010). Typically, sleep is intrinsically
highly variable even within a somewhat genetically homogenous population and can be
easily modified by subtle environmental variations (Parisky et al., 2016; Zimmerman et
al., 2012), as a result of which researchers enforce stringent criteria in screening for
sleep mutant phenotypes, such as sleep levels falling outside of two standard deviations
away from the population mean (Cirelli, 2009). Most researchers now use a standard
protocol of back-crossing sleep mutants to genetically homogeneous 1so31 flies in order
to study mutant flies in similar genetic backgrounds. Many excellent reviews have
discussed the genetic control of sleep and mutations which give rise to sleep disorders
(Cirelli, 2009; Harbison et al., 2009; Sehgal and Mignot, 2011; Shaw and Franken,
2003; Tomita et al., 2017). Here | review the complexity of neuronal circuitry
underlying Drosophila sleep and the insights on the most intriguing question in sleep

research - why do we sleep?

1.4.1. Neuronal circuitry underlying sleep in Drosophila

1.4.1.1.Mechanisms of sleep homeostatic control

Several important discoveries regarding homeostatic control of sleep have been
made in mammalian model systems because of the relative ease with which EEGs can
be used to obtain a reliable homeostatic marker in the form of SWA. Moreover, apart
from SWA, the accumulation of adenosine as a result of breakdown of Adenosine Tri-

Phosphate (ATP) during waking, and its clearance during sleep has also been
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considered a very good indicator of mammalian sleep homeostatic process (Porkka-
Heiskanen et al., 2002; Porkka-Heiskanen et al., 1997). Nonetheless, the technical
challenge presented by the tiny size of Drosophila has been overcome in part by
tethering flies, yet allowing them free movement on a suspended foam ball, and
simultaneously recording LFPs from whole brain. This kind of a setup, while hard to
achieve, has yielded tremendous insights into the electrophysiological sleep structure of
Drosophila. Indeed, it was shown that the power of brain activity in the 11-80 Hz range
was reduced during sleep, and importantly was even further reduced during night-time
sleep (van Alphen et al., 2013) showing that night-time sleep is deeper than day-time
sleep. Yet another study from the same group showed that flies with alleles of the same
gene show different electrophysiological sleep signatures (Faville et al., 2015).
Importantly, lower power of the LFPs was associated with higher arousal thresholds
and reduced number of brief awakenings (i.e. activity interspersed within two inactive
counts), both of which are behavioural markers of sleep homeostat (van Alphen et al.,
2013). Moreover, 7-10 Hz oscillatory waves were observed in LFPs during sleep, but
not during wake; at the beginning of the sleep bout, such waves were found to be higher
in proportion than during the middle of a sleep bout suggesting occurrence of different
sleep stages (Yap et al., 2017). Indeed, it was also shown that sleep recovery intensity
as measured by responses to thermal stimuli, number of brief awakenings and sleep
continuity scores was dependent upon prior time spent waking (Huber et al., 2004).
Another study showed that a nicotinic acetylcholine receptor subunit (encoded by
redeye gene) showed sleep drive-dependent expression (Shi et al., 2014) suggesting a
molecular marker of sleep homeostasis. Thus, these results show that sleep in flies is

also under homeostatic control in a similar way as in mammals (Allada et al., 2017).
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In mammals, EEG signatures are a combined effect of oscillatory electrical
waves of activity occurring in the neurons of thalamus and cortex (Pace-Schott and
Hobson, 2002). Thus it is not surprising that two neuropil regions that are considered
the higher centres of the fly brain emerge as the sites of fly sleep homeostat. Central
complex (CC), which consists of protocerebral bridge, fan-shaped body (FB), ellipsoid
body (EB) and noduli (NO) are the higher centers regulating behaviours such as
walking (Martin et al., 1999), flying (llius et al., 1994) and the processing of visual cues
(Pan et al., 2009) and dorsal FB (Donlea et al., 2014) and EB (Liu et al., 2016) have

been shown to have sleep homeostatic functions.

When a thermogenetic screen using heat-activated transient hyper-excitation by
TRPAL (Transient Receptor Potential, (Hamada et al., 2008)) was conducted to
elucidate regions that induce sleep, it was found that ExFI2 neurons that project to
dorsal FB (dFB, Figure 1.2A) are sleep-promoting (Donlea et al., 2011). Strikingly, it
was found that rise in sleep pressure through sleep deprivation causes an increase in the
membrane excitability of these neurons projecting to the dFB, and after a period of
recovery, membrane excitability returned to baseline levels (Donlea et al., 2014).
Furthermore, wake-promoting effects of dopamine (Andretic et al., 2005; Kume et al.,
2005; Lebestky et al., 2009) are mediated by inhibiting dFB neurons — both Posterior
Proptocerebral Lateral (PPL1) and Medial (PPM3) subsets of dopamine neurons are
implicated in this inhibition to promote wakefulness (Liu et al., 2012; Ueno et al.,
2012). Interestingly, when dFB neurons are depolarized, i.e. when they are in an ON-
state, they are found to produce A-type voltage-dependent Potassium (K*) currents
(Pimentel et al., 2016), ion channels for which are encoded by the Shaker gene which is
known to function in membrane repolarization during action potential firing (Jan and

Jan, 2012). On the other hand, K" leak currents, channels for which are encoded by
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Figure 1.2

Sleep homeostat and wake-promoting circuits

Circadian clock network

Figure 1.2. Diagrammatic representation of the Drosophila sleep homeostat and circadian network. The
Drosophila adult brain is schematized to represent sleep homeostatic and circadian clock neurons. (A) Mush-
room Body (MB), Ellipsoid Body (EB) and ExF12 neurons that project to the dorsal Fan-shaped Body (dFB)
are known sleep homeostatic substrates. Additionally, PPM3 and PPL1 dopamine (DA) neurons project to
the dFB to modulate wakefulness. Neurons within the Pars Intercerebralis (PI) are wake-promoting, though
their role in the sleep homeostatic function remains unknown. (B) Bilaterally distributed subsets of circadian
clock neurons are subdivided into dorsal (DN) and lateral (LN) groups on the basis of their location. The
dorsal neurons are further subdivided into three groups - the DN , DN, and DN,. The LNs are subdivided
into PDF* large and small ventral lateral neurons (I-LN_ and s-LN ) and PDF- 5" s-LN_and dorsal lateral
neurons (LN).



Sandman, help in maintaining the membrane at a more hyperpolarized state and this
non-A type current was predominant in the dFB OFF-state (Pimentel et al., 2016).
Indeed, previous studies had shown that mutations in genes encoding subunits of the
Shaker K* channel (Bushey et al., 2007; Cirelli et al., 2005a) as well as sleepless (sss)
(Koh et al., 2008) where the levels of the Shaker (Sh) protein was significantly reduced
due to impaired distribution of Shaker K* channels in the membrane, caused reduced
sleep and impaired sleep homeostasis (Wu et al., 2010). The neuronal substrate for the
action of Shaker-dependent K* current was not clear; however, now it appears that
reduction in Shaker-dependent K* current could cause dFB neurons to be locked in an
OFF-state, thereby inhibiting sleep. It is hypothesized that sleep deprivation would
result in internalization of Sandman channels and allow Shaker-dependent A-type K*
currents, such that dFB neurons would increase their membrane excitability (Donlea,
2017), be switched ON, and promote sleep, and Rho-GTPase activating protein encoded
by crossveinless-c (Donlea et al., 2014) appears to be a good candidate in mediating
this function. Serotonin (5-HT) could also modulate dFB membrane excitability as
knockdown of 5-HT2B receptors in dFB results in impaired sleep recovery (Qian et al.,

2017).

In yet another screen designed to identify neurons that encode sleep drive,
transiently hyper-excitation of R2 ring neurons of the EB (Figure 1.2A) did not result in
sleep loss, however, when the membrane properties were returned to baseline levels the
next day, it resulted in increased sleep reminiscent of a sleep rebound (Liu et al., 2016).
This rather unexpected case was thought to be possible only if the R2 ring neurons were
encoding sleep drive, and indeed, using imaging of intracellular Ca** levels which is a
good indicator of neuronal activity, it was found that R2 ring neuronal activity

mimicked sleep drive — in sleep deprived conditions, neuronal activity was much
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higher, which returned to baseline levels after sleep recovery (Liu et al., 2016).
Moreover, due to rise in sleep need, R2 ring neurons also actively increase the number
of glutamatergic NMDA receptors that also results in increase in pre-synaptic active
sites. Most importantly, EB R2 ring neurons activate dFB neurons to increase sleep
levels during sleep recovery. These results indicate that sleep drive is encoded by
synaptic plasticity occurring in the sleep drive “sensor” R2 ring neuron circuit which
directly acts on the sleep-promoting “effector” dFB neurons. Furthermore, EB R2 ring
neurons activate dFB neurons, which act on helicon neurons of the CC to promote
sleep, which in turn modulate R2 ring neuronal activity (Donlea et al., 2018). This
recurrent interaction between EB and dFB neurons led to the conclusion that the
Drosophila sleep homeostat behaves like a “relaxation” oscillator, which, excitingly,
process S of the two-process model has often been likened to (Moore-Ede and Czeisler,

1984).

Another higher brain region implicated in sleep homeostatic processes is the
olfactory information integration as well as learning and memory centre, mushroom
body (MB; (Heisenberg, 2003), Figure 1.2A). This was a result of efforts to find the
neural correlates of sleep modulated by cAMP signaling and PKA activity since sleep
was shown to be inversely related to cCAMP levels (Hendricks et al., 2001). After
extensive screening of 21 different fly lines targeting different subset of neurons in the
MB, differential effects on sleep were observed, suggesting that MB consists of both
sleep-inhibiting and sleep-promoting neurons (Joiner et al., 2006; Pitman et al., 2006).
This is quite astonishingly demonstrated by the findings that ablating mushroom body
on the whole results in increase in activity (Joiner et al., 2006), yet Ca?* imaging from
tethered behaving flies showed reduced neuronal activity in Kenyon cells (KCs,

neurons that make up the MB) during sleep as compared to during wake (Bushey et al.,
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2015). These results were extended when it was discovered that within the MB, wake-
promoting and sleep-promoting circuits that innervate in overlapping regions exist
(Sitaraman et al., 2015a; Yi et al., 2013). For instance, KCs whose axons arborize in
a’/B’ lobes of the MB, promote wake (Aso et al., 2014a; Aso et al., 2014b), and their
electrical activity is reduced during sleep deprivation. These neurons specifically
communicate the wake-promoting signals to glutamatergic MB output neurons
(MBONSs) (Sitaraman et al., 2015a). Interestingly, glutamatergic MBONs also are
intrinsically wake-promoting and decrease electrical activity in response to sleep
deprivation. Such a functionally streamlined circuit also exists for sleep promotion - x4
KCs promote sleep and show increased electrical activity in response to sleep
deprivation, and project to cholinergic MBONS that are also sleep-promoting and also
encode sleep need. Yet, there is another circuit headed by ¥, KCs which are sleep-
promoting but do not respond to sleep deprivation at all. In fact, it was also shown that
wake-promoting dopaminergic neurons also innervate onto wake-promoting KCs and
form yet another wake-promoting microcircuit (Sitaraman et al., 2015b). Thus, not
only are these circuits functionally different in terms of sleep and wake, but also certain
sleep-promoting circuits are functionally different in that, one circuit is involved in
maintaining baseline sleep levels, while another is involved in generating recovery
sleep (Aso et al., 2014a; Aso et al., 2014b; Sitaraman et al., 2015a). The idea of the
existence of distinct neuronal circuits, some for maintaining baseline sleep and others
for promoting recovery sleep is consistent with the finding that there are very few
dedicated wake-promoting neurons (cholinergic) whose activity results in increased
wakefulness followed by sleep recovery when deactivated, while there are other

neurons such as dopaminergic and octopaminergic neurons which encode baseline wake
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levels such that their deactivation does not result in recovery sleep (Seidner et al.,

2015).

Octopamine in flies functions as a wake promoting substance in a manner
similar to norepinephrine in mammals (Roeder, 1999). Wild type flies behaved like
sleep deprived flies when administered octopamine externally (Crocker and Sehgal,
2008) showing increased activity in the presence of octopamine and sleep rebound
when administration was ceased. Yet, electrical silencing and hyper-excitation of
octopaminergic neurons brought about increase and decrease in total sleep levels
respectively without causing sleep rebound (Crocker and Sehgal, 2008). When a
detailed analysis was done using MARCM (Mosaic Analysis with Repressible Cell
Marker), a technigue that enabled only a subset of octopaminergic neurons to be hyper-
excited, octopamine-modulated wake-promoting behaviour was shown to be mediated
by a subset of neurons called the ASM cells that communicate to Pars Intercerebralis
(P1, Figure 1.2A) neurons located in the medial protocerebrum (Crocker et al., 2010).
Interestingly, EGFR (Epidermal Growth Factor Receptor) signaling-mediated sleep-
promotion is undertaken by a subset of Pl neurons that do not show an overlap with the
octopamine-mediated wake-promoting PI neurons (Foltenyi et al., 2007). Moreover, a
neuropeptide SIFamide and its receptor also promote sleep by acting on Pl neurons
(Park et al., 2014). Thus, Pl also consists of both wake-promoting and sleep-promoting
regions that are modulated by and signal through different pathways, although the

question of it functioning as a sleep homeostat is unexplored.

1.4.1.2.Circadian control of sleep and wake

Circadian clocks in Drosophila are involved in timing various rhythmic

behaviours such as activity/rest, adult emergence, mating, responsiveness to olfactory
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and gustatory stimuli, egg-laying and many more in accordance with external time
(Allada and Chung, 2010). The underlying machinery that enables circadian clocks to
keep time and oscillate with about 24 h period consists of auto-regulatory
transcriptional translational feedback loops (TTFLs) consisting of positive and negative
elements (Cyran et al., 2003; Glossop et al., 1999; Zheng and Sehgal, 2008). In D.
melanogaster, the TTFL comprises positive regulators CLOCK (CLK) and CYCLE
(CYC) that activate the transcription of components of the negative limb period (per)
and timeless (tim), whose protein products bind to CLK-CYC and turn-off their own
transcription (Collins and Blau, 2007; Glossop et al., 1999). This system while being
self-sustained in the absence of external time cues can become synchronized to external
light/dark (LD) cycles as TIM is labeled for degradation by blue light-activated
CRYPTOCHROME (CRY; (Dissel et al., 2004; Dubruille and Emery, 2008)). In
concordance with evidence from mammals that circadian clocks modulate sleep,
(Landgraf et al., 2012; Wisor et al., 2002) canonical clock gene mutants in Drosophila
also display defective sleep. Mutations in per and tim do not alter the total amount of
sleep duration in constant dark (DD) conditions, however, they re-distribute sleep
throughout the 24 h duration as opposed to consolidated sleep and wake events in wild
type flies (Hendricks et al., 2000a; Shaw et al., 2000). Mutations in clk and cyc (Kim et
al., 2002; Kumar et al., 2012; Lu et al., 2008) also have effects on sleep even in 12:12 h

LD cycles as these flies become more active during the night.

In Drosophila, the circadian clock circuit is well mapped and consists of about
150 neurons grouped into six subsets on the basis of their anatomical location (Kaneko
and Hall, 2000; Sheeba, 2008). They are the dorsal neurons (DN;, DN,, DN3s; Figure
1.2B), the lateral dorsal neurons (LNg; Figure 1.2B), large and small ventral lateral

neurons (I-LN, and s-LN,; Figure 1.2B) and the lateral posterior neurons (LPN), among
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which the s-LN, are the most important clock neurons that govern the period and phase
of activity/rest rhythms as well as oscillations of circadian proteins in other circadian
clock neurons under constant darkness (Lin et al., 2004; Nitabach et al., 2006; Wilbeck
et al., 2008). Eight out of 10 s-LN, secrete a neuropeptide called Pigment Dispersing
Factor (PDF) that maintains synchrony within the clock circuit in the absence of
environmental cues (Lin et al., 2004; Renn et al., 1999). Flies with loss-of-function
mutations in Pdf and the gene encoding its receptor Pdfr show increased levels of sleep
both during the day and night under LD cycles, and even in DD (Chung et al., 2009)
apart from loss of clock output. These defects are seen even in flies with ablated LN,
(Chung et al., 2009); in fact because of the phenotypes shown by Pdf®*, Pdfr® and LN,-
ablated flies, PDF is considered as a wake-promoting molecule whose function is
similar to orexin in mammals (Sehgal and Mignot, 2011), mutations in which, lead to
narcoleptic symptoms such as difficulty in maintaining wakefulness. However, recently
it was shown that PDF can have sleep-promoting effects by acting on a subset of
Allatostatin A neurons (Chen et al., 2016), a neuropeptide previously known for its role
in feeding behaviour (Hergarden et al., 2012). Thus, it appears that PDF has differential

effects on sleep/wake behaviour depending upon the identity of downstream neurons.

Among the circadian neurons, the I-LN,, which are also PDF", have by far, the
greatest influence on sleep, although roles for other clock neurons are now being
discovered. When the PDF™ LN, are hyper-excited, flies show increased levels of wake
and decreased levels of sleep, especially during the night (Sheeba et al., 2008a). I-LN,
neurons alone are sufficient for this nocturnal behaviour as hyper-exciting I-LN, in the
absence of functional s-LN, leads to similar amount of nocturnal hyperactivity as seen
when both LN, are hyper-excited (Sheeba et al., 2008a). In addition, hyper-exciting s-

LN, alone does not lead to nocturnal hyperactivity (Shang et al., 2008). The levels of
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sleep decrease seen is directly proportional to the number of hyper-excited I-LN,
(Shang et al., 2008). Furthermore, this increased level of wakefulness with hyper-
excited LN, is modulated by the levels of light (Shang et al., 2008). Thus, I-LN, are
light-activated neurons that sense light through CRY (Fogle et al., 2011; Sheeba et al.,
2008b) and promote wakefulness most likely through the action of PDF. Another study
showed that Clk mutants also exhibit nocturnal activity associated with elevated levels
of dopamine and elevated CRY in the I-LN, (Kumar et al., 2012), although CRY by
itself does not have any role in sleep regulation. Moreover, I-LN, likely receive
synaptic inputs from the photoreceptor cells in the compound eyes, as the dendrites of I-
LN, arborize richly in the optic lobes as seen by staining with antibody against PDF
(Helfrich-Forster, 1995; Kaneko and Hall, 2000). Furthermore, I-LN, have been shown
to act downstream of dopaminergic neurons based on synaptic connections between the
two (Shang et al., 2011). Moreover, isolated I-LN, increase their cCAMP levels in
response to exogenously applied dopamine and octopamine (Shang et al., 2011).
Wake-promoting effects of histamine also seem to be mediated through the LN, (Oh et
al., 2013). Parisky and colleagues (2008) reported that GABAAa receptor RDL
(resistance to dieldrin; (Agosto et al., 2008)) is expressed in circadian neurons LN,.
Moreover, reduced amount of total sleep and increased sleep latency was observed
when rdl was downregulated in them (Parisky et al., 2008). A subsequent study
showed that anti-RDL staining was exclusively localized to the I-LN, (Chung et al.,
2009). In fact, anti-RDL was found to stain I-LN, projections to optic lobes and
accessory medulla, suggesting that inhibition by GABA to decrease wakefulness is
specific to the I-LN,. Indeed, it was found that WAKE (WIDE AWAKE) upregulates

the expression of rdl and increases its localization to cell membrane specifically in the
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I-LNy during dusk, thereby increasing I-LN, sensitivity to GABAergic inhibition in

order to promote sleep onset (Liu et al., 2014) during transition to night.

There is a lack of clarity regarding the role of s-LN, in sleep/wake regulation;
one study found that 1-2 s-LN, promote sleep through the action of short Neuropepetide
F (sNPF) which also affects sleep homeostasis (Shang et al., 2013), though another
study reported the role of SNPF on sleep hoemostasis in the mushroom body (Chen et
al., 2013). Yet another study suggested that s-LN, inhibit I-LN, through sNPF during
night to suppress wakefulness (Oh et al., 2014). Another subset of clock neurons that
have a prominent role to play in sleep/wake regulation are the DN;s. DNjs were found
to receive PDF inputs specifically during late night in order to increase the production
of a neuropeptide DH31 (Diuretic hormone) that suppresses sleep (Kunst et al., 2014).
A sleep-promoting role was also found for DN;s, as activating these neurons increased
day-time sleep and this was found to be brought about by glutamatergic inhibition of
neurons modulating “evening” peak of activity (Guo et al., 2016). Thus, it is clear that
both wake-promoting and sleep-promoting roles for different subsets of circadian

neurons are emerging from these studies.

1.4.1.3.0rganization of the sleep/wake circuit

One of the major assumptions of the two-process model was that circadian and
homeostatic processes would be independently regulated. So far, the anatomical
substrates for sleep homeostat and circadian clocks are found to be distinct in mammals
(Mistlberger et al., 1983) and flies, as outlined in the previous sections. According to
the model, sleep propensity is regulated by both process S and process C, and whether
the two processes interact or independently regulate sleep propensity is not specified in

the model. Under special circumstances, it was predicted that there would be some
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feedback of process S on process C, and indeed, as noted in section 1.3, there is now
evidence for interdependence of process S and process C in mammalian sleep
regulation. Thus, in mammals, it appears that the two processes interact functionally to
regulate sleep propensity. Investigating if this is true for sleep/wake regulation in
Drosophila is an important question and this is one of the major questions addressed in

my thesis.

Most of the mutants that have sleep homeostatic defects have so far been shown
to not have circadian clock defects (Cirelli et al., 2005a; Koh et al., 2008; Kume et al.,
2005). Interestingly however, core clock gene tim, but not per was implicated in sleep
homeostasis based on the observation that loss of function mutation of tim (tim™)
abolished sleep rebound after sleep deprivation, which could be rescued by a transgenic
copy of full-length tim (Hendricks et al., 2000a). In addition to tim, mutation in cyc,
another core clock gene, leads to impaired sleep rebound and death ~ 10 hrs after sleep-
deprivation along with reduced expression of heat shock and stress response genes
(Shaw et al., 2002). Importantly, the response to heat shock is not affected by the
mutation, suggesting that cyc is important for sleep homeostasis (Shaw et al., 2002).
Moreover, two recent studies show possibly different subsets of DN;s to be indirectly
communicating with the sleep homeostatic R2 neurons of the EB (Guo et al., 2018;
Lamaze et al., 2018). Thus, until recently, the evidence for a direct link between sleep

homeostatic and circadian clock elements in order to regulate timing and quality of

sleep has been limited.

A recent study has demonstrated the involvement of Cyclin A (CycA) and its
regulator (both important cell cycle proteins) in sleep homeostasis, and interestingly,
most CycA expressing neurons were found to be located near subsets of circadian

neurons (Rogulja and Young, 2012). Moreover, taranis (tara), a gene encoding a
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transcriptional coactivator, shows circadian clock defects when mutated, and also
regulates sleep by acting on 12-14 CycA expressing Pars Lateralis neurons (Afonso et
al., 2015). Interestingly, TARA was found to act in cholinergic neurons as well in order
to promote sleep, and a subset of wake-promoting cholinergic neurons also are involved
in “sensing” sleep deprivation states (Seidner et al., 2015). Yet another pathway that
could be at the intersection of clocks and sleep homeostat is the insomniac/Cullin-3
pathway. A forward genetic screen designed to select aberrant sleep phenotypes
yielded a mutant called insomniac (Stavropoulos and Young, 2011)). As the name
suggests, the behavioural manifestations of this mutation includes reduced sleep
consolidation and levels as well as reduced sleep homeostatic response (Pfeiffenberger
and Allada, 2012; Stavropoulos and Young, 2011). The protein product of inc
functions as an adaptor of Cullin3 ubiquitin ligase complex, which is involved in
protein degradation pathways (Stavropoulos and Young, 2011) and has been discovered
to modify core components of the circadian clock machinery in order to maintain about
24 h rhythmicity (Grima et al., 2012). The same protein degradation pathway being
involved in both sleep homeostasis (through inc) and modifying core clock proteins
(through Cullin3) underscores the possibility of inc modulating sleep levels through the
action of Cullin-3 on circadian clock genes. These are interesting prospects which can
help in understanding mechanistic links between sleep homeostat and circadian clocks

that eventually results in sleep/wake regulation.

Although several studies have attempted to wunderstand the exact
neuroanatomical correlates of sleep in Drosophila, many other questions persist. It
appears that several separate circuits exist that modulate sleep and wake; however
whether they interact with one another to produce timed sleep is worth investigating. In

other words, does sleep regulation occur at a global level, or are individual circuits
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independently causing synaptic plasticity at a local neuronal level, which together result
in additive effects on sleep at the level of behaviour? None of the circuits when
tampered with completely abolish sleep; they only affect certain aspects of sleep.
Nonetheless, the fact that several different circuits modulate this single behaviour of
sleep suggests that sleep serves essential functions that have led to genetic and circuit-

level redundancy even in the fly.

1.4.2. Why do we sleep?

This question, by far, is the hardest to answer. While appearing deleterious on
many counts, the fact that sleep has persisted over the course of millions of years of
natural selection in a wide variety of organisms suggests that it may have several
benefits. Fruit flies selected for insomnia-like behaviour for about 60 generations
displayed reduced life span, increased levels of triglycerides and fatty acids,
hyperactivity and upregulation of metabolism and neuronal activity-associated genes
(Seugnet et al., 2009). The results of this study mirror similar results seen in mice,
where organisms chronically deprived of sleep show reduced life span and skin lesions
among other defects (Everson, 1995; Rechtschaffen et al., 1983). So far, among many
hypotheses proposed for the importance of sleep, the three most widely accepted and
prominent ones are as follows - synaptic downscaling and memory consolidation,
reducing energy demands and restoration of vital cellular components (Mignot, 2008).
While none of these explain all the features of sleep convincingly, a number of studies
in flies provide evidence in support of these hypotheses with the discovery of various
factors involved in the above mentioned processes that also differentially regulate day-

time and night-time sleep (Ishimoto et al., 2012).
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The hypothesis that sleep is a physiological state during which synaptic
downscaling mostly occurs was proposed as one of the ways in which sleep affects
synaptic homeostasis (Tononi and Cirelli, 2003). In brief, this hypothesis suggests that
synaptic potentiation and thus memory formation occur during wakefulness, whereas
synaptic downscaling and clearance of irrelevant memories — and thus strengthening of
relevant ones, occurs during sleep. In addition, it also proposes that sleep serves a
universal, essential function of homeostatically controlling synaptic plasticity — that is
restoring molecules and conditions to baseline levels needed for optimum learning
during wakefulness (Frank, 2012; Tononi and Cirelli, 2012). Several studies have
gathered evidence in support of this controversial (Frank, 2012) hypothesis. For
instance, various mutants of the cAMP signaling pathway such as rutabaga (rut) and
dunce (dnc) have been shown to have both sleep and memory defects (Hendricks et al.,
2001). Additionally, amnesiac mutants which are defective in intermediate-level or
middle-term memory also show fragmented sleep and defective sleep initiation (Liu et
al., 2008). Dorsal paired medial (DPM) neurons which are important for memory
consolidation are also shown to be sleep-promoting (Haynes et al., 2015). Interestingly,
memory mutants rut and dnc were able to improve their short term and long term
memory scores after sleep was induced in them through three independent methods
(Dissel et al., 2015). Moreover wild type flies that were kept in a socially ‘enriched’
condition, i.e. in groups or pairs, slept more when compared with similar flies kept in
isolation (Ganguly-Fitzgerald et al., 2006; Lone et al., 2016). Interestingly, teaching
flies to not court unresponsive females decreased courtship levels, however, when
males were sleep deprived immediately after the training session, they ‘unlearned’ the

experience and showed similar courtship levels as that exhibited during training.
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Indeed, increase in sleep due to social experience was found to be modulated by genes

associated with Long-Term Memory (LTM; (Ganguly-Fitzgerald et al., 2006)).

In conjunction, it was observed that certain synaptic markers are expressed
when flies are sleep deprived and their levels of expression are dependent upon the
extent of deprivation (Gilestro et al., 2009). When synapses were examined in different
behavioural states — flies that slept normally had decreased number of spiny dendritic
boutons and decreased branch length of processes, whereas those that were awake or
sleep-deprived had opposite features. These results were consistently obtained in three
different circuits thus establishing the universality of this phenomenon within the fly
brain (Bushey et al., 2011). Additionally, social enrichment increased the number of
spiny boutons and number of synapses in the LN, terminals, thus increasing the need to
sleep and thereby the need to restore the synaptic markers to baseline levels (Bushey et
al.,, 2011; Donlea et al.,, 2011). These results were accompanied by behavioural
experiments that showed that memory formation was facilitated with induction of sleep
by hyper-exciting the sleep-promoting dFB neurons (Donlea et al., 2011)).
Interestingly, increasing sleep after learning suppresses active forgetting mechanisms
thereby improving memory retention (Berry et al., 2015). These results together
suggest that experience during waking facilitates formation of memories, which are
strengthened, and unwanted synapses are pruned during sleep that leads to
remembrance of important experiences, thereby priming to imbibe from new

experiences during the next waking event.

Increasing evidence points towards a role for sleep in global restorative
functions, and not just restricted to the brain as suggested by the synaptic homeostatic
hypothesis. Another reason for occurrence of sleep is given by the energy reduction

hypothesis, according to which sleep evolved in order to reduce the energy
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requirements of organisms. Consistent with this, in humans, energy expenditure as
measured from oxygen consumption is lower during sleep than during wakefulness, and
consequently sleep deprivation increases energy expenditure whereas sleep recovery
decreases it (Jung et al., 2011). In conjunction with these results, it has been shown that
starved flies sleep less (Thimgan et al., 2010); in mammals sleep deprivation is also
accompanied by increased feeding (Rechtschaffen and Bergmann, 2002). Indeed,
microarray analysis found that the glial-specific gene anachronism and certain lipid
metabolism genes are upregulated during sleep. Additionally, wakefulness was
associated with upregulation of genes involved in the NAD-reducing pentose phosphate
shunt (Cirelli et al., 2005b). These results can be interpreted keeping in mind the
ecology of the animals; an organism that has not been able to obtain food for a long
time would rather spend its remaining time and energy in foraging for food as opposed
to indulging in sleep. This is well-supported by the findings that neuronal activity of
the mammalian arousal-promoting hypocretin/orexin neurons is modulated by
extracellular levels of glucose, leptin, ghrelin (Yamanaka et al., 2003), lactate (Parsons
and Hirasawa, 2010) and intracellular levels of ATP (Liu et al., 2011), all of which are

indicators of energy balance.

While the ‘orexin-like> PDF* LN, neurons in Drosophila have not yet been
implicated in a similar metabolic state-dependent modulation of wakefulness, PDF
circadian neurons influence starvation-mediated sleep suppression, especially through
the action of Clk (Keene et al., 2010). In addition, foraging (for), which codes for a
cGMP-dependent protein kinase (PKG) and determines the larval feeding strategy of
roving (for” allele) or sitting (for® allele), is also implicated in sleep in both flies and
worms (Dabbish and Raizen, 2011; Raizen et al., 2008). Studies to understand the

dietary regulation of sleep-wake cycles have been undertaken, and results suggest that
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excessive yeast in the food leads to sex-specific effects on both day-time and night-time
sleep (Catterson et al., 2010). The nutritional quantity also determines sleep
characteristics — food with high levels of sucrose induced fragmented sleep, this kind of
fragmentation was not obtained with increasing protein content (Linford et al., 2012).
Additionally, fumin (fmn; gene encoding dopamine transporter) mutants that showed
reduced sleep levels but normal lifespan (Kume et al., 2005) now showed reduced
lifespan on a high-calorie diet (Yamazaki et al., 2012). Interestingly, c-Jun N-terminal
Kinase (JNK), a signaling molecule regulating the insulin-producing pathway in the PI,
was shown to function in MB to regulate sleep levels and lifespan depending upon
dietary conditions (Takahama et al., 2012). Another signaling pathway that is
important for regulating blood pressure and electrolyte content in mammals includes the
angiotensin-converting enzyme whose Drosophila homologue ACER, is implicated in
sleep consolidation especially during the night (Carhan et al., 2011). Taken together,
quite a few studies have been able to establish the link between sleep and metabolism,
providing a genetically tractable model system to study metabolic impairments due to
sleep loss and health issues such as obesity-linked sleep defects in a comprehensive

way.

Glycogen levels were found to have a diurnal pattern during the 24 hr cycle,
with a peak immediately following the peak in rest period, while sleep deprivation
resulted in overall decrease in glycogen levels (Zimmerman et al., 2004). Interestingly,
sleep duration was positively correlated with glycogen stores in males and triglyceride
stores in females (Harbison and Sehgal, 2008). However, these results should be
considered with the caveat that sleep loss by mechanical disturbance in both males and
females led to decrease in glycogen levels accompanied by increase in triglyceride

levels, leaving the possibility that change in energy stores is a stress-related response
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(Harbison and Sehgal, 2009). Nonetheless, these results suggest that sleep deprivation,
stress-related or not, can affect energy stores, providing empirical evidence for the
hypothesis that sleep evolved in order to replenish cellular components. Microarray
studies done on the mouse cerebral cortex and hypothalamus — brain structures
important in regulating sleep, revealed upregulation of genes involved in synthesis of
macromolecules (Mackiewicz et al., 2007). The alleviation of various cellular and
physiological stresses by sleep can also be considered as a restorative function of sleep.
Indeed, the mRNA level of a molecular chaperone protein BiP (Immunoglobulin
Binding Protein) that is also an indicator of Endoplasmic reticulum (ER) stress
increases during sleep loss and decreases as sleep is recovered (Naidoo et al., 2007). In
addition, heat shock proteins are expressed with sleep deprivation, the inability to do so
results in death of cyc®*flies within 10 h of sleep deprivation (Shaw et al., 2002). NfikB
relish, a gene important for inflammatory immune responses was shown to be important
in sleep homeostasis (Williams et al., 2007). Indeed, when flies were injected with
Escherichia coli or were injured without causing sepsis, in addition to mounting an
immune response, they also displayed increased sleep levels during morning hours,
which was absent in flies lacking relish, and which was rescued with the transgenic
expression of relish in the fat bodies (Kuo et al., 2010). Furthermore, FMRFamide,
another neuropeptide was shown to be involved in modulating sleep recovery due to
heat stress (Lenz et al., 2015). Thus, the fact that a wide variety of genes involved in
stress response and physiology have some effects on sleep points towards a restorative

function of sleep.

Sleep is also modified by context, as it was shown that flies tend to sleep lesser
during the night when they are coupled with individuals of the opposite sex which does

not result in sleep rebound (Beckwith et al., 2017; Lone and Sharma, 2012). This
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context-dependent regulation of sleep drive which evidently does not need to be
recovered was seen exclusively in males and was mediated by a subset of octopamine
neurons (Machado et al., 2017). Moreover, apart from sleep duration being dependent
on presence of conspecifics of opposite sex, nutritional requirements and maintenance
of behavioural states are dependent upon gender — females need to forage more both for
feeding and laying eggs. Accordingly, mated females have been shown to sleep less
during the day when they are presumed to be foraging for food in order to lay eggs; a
change brought about by the reception of the male sex peptide via the ejaculate during

copulation (Isaac et al., 2010).

While it is clear that considerable evidence has been garnered in favor of each of
the hypotheses discussed above, it is quite evident that sleep itself has not evolved to
serve any one function. Substantial overlap exists between the processes that govern
each of them, as studies in Drosophila have shown that sleep has restorative functions
in modulating synaptic conditions, mounting stress responses and regulating energy
reserves. For instance, genes like brummer which are involved in lipid metabolism also
affect sleep in addition to showing an effect on sleep deprivation-associated learning
deficits (Thimgan et al., 2010). In addition, circadian gene cyc has been shown to affect
both the restorative function of sleep as well as modulate metabolic and sleep changes
with respect to food availability (Keene et al., 2010; Shaw et al., 2002). Indeed, these
overlaps can provide bases for examining and establishing Drosophila as a potent
model organism to study various diseases (Sehgal and Mignot, 2011), symptoms of
which include sleep disturbances. For example, Drosophila has also been found to
display certain symptoms of restless-leg syndrome (Freeman et al., 2012) and
demonstrated to be a useful model to study Angelman’s syndrome, symptoms of which

includes mental retardation and sleep disturbances in humans (Wu et al., 2008a).
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1.5. Concluding remarks

The model organism D. melanogaster has offered fresh insights in what can be
considered as one of life’s paradoxes — sleep. Throughout, | have emphasized sleep as
a behaviour that is regulated by multiple interacting pathways, and has effects on
multiple functions, which also overlap to a certain extent. Thus, recovery during sleep,
brought about by homeostatic mechanisms, is not just restricted to restore balance only
in the brain, but also in other organ systems. Thus, it is a unique behaviour that has an
immense contribution to the well-being of the organism. Nonetheless, while sleep
confers myriad advantages to organisms, it still remains unclear as to what and how
selection pressures molded the evolution of the behavioural state which we today call
sleep. Indeed, it has recently been shown that sleep deprivation in young adult fruit
flies results in impaired courtship behaviours (Kayser et al., 2014) and aggressive
behaviours which in turn results in reduction of mating opportunities (Kayser et al.,
2015). However, to address this question of significance of sleep more directly, in a

part of this thesis | have examined the effect of sleep deprivation on egg output

A question that has not received much attention pertains to the primitive forms of
sleep displayed by our ancestors. With fruit flies having served as an important model
organism in the study of sleep and amenable to perform large-scale artificial selection
studies, it would be indeed worthwhile and insightful to probe the evolutionary
significance of sleep in these organisms. Another fruitful approach would be to take the
comparative outlook — one could uncover potentially interesting features and functions
of sleep by comparing its structure among closely related species. For instance,
differences in sleep bout number and average sleep bout length between related species
can go a long way in establishing correlations between habitat and dietary differences

and sleep requirements, physiological adjustments and sleep maintenance and
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spatiotemporal niche selection and sleep timing and placement preferences. Indeed, an
ongoing study in our laboratory has indicated sleep structure differences between two
closely related species D. melanogaster and D. ananassae (Prabhakaran and Sheeba,
2012). In addition, moving towards the study of sleep in more natural conditions, rather
than in the laboratory can vyield fresh insights on the functional aspects of sleep
(Aulsebrook et al., 2016), as has recently been exemplified by examining activity/rest
rhythms (Lu et al., 2006; Menegazzi et al., 2012; Prabhakaran and Sheeba, 2013; Vanin
et al., 2012) under semi-natural conditions. Thus, the credibility of Drosophila in
studying sleep is unquestionable and further studies that are directed towards unraveling
the organization of the sleep circuit can increase its potential to be exploited in solving

the many mysteries of sleep.

The two-process model is a ‘terrific example’, as pointed out by Arthur Winfree
(Moore-Ede and Czeisler, 1984) of how mathematical models can help in gaining
insights about fundamental processes. This model works well because it combines the
most essential aspects of sleep/wake cycle in a comprehensive manner and without
introducing too many parameters, manages to capture most of the empirical
observations about sleep. Even though several new modifications continue to be made
in order to explain the myriad nitty-gritty of mammalian sleep, this model is very useful
in trying to establish a universal process for sleep regulation. Thus, a major part of
work outlined in my thesis examines Drosophila sleep in the context of the two-process
model, so as to take the first steps towards gaining insights into general principles of
invertebrate sleep regulation. Moreover, in any animal, a homeostatic and circadian
component for sleep must be defined in order for that animal to be deemed to perform
sleep in accordance with behavioural criteria for the definition of sleep. Therefore, the

principal components for testing the model will always be present in any animal that
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sleeps. Thus, as more and more organisms get caught napping, a universal feature of
sleep regulation is bound to emerge if considered within the framework of two-process

model, which would help in understanding the evolutionary origins of sleep regulation.
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Chapter 2

Nature of interaction between sleep homeostat and circadian
clocks in Drosophila melanogaster



2.1. Introduction

How the two diametrically opposite behavioural states of sleep and wake (Saper
et al., 2005) are regulated is an important question and as mentioned in the previous
chapter, the two-process model has gained traction over the past three decades
(Borbély, 1982; Daan et al., 1984). Essentially, according to the model, a homeostatic
variable S indicative of sleep debt or pressure, builds up in response to the animal
remaining awake, while getting discharged as sleep sets in. The circadian process C
regulates the timing of sleep, such that sleep is initiated when sleep debt reaches a
certain threshold (Figure 1.1A). Thus, an implicit assumption of the model is that these
two processes interact with each other in order to set the threshold for sleep (and wake)

and thereby regulate sleep and wake.

In mammals, it has been shown that in mice and rats with lesions in the
Suprachiasmatic nucleus (SCN), site of the mammalian circadian clocks which are
internal timekeeping mechanisms, Rapid Eye Movement (REM) and non-REM
(NREM) sleep duration is not impaired (lbuka et al., 1980; Tobler et al., 1983).
Moreover, SCN-lesioned rats are also able to show sleep recovery, a sleep homeostatic
feature, after sleep deprivation (Mistlberger et al., 1983) which suggests that SCN is not
the site of the sleep homeostat. However, in a series of studies in which human
participants were subjected to forced desynchrony and constant routine protocols, it was
shown that circadian amplitude of various behavioural factors such as mood, cognitive
performance and alertness were reduced upon sleep deprivation suggesting that sleep
deprivation can impact circadian clock driven rhythms (Boivin et al., 1997; Dijk and
Czeisler, 1994; Dijk and Czeisler, 1995; Dijk et al., 1992). Interestingly, mutations in
mammalian core clock genes such as Bmall, Npas2 and Cryl and Cry2 results in

altered levels of sleep as well as impaired responses to sleep deprivation suggesting
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effects of circadian genes on sleep homeostatic features (Dudley et al., 2003; Laposky
et al., 2005; Wisor et al., 2002). Furthermore, changes in sleep pressure through sleep
deprivation also results in altered electrical activity of SCN neurons (Deboer et al.,
2007; Deboer et al., 2003) and altered expression of clock genes in the cerebral cortex
(Wisor et al., 2008). Together, these studies provide ample evidence for circadian
clocks affecting sleep homeostatic features in mammals. On the other hand, it has been
shown that sleep deprivation also results in changes in circadian clock properties. In
Syrian hamsters, sleep deprivation in the middle of the day (i.e. sleep period) resulted in
phase advances of activity/rest rhythm and decreased c-fos expression in the SCN
(Antle and Mistlberger, 2000). Moreover, phase shifts in response to light cues at
different times of day are also attenuated due to sleep deprivation in mice and hamsters
(Challet et al., 2001; Mistlberger et al., 1997; van Diepen et al., 2014). Recently, this
finding was also extended in a diurnal mammalian species of Sudanian grass rats and it
was reported that sleep deprivation resulted in increased phase-shifting responses to
light cues (Jha et al., 2017). Thus, in mammals, sleep/wake regulation seems to occur
through distinct circadian and homeostatic processes, while influencing properties and

functions of one another.

In Drosophila melanogaster, electrophysiological correlates have been recorded
(Nitz et al., 2002; van Swinderen et al., 2004) using which “deep” stages of sleep in
Drosophila have been uncovered recently (van Alphen et al., 2013; Yap et al., 2017),
these measures cannot be extensively used to study homeostatic features of sleep
because of technical difficulties. Therefore, in order to address questions pertaining to
sleep homeostat in invertebrates, behavioural markers such as sleep rebound, arousal
thresholds, number of brief awakenings and responsiveness to sensory stimuli have

been used (Faville et al., 2015; Huber et al., 2004). Moreover, a pleiotropic role for
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core circadian clock gene cycle (cyc) in sleep homeostasis (Shaw et al., 2002) has been
shown, and circadian modulation of sleep/wake properties have also been studied

(Huber et al., 2004; van Alphen et al., 2013).

According to the two-process model, sleep propensity brought about by the
sleep homeostat is dependent upon prior sleep (wake-dependent sleep propensity),
whereas circadian clocks generate a rhythmic wake-independent sleep propensity.
Whether these two processes impinge upon one another and act concertedly to generate
sleep propensity, or directly and independently regulate the wake-dependent and
independent aspects of sleep propensity is a question that remains unanswered. While it
is clear that they interact in order to regulate sleep propensity in mammals, it is
necessary to address this question in other animal species so as to assess the universality
of sleep/wake regulation in order to begin to understand its functional significance.
Thus, while research in the past in Drosophila and other invertebrate model systems has
uncovered mechanistic details about sleep/wake regulation (Artiushin and Sehgal,
2017), extensive study within the framework of the two-process model to examine
fundamental features of sleep/wake regulation has been lacking. In this study, I focused
on testing the primary assumption of the two-process model — interaction between
homeostatic and circadian clock components of sleep/wake regulation in fruit flies.
Specifically, 1 addressed how circadian clocks regulate the cycling of sleep homeostatic
features, for which I used several markers. | found that quantity and quality of recovery
sleep is dependent upon time of day during which sleep deprivation is imposed.
Moreover, a functional circadian clock is necessary to bring about time-dependent sleep
rebound. | found that circadian properties of period and phase do not change with sleep
deprivation at any time of the day, suggesting a one-way influence between clocks and

sleep homeostat. These results point to the conclusion that sleep homeostat and

40



circadian clocks interact in a manner by which they together influence sleep propensity

as proposed by the two-process model of sleep/wake regulation.
2.2. Materials and methods

2.2.1. Fly strains. All flies were reared on standard cornmeal medium in LD 12:12 at
25 °C. All genotypes except per’w and clk™¥ were back-crossed to 1s031 (W', BDSC
# 5905) for at least 5 generations. CCM (Chrono Control Merged) flies are an
outbreeding population maintained in the lab (Gogna et al., 2015) and per® and per’
have been back-crossed to this background for five generations (Manishi Srivastava,
Vishwanath Varma, Abhilash Lakshman, Vijay Kumar Sharma and Vasu Sheeba;

unpublished). All genotypes and their sources are tabulated in Appendix 1.

2.2.2. Sleep recording and deprivation. 3-5 day old virgin male flies (unless
otherwise stated) were housed individually in glass tubes (3mm inner diameter, 5 mm
outer diameter, 65 mm length) with corn meal medium or 5% sucrose-2% agar medium
on one end and cotton plug on the other. Activity counts every minute were obtained
by recording from Drosophila Activity Monitoring (DAM) system (Trikinetics,
Waltham, MA, USA), which works on the beam-breaking principle, such that whenever
the fly moves along the middle of the glass tube, it breaks an infra-red beam passing
through the middle of the tube and this is recorded as an activity count. Flies were
recorded in controlled environments of either Light/Dark cycles of 12 hours each (LD
12:12, ~300-500 lux during light phase) or constant darkness (DD) at 25 °C (unless
otherwise stated) in incubators (DR-36VVLC8 Percival Scientific Inc., Perry, 1A, USA).
Flies were subjected to sleep deprivation with the help of a vortexer (Multitube
vortexer, VWR, Radnor, PA, USA) which rotates the plate on which DAM monitors

were securely clamped with the help of a custom-made clamp (Vortexer Mounting
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Plate, Trikinetics), at a force of 1-g (500 RPM, 3.6mm eccentric orbit). The vortexer
was programmed using a light controller (LC4, Trikinetics) to rotate for 10 seconds
every minute for either 4 hour or 12 hour duration. For arousal threshold experiments,
vortexer was used to give mechanical stimuli where 1-g force was applied just once for
either 1, 5 or 10 seconds at different time-points. For sleep deprivation experiments,
flies were recorded for a period of three days, with first day used to obtain baseline
levels of sleep (BS) and second day used to perform sleep deprivation (SD) at indicated
time intervals. In another experiment, sleep deprivation, for the duration of 4 hours was
followed by a brief light pulse (2 mins, ~500 lux) one hour after the deprivation had
been stopped. This experiment was conducted on the first day of DD following
entrainment to previously imposed LD cycles. For experiments assessing effects of
deprivation on circadian clock properties, flies were initially recorded in DD for a
period of 7 days; on the 8" day, flies were transferred into fresh food tubes and were
given sleep deprivation at different time windows, and then were recorded for a period

of 7 days post-deprivation.

2.2.3. Data analysis. Sleep in Drosophila is defined as inactivity spanning for five or
more minutes. Sleep duration was analyzed with the help of custom-made excel
spreadsheets as well as the widely used software pySolo (Gilestro and Cirelli, 2009).
Percent sleep lost during a particular window, for example ZT 0-4 (Zeitgeber Time,
where ZT 0 refers to lights-ON), was calculated as (sleep during SD at ZT 0-4 — BS
sleep during ZT 0-4) / (BS sleep during ZT 0-4) *100. Percent sleep gained during a
particular window, for example ZT 0-4, was calculated as (sleep during interval after
SD i.e. ZT 4-8 — BS sleep during ZT 4-8) / (BS sleep during ZT 4-8) *100. Similar
calculations were performed for sleep deprivation at other time windows. For arousal

thresholds, percent responses were calculated as percentage of sleeping flies which
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responded to mechanical stimulus by increasing their activity in the five minutes after
the stimulus. Brief awakening was defined as an event where the fly was inactive
initially, but became active for a short period i.e. 1 minute, and then resumed inactivity.
Thus, if inactivity count is represented by 1 and activity count is represented by 0, then
a 24 hour data set binned at 1 minute interval was scanned for occurrence of 1,0,1
events every hour or every 4 hours, and numbers of such events were noted as brief
awakenings per hour or brief awakenings per 4 hours. This was achieved with the help
of a custom-written MATLAB (Mathworks, Inc., Natick, MA, USA) code. Circadian
clock properties of period and robustness were obtained from Chi-square periodogram
using ClockLab (Actimetrics, Wilmette, IL, USA), where amplitude of periodogram
was considered as robustness of rhythm. To estimate phase of rhythms, activity offsets
calculated from actograms were used as phase markers. Change in period was
calculated by subtracting period obtained 7 days post-deprivation from period obtained
7 days pre-deprivation. Similarly, change in robustness was calculated by using
amplitude of periodogram. For change in phase, average phase of last four days post-
deprivation was subtracted from average phase of last four days pre-deprivation. Data
analyses were done independently in experiments repeated multiple times. One run
among replicates was arbitrarily chosen as a representative run only if all runs showed

similar results.

2.2.4. Statistical analysis. For % sleep lost, % sleep gained and sleep latency after
light pulse, two-way ANOVA with time window and treatment as fixed factors
followed by post-hoc Tukey’s Honest Significant Differences (HSD) test was
conducted. For responses to brief light pulse, two-way ANOVA with time-point
(before, during and after pulse) and treatment as fixed factors followed by post-hoc

Tukey’s HSD test was conducted. For number of brief awakenings, change in period,
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phase and robustness, one-way ANOVA with time (for brief awakenings) or treatment
(for change in period, phase and robustness) as fixed factor followed by post-hoc
Tukey’s HSD test was conducted. Significance level was set at p < 0.05. Details of

statistical analyses are given in results and Appendix 2.1.

2.3. Results

2.3.1. Quantity of sleep rebound depends upon time of sleep deprivation. In order
to study Drosophila sleep/wake cycles within the framework of the two-process model,
it was important to first understand how circadian clocks modulate sleep propensity. To
do so, | examined sleep propensity as measured by two behavioural markers in constant
conditions in the absence of environmental time cues. Previously, arousal thresholds
have been used as a marker of sleep pressure in flies, with the caveat that the same
individual flies were given mechanical stimuli to elicit behavioural responses at
different times of a LD 12:12 cycle as well as DD, and it was found that arousal
thresholds were higher during the night (Faville et al., 2015; van Alphen et al., 2013). |
subjected different sets of flies to mechanical stimuli lasting either 1, 5 or 10 seconds at
different times of the day both in the presence and absence of time cues (LD 12:12 and
DD). As expected, arousal thresholds were lower during day as compared to night
(Figure 2.1A); interestingly we obtained a similar pattern even in constant darkness
(Figure 2.1B). During the day and subjective day, responses to stimuli in terms of
increase in activity are higher even for stimuli lasting for the shorter durations of 1 and
5 seconds, whereas higher percentage of response is seen only when stimuli last for 10
seconds during middle of night (ZT 16) and subjective night time-points (CT 16 and CT
20, Figure 2.1A-B). At some time-points (such as ZT 4 and CT 4), stimulus duration

for the longest duration, i.e. 10 seconds did not elicit the strongest response. This could
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Figure 2.1. Arousal thresholds vary across time of day. Percentage of sleeping flies (w'''®) that responded
with increase in activity levels to mechanical stimuli lasting either 1, 5 or 10 seconds at different time-points
in (A) LD 12:12 and (B) DD conditions. At ZT 0 and 12, as well as CT 0 and 12, majority of the flies were
awake and hence % response could not be obtained. n between 22-32 flies. Experiment in both regimes

conducted once.



be due to low resolution of data acquired from DAM system. Indeed, in another study
in which video recording was conducted to measure sleep and activity of flies, the
expected result of highest stimulus intensity eliciting strongest response was seen (van
Alphen et al., 2013). Nevertheless, the diurnal as well as circadian pattern of higher

arousal thresholds during the night remains consistent across studies.

Yet another marker of sleep pressure is sleep intensity as measured by number
of brief awakenings, which are defined as activity counts (typically for a minute)
interspersed within two inactive intervals (also lasting a minute each), and which has
previously been used as a measure of sleep intensity in mice, rats, humans and flies (De
Gennaro et al., 2001; Franken et al., 1991; Huber et al., 2000; Huber et al., 2004; van
Alphen et al., 2013). Furthermore, number of brief awakenings can be considered as a
marker of sleep continuity or consolidation, and thus as an output of the sleep
homeostat, since by definition, maintenance of sleep/wake levels is a function of the
sleep homeostat. In conditions where organisms do not receive time cues from the
environment, such as in DD, sleep continuity could still be cycling due to the sleep
homeostat functioning as an hourglass. To test this hypothesis, | recorded wild type
flies as well as flies lacking functional clocks and flies with clocks running with altered
speeds and quantified the number of brief awakenings across time of day on three
consecutive days in DD. | found that wild type w***® flies show higher number of brief
awakenings during subjective day and there is a sharp dip during subjective night
(Figure 2.2). In fact, across three circadian cycles, number of brief awakenings varies
across time in a similar manner. On the other hand, in two of the circadian clock
mutants tested that render the clocks dysfunctional (cyc® and timeless, tim®®), number
of brief awakenings does not cycle across the circadian day (Figure 2.2). Intriguingly,

flies carrying a mutation in period gene that shortens their free-running period, per®
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Figure 2.2. Number of brief awakenings
varies across circadian day. Number of
brief awakenings per hour across time is
plotted for three consecutive days in DD
as indicated by grey (subjective day) and
black (subjective night) bars on the top.
Wild type w8 (n = 29 flies) and CCM
(n = 30 flies) flies show rhythmic varia-
tion in number of brief awakenings on
all days. Circadian clock mutants cyc”
(n = 32 flies) and #tim® (n = 31 flies) do
not show rhythmic variation in number of
brief awakenings on any day. pert (n =
31 flies) and per' (n = 30 flies) flies show
altered period and amplitude in number of
brief awakenings rhythms. y-axis scale of
the brief awakenings graph of per'is dif-
ferent so as to aid in visualization of the
low-amplitude rhythm. Experiment con-
ducted once.



(Konopka and Benzer, 1971), show four cycles of number of brief awakenings whereas
their background control CCM flies (Gogna et al., 2015) show three cycles in three
days. Indeed, in long period per' mutants (Konopka and Benzer, 1971), the number of
cycles does not differ, though the amplitude of cycling of number of brief awakenings
is reduced (Figure 2.2) which could be due to long periods being often associated with
less robust rhythms (Dowse and Ringo, 1987). These results suggest that cycling in
sleep continuity (which can be considered an output of the sleep homeostat) requires the

presence of circadian clocks in order to cycle with appropriate period and amplitude.

In mammals, typically, slow wave activity (SWA) during NREM sleep, which
are composed of EEG slow waves in the 0.5-4.5 Hz frequency range, is a robust
indicator of wake-dependent sleep propensity and therefore can act as a reliable marker
of the sleep homeostat (Steriade et al., 2005). It is possible and relatively easier to
record changes in SWA while simultaneously changing sleep states by depriving sleep
and inducing sleep recovery. Moreover, measures such as melatonin levels and body
temperature can reveal phases of the underlying circadian clocks, thereby enabling
independent observations of distinct effects of sleep homeostat and circadian clocks on
sleep/wake cycles. However, in invertebrates, behavioural arousal is an output of both
circadian clocks as well as the sleep homeostat and thus, distinguishing distinct effects
of these processes becomes challenging. Nevertheless, certain features are typically
homeostat-specific or clock-driven, for instance, sleep recovery is strictly a sleep
homeostat feature, and therefore can be used to measure wake-dependent sleep
propensity; while period, phase and robustness of activity/rest rhythms are clock-driven
properties which can reveal properties of wake-independent sleep propensity.
Therefore, in order to test the interaction between the two processes, | tested the effect

of circadian clocks on wake-dependent sleep propensity and examined the nature of
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rebound sleep when flies were deprived of sleep at different phases of the circadian

cycle.

| subjected wild type (widely used 1s031 or w''*®

) flies to sleep deprivation by
mechanical perturbation with the help of a vortexer at different time intervals for 4
hours. These flies were previously entrained to Light/Dark cycles of 12 hours each (LD
12:12) and were then transferred to constant darkness (DD) for three days. The first
day in DD served as a day of recording baseline sleep levels following which sleep
deprivation was imposed on different sets of flies at different times on the second day.
| observed that sleep deprivation at each of the different time windows of 4 hours each,
resulted in sleep rebound when measured during the next 4-5 hours. This recovery did
not continue till the third day of recording (Figure 2.3A-B). | defined % sleep lost as
the amount of decrease in sleep during sleep deprivation relative to sleep levels during
that same interval on the baseline day. Sleep deprivation imposed at different time
windows resulted in similar percent of sleep loss, all of which were different from their
respective undisturbed controls (Figure 2.3C-left, two-way ANOVA, Fs, 339 = 12.07, p <
0.00001). In undisturbed control flies, apart from CT 0-4 (Circadian Time, where CT 0
refers to start of day as determined by lights-ON time of previously imposed LD cycle)
and CT 8-12 when sleep levels seemed to have increased, sleep levels were not

different on the second day compared to the baseline day (Figure 2.3C-left). % sleep

gained was defined as the amount of sleep gained during the subsequent 4 hour time

Figure 2.3. Time of sleep deprivation determines sleep rebound quantity. (A) Sleep per 30 minutes
across time of day in three consecutive days in DD. On second day, sleep deprivation treatment (orange
shading) was imposed for 4 either during early (CT 0-4), middle (CT 4-8) or late (CT 8-12) subjective
day. (B) Sleep per 30 minutes across time of day with sleep deprivation occurring on second day either
during early (CT 12-16), middle (CT 16-20) or late (CT 20-24) subjective night. Control flies remain
undisturbed throughout. (C) Percent sleep lost during the window of sleep deprivation and percent sleep
gained in the 4 h window after sleep deprivation indicate that sleep is lost similarly in all time windows,
but sleep gained is significantly higher than controls only for deprivation during CT 16-20. *p < 0.05.
Error bars are SEM. n between 27-32 flies for all time-point and treatment combinations. Experiment
conducted three times, data from a single experiment.
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Window following the sleep deprivation window relative to sleep during the same
interval on the baseline day. Thus, % sleep gained for sleep deprivation during CT 0-4
was obtained by calculating sleep increase during CT 4-8 (immediately after sleep
deprivation) normalized to sleep during this interval (CT 4-8) on the baseline day. |
found that % sleep gained is significantly different from day-to-day changes in sleep
levels (as seen from % sleep gained for undisturbed controls) only when sleep was
deprived during CT 16-20 (Figure 2.3C-right, two-way ANOVA, Fs 355 = 1.96, p =
0.08; since time window * treatment interaction was marginally significant, post-hoc
Tukey’s test was conducted which showed p < 0.05 for comparison between control and
sleep deprived flies at CT 16-20). While it appears that % sleep gained was also high
for deprivation during CT 4-8, this was not significantly different from day 1 to day 2
changes in sleep level during the subsequent interval (CT 8-12) in control flies (Figure
2.3C-right). These results show that depending upon the circadian phase, similar levels
of sleep deprivation elicit different homeostatic response — sleep deprivation during
middle of subjective night results in significant sleep recovery in the subsequent 4
hours, whereas sleep deprivation at other times of the subjective day and night do not

result in significant sleep rebound.

2.3.2. Quality of sleep rebound depends upon time of sleep deprivation. Sleep
recovery after deprivation can occur either in terms of increase in sleep duration or
sleep intensity (Borbély, 1982). Typically, number of brief awakenings is expected to
be lower when sleep intensity is higher. To test if sleep deprivation at different time
windows in DD results in differential intensity of recovery sleep, | quantified the mean
number of brief awakenings for 4 hours after the sleep deprivation interval in w'''®

flies. | found that in the 4 hours following sleep deprivation, the mean number of brief

awakenings was reduced as compared to control flies only when sleep deprivation was
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imposed at CT 16-20, however, this reduction was not statistically significant (Figure
2.4, two-way ANOVA, F3 244 = 0.9, p = 0.44). Moreover, | also found that sleep
deprived flies did not show any reduction in number of brief awakenings during sleep
recovery after 12 hours of sleep deprivation the previous night (data not shown). Thus,
number of brief awakenings did not reveal differences between intensity of recovery

sleep due to deprivation at different circadian phases.

| used another approach to estimate recovery sleep intensity whereby | assessed
behavioural responses in terms of activity counts in response to exposure to brief light
pulses (lasting 2 minutes) delivered one hour into recovery sleep following sleep
deprivation at different time windows. Thus, flies previously entrained to LD cycles
were subjected to sleep deprivation during different time intervals on the first day of
DD, and light pulses were given at CTs 5, 9, 13, 17, 21 and 25 (or CT 1 of day 2 in
DD). As seen before, sleep deprivation during CT 0-4, 4-8, 16-20 and 20-24 appear to
result in increased sleep following sleep deprivation, whereas deprivation during CT 8-
12 and CT 12-16 does not seem to result in increased levels of sleep after deprivation
(Figure 2.5A). Importantly, both sleep deprived and control flies respond to brief light
pulses with a sudden decrease in sleep, however the extent to which sleep dips,
especially among the sleep deprived flies changes with time of day (Figure 2.5A).
Furthermore, undisturbed control flies respond to the brief light pulses at all time points
(except at CT 13) with a significant increase in activity in the 5-min interval after the
light pulse, as compared to the 5-min interval before it (Figure 2.5B, Appendix 2.1A).
Importantly, flies sleep deprived during CT 4-8, 12-16 and 20-24 also show an increase
in activity in response to the light pulse given an hour later, however, these responses
are not as high as that of undisturbed controls (Figure 2.5B-top middle, bottom left and

right panels, Appendix 2.1A). Furthermore, flies deprived of sleep during CT 0-4 and

49



Figure 2.5

>

— control —sleep deprived
CT 0-4 CT 4-8 CT 8-12

Sleep (mins) / 30 min

— control —sleep deprived

30, CT5 - CT9 - CT 13
: - - -
— | *kk i
E 20_ *%k* i on |
2 ' __‘>.A - ]
i) | | i
c
: OG L v v T T ¥ T T T
3
> 30 CT 17 q CT21 . CT 25
g | i
."3 2({ x : *kk : *kk
< 10 j ] ] J

ool " * g e

6@ o @ 6@ o @ o @ @ o
99‘ 0‘?' Pg‘ 6‘?' 0'?' Pv?' 6‘?' 0'?' Pv?'

Figure 2.5. Time of sleep deprivation determines sleep rebound quality. (A) Sleep per 30 minutes across time of day
for w'!® flies deprived of sleep during indicated time windows along with their respective controls. Orange shading
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dicated time windows along with respective controls. Asterisks indicate significant increase in five minute activity after
light pulse compared to five minute activity before light pulse. *p <0.05, **p <0.005, ***p <0.0005. n between 30-32
flies for all time-point and treatment combinations. All other details as in Figure 2.3. Experiment conducted once.



CT 16-20 do not respond to the light pulse as they fail to show an increase in activity
following light pulses at CT 5 and CT 21 respectively (Figure 2.5B-top left, bottom
middle panels, Appendix 2.1A). However, at CT13, because the activity level prior to
the light pulse itself is high, that light pulse does not result in further increase in activity
in both control and flies deprived of sleep during CT 8-12 (Figure 2.5B-top right,
Appendix 2.1A). Moreover, flies sleep deprived at different time windows also show
different sleep latencies after the light pulse, with flies deprived of sleep during CT 4-8,
8-12 and 12-16 taking as much time as the undisturbed controls to initiate sleep (Figure
2.6A, two-way ANOVA, Fs 363 = 2.64, p < 0.05), whereas flies sleep deprived during
CT 0-4, 16-20 and 20-24 took lesser time to initiate sleep after the light pulse as
compared to their undisturbed controls (Figure 2.6A). Interestingly, when a similar
experiment at four different time windows was conducted in female flies, flies deprived
of sleep during CT 4-8, CT 12-16 and CT 16-20 showed similar sleep latencies as their
controls, while those deprived of sleep during CT 0-4 took lesser time to fall asleep
after light pulse as compared to their controls (Figure 2.6B, two-way ANOVA, F3 235 =
3.73, p < 0.05). However, when the sleep latencies of female flies deprived of sleep
during CT 16-20 were compared with their controls alone, they showed a significant
decrease (Student’s two-tailed t-test, Togs 2 51 = 2.85, p < 0.05). Thus, to a certain
degree, recovery sleep intensity of female flies is similar to that seen in male flies.
These results point toward the conclusion that recovery sleep intensity also differs

depending upon time of sleep deprivation.

2.3.3. Functional circadian clocks are necessary for time-of-day-dependent sleep
rebound. Given that mutations in core clock genes impair some aspects of sleep
homeostat in mice (reviewed in (Landgraf et al., 2012)) and my own results of time-

dependent homeostatic responses, | next asked whether any sleep homeostatic features
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are disrupted in circadian clock mutants. As mentioned earlier, in flies, mutation in cyc
results in excessive sleep recovery following sleep deprivation (Shaw et al., 2002),
whereas mutation in tim was shown to result in decreased amount of sleep rebound in
response to sleep deprivation (Hendricks et al., 2000a). | subjected cyc® and tim® flies
as well as their background control w***® flies to 12 h of sleep deprivation during the
night (dark phase of LD 12:12) and found that while all genotypes lose similar amounts
of sleep (75-85%), they recover different amounts. Sleep deprived w''® flies show
increased sleep for almost 6-8 h during the subsequent day and recover almost 75%
sleep as compared to the undisturbed controls (Figure 2.7A-B, Student’s two-tailed t-
test, To.s, 2, 36 = -2.99, p < 0.005). Unlike previous studies, we find that both cyc®* and
tim® flies recover lost sleep, albeit to different levels — cyc™ flies sleep more for about
6 h in the subsequent day and recover about 25% sleep as compared to undisturbed
controls (Figure 2.7A-B, Student’s two-tailed t-test, Toos, 2 42 = 5.41, p < 0.00001),
while tim®* flies sleep more for about 4-5 h during the next day and recover about 66%
sleep as compared to their undisturbed controls (Figure 2.7A-B, Student’s two-tailed t-
test, Toos, 2, 43 = -3.32, p < 0.005). The reduced level of sleep rebound could be
explained by higher baseline level of day-time sleep in undisturbed controls of both the
mutants, thereby resulting in seemingly lower sleep rebound. Contrary to previous
reports, the amount of recovery sleep seen in cyc® flies is lower than that in w''*® flies,

and tim™ flies do show a significant sleep rebound which is comparable to w**® flies.

Since the sleep homeostat builds up and discharges sleep pressure as the animal
remains awake and falls asleep respectively, i.e. sleep pressure itself is cycling, it is
possible that sleep homeostat itself could be functioning like an hour-glass and
generating this rhythm, especially in the presence of environmental time cues. To

address this possibility, | next asked how mutations in core clock genes that result in the
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disruption of the functional clock affect sleep pressure as measured by amount of sleep
rebound across time of the day in LD 12:12 cycles. 1 also examined number of brief
awakenings across time of day as a marker of sleep continuity as mentioned before. In
wild type w''® flies with intact sleep homeostat and a ticking circadian clock, the
sleep/wake cycle is rhythmic (Figure 2.8A) and importantly, the number of brief
awakenings varies across time of the day. The number of brief awakenings during the
day is higher than during the night (Figure 2.8B, Appendix 2.1B). Furthermore, as seen
in DD (Figure 2.3), even in a cyclic environment, quantity of sleep rebound varies
depending upon time of sleep deprivation — in LD 12:12, sleep deprivation in the late
night window (ZT 20-24) alone results in significant sleep rebound in the subsequent 4
hours (Figure 2.8C, Appendix 2.1C). In cyc® flies, which have been previously shown
to be night-active (Kumar et al., 2012), sleep was equally distributed between day and
night (Figure 2.8A). Importantly, the number of brief awakenings as well as sleep
rebound do not vary across time of day in the cyc® flies (Figure 2.8B-C, Appendix
2.1B-C). Interestingly, clk’™ flies, another mutant which was previously found to be
night-active (Kumar et al., 2012), showed lower sleep during night as compared to day,
yet the number of brief awakenings during day was significantly higher than those
during night (Figure 2.8A-B, Appendix 2.1B). However, even though the temporal

118 kR flies do not show

profile of number of brief awakenings is similar to w
significant sleep rebound due to deprivation at any of the time windows (Figure 2.8C,
Appendix 2.1C). Importantly, tim®* flies show lesser sleep during day as compared to
night (Figure 2.8A), higher number of brief awakenings during day as compared to
night (Figure 2.8B, Appendix 2.1B), yet fail to show significant sleep rebound due to
sleep deprivation during any time interval (Figure 2.8C, Appendix 2.1C). Just like tim®*

flies, per’w flies also show differences in levels of sleep and brief awakenings between
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Figure 2.8. Circadian clock mutants show impairments in sleep homeostatic properties. (A) Sleep per 30 minutes across
time of day, (B) number of brief awakenings at different time windows and (C) sleep gained due to deprivation at different
time windows under LD 12:12 in wild type w''*® flies and circadian clock mutants cyc®, clk®X, tim°' and per’w. Number
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time windows. (C) Percent sleep gained in subsequent 4 h after deprivation in indicated time windows. Only w'"'® show
significant sleep rebound when deprived during ZT 20-24. Clock mutants do not show time-of-day-dependent response
to sleep deprivation. Both c/k™* and per®w flies show high amount of day-to-day changes in sleep, perhaps owing to their
genetic backgrounds. Experiment conducted two times for w'''8, ¢yc® and tim®'; and one time for c/k™®* and perw. n=16
flies for all genotypes and time-point and treatment combinations. All other details are as in Figure 2.3.



day and night (Figure 2.8A-B, Appendix 2.1B). These results suggest that in two of the
four clock mutants (tim™ and per’w) sleep/wake profile reflects the way in which sleep
continuity (as assessed by number of brief awakenings) builds up and gets discharged
and this is very similar to the wild type flies. Yet, neither of the mutants show a
significant sleep rebound in response to deprivation at any of the 4 h time windows
across the 24 h cycle (Figure 2.8C). This suggests that the sleep homeostat is unable to
sense sleep deprivation occurring for a short duration of 4 hours in these mutants.
However, the sleep homeostat can sense and respond to deprivation for a longer
duration of 12 hours at least in tim®* flies (Figure 2.7). In clk’™ flies however, while
number of brief awakenings builds up and gets discharged similar to wild type flies
(albeit with a smaller amplitude), the sleep/wake profile is reversed in comparison,
which suggests a defect perhaps at the level of output pathways. Furthermore, in cyc®*
flies, number of brief awakenings, sleep rebound and sleep/wake do not cycle across the
day suggesting that sleep pressure of cyc® flies does not cycle across the day thereby
re-inforcing this gene’s pleiotropic effect on sleep homeostat (Shaw et al., 2002).
Taken together, in flies, dysfunctional circadian clocks can affect the sleep homeostat,

albeit to varying degrees.

2.3.4. Sleep deprivation during any time window does not alter circadian clock
properties. Given that circadian clock mutations result in changes in sleep homeostatic
properties, | next asked how the sleep homeostat might affect circadian clock
properties. | subjected flies to sleep deprivation during different times of the circadian
day and assessed how core clock properties such as period, phase and robustness (as
estimated from amplitude of periodogram) changed from the pre-deprivation to the
post-deprivation days. | found that neither period (Figure 2.9A, top, one-way ANOVA,

F3 92 = 1.5, p = 0.22; bottom, one-way ANOVA, F3 79 = 1.15, p = 0.33), nor robustness
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Figure 2.9. Circadian clock properties show no changes due to sleep deprivation during different times of day. Change
in (A) period, (B) power and (C) phase from pre-deprivation interval to post-deprivation interval plotted for undisturbed
controls as well as flies sleep deprived during indicated time windows. Period and power obtained from Chi-square peri-
odogram. Average offset phases of last four days within pre- and post-deprivation intervals used for calculating change in
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conducted two times, data from a single experiment. Top and bottom panels are data from different experiments. All other
details are as in Figure 2.3.



(Figure 2.9B, top, one-way ANOVA, F3 ¢, = 0.95, p = 0.42; bottom, one-way ANOVA,
F3 75 = 6.02, p <0.005; however this result was not replicated) nor phase (Figure 2.9C,
top, one-way ANOVA, F3 g2 = 1.99, p = 0.12; bottom, one-way ANOVA, F;3 79 = 0.53,
p = 0.66) changed due to deprivation during any of the time windows any more or less
from the undisturbed controls. This shows that, in flies, sleep deprivation for short
duration of 4 hours does not affect circadian clock properties, suggesting that sleep
homeostat may not feedback on to the circadian clock. Furthermore, it suggests that
perhaps the sleep homeostat does not influence the wake-independent sleep propensity
generated by the circadian clocks, since core clock properties do not change with sleep

deprivation for 4 h intervals.

2.4. Discussion

Since the time of its conception, the two-process model has served as an
excellent framework to study sleep/wake regulation and research spanning three
decades has established the model as the underlying mechanism of sleep/wake
regulation in mammalian species (Borbély et al., 2016). Since invertebrate sleep
research is relatively new, the two-process model has not been as popular in addressing
questions based on mechanism of sleep/wake regulation in invertebrates as in
mammals. Here, | examined the nature of interaction of circadian clocks and sleep
homeostat in order to address one of the assumptions of the two-process model by using
behavioural criteria to probe the underlying sleep pressure of flies. | have used a
previously reported measure for sleep intensity — number of brief awakenings as
readout of the sleep homeostat. Number of brief awakenings is higher during the day
than during the night in wild type flies as well as in all circadian clock mutants except

cyc®. I have also used recovery sleep as a marker of sleep propensity dependent upon
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prior wake time, which according to the two-process model is strictly a homeostatic
feature. | found that while wild type flies tend to recover sleep depending upon time of
sleep deprivation either in the presence or absence of external time cues, none of the
circadian clock mutants tested show time-dependent sleep rebound response, suggesting
that the homeostatically regulated sleep propensity in circadian clock mutants is
impaired. Different clock mutants have similar effects on circadian clock properties,
but affect the sleep homeostat in different ways, suggesting that these genes are perhaps

involved in different levels of the sleep/wake organization.

In mammals, different stages of sleep can easily be distinguished on the basis of
cortical oscillations recorded from the whole brain, and we can make inferences about
the intensity of sleep on the basis of power of oscillations comprising the slow wave
activity (Steriade et al., 2005). In the recent past, local field potentials recorded from
tethered flies whose movement on a foam ball can also be tracked to gauge behavioural
states, has provided useful insights about the presence of multiple sleep stages in
Drosophila (van Alphen et al., 2013; Yap et al., 2017). Here | found that both
homeostatic features of sleep rebound quality and quantity depend upon circadian phase
during which sleep deprivation is imposed. Specifically, sleep deprivation during
middle of subjective night (CT 16-20) results in sleep rebound both in duration and
intensity, whereas sleep deprivation during early subjective day (CT 0-4) and late
subjective night (CT 20-24), results in sleep rebound only in terms of intensity (Figures
2.3, 2.5, 2.6). Sleep deprivation during middle of subjective day (CT 4-8) also results
in sleep rebound through intensity but to a lesser extent (Figures 2.5, 2.6). Sleep
deprivation either during late subjective day (CT 8-12) or early subjective night (CT 12-
16) does not result in sleep rebound either through duration or intensity (Figures 2.3,

2.5, 2.6). These results suggest that flies inherently go through different levels of sleep
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depth, which occur depending upon time of day. Thus, the “deepest” stage of sleep
occurs during early subjective day and mid-subjective night, when sleep is most
indispensable, whereas sleep during mid- and late subjective day as well as early
subjective night is of a lesser intensity as it is less indispensable. Sleep during other
times maybe of an intermediate depth. These findings are in contrast to the definition
of deep sleep on the basis of electrophysiological recordings, according to which deep
sleep occurs mostly during early night (Faville et al., 2015; van Alphen et al., 2013).
Here, we provide a new behavioural criterion to measure different stages of fly sleep,
specifically indispensable sleep, i.e. an intense sleep stage that when lost causes more of
a sleep rebound. In accordance with this criterion, we find that circadian clock mutants

do not show different stages of indispensable sleep.

The behavioural criteria that | have employed to measure sleep pressure are
consistent with previous documentation of activity rhythm features of Drosophila in
both LD and DD conditions (reviewed in (Allada and Chung, 2010)). For instance,
sleep during time windows around the evening peak of activity, both in LD and DD (ZT
or CT 8-12 and 12-16) is minimal in amount, and if it occurs, then it is of poor quality.
This is because, apart from not making up for lost sleep during these intervals, flies also
display high number of brief awakenings and low arousal thresholds. In fact, at ZT 12
and CT 12, | hardly ever found sleeping flies; and if there were, they would respond to
either mechanical stimuli of any duration or brief light pulse with high levels of
activity. Several interesting features about sleep intensity at different time intervals of
the day are revealed from these behavioural criteria. For example, sleep during early
subjective day is of higher intensity as compared to middle subjective day. While
several flies are awake during CT 0, at CT 4 very few flies respond to mechanical

stimuli, and at CT 5, very few flies sleep deprived during early subjective day respond
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to a brief light pulse. On the other hand, at CT 8, all flies recorded respond to
mechanical stimuli, and at CT 9, most of the flies sleep deprived during middle of
subjective day (CT 4-8) respond to light pulse. However, in LD conditions, sleep
during early and middle of day are similar in intensity as there are no differences in
number of flies responding to mechanical stimuli at either time-points. Yet another
intriguing feature is sleep intensity during late night. It appears that flies are sleeping
less intensely as the arousal thresholds at late night is lower (ZT 20) than it is at middle
of the night (ZT 16), yet sleep deprived during ZT 20-24 gets maximally recovered.
Perhaps sleep during this interval consists of both “dispensable” and “indispensable”
stages and further experimentation within this interval will shed more light. It would
also be fruitful to examine the electrophysiological features as an intermediate depth of
sleep has a greater probability of occurring during this time window as can be predicted

from these behavioural data.

In mammals, there exists extensive evidence for sleep homeostat and circadian
clocks interacting and influencing each other and their functions (Borbély et al., 2016;
Landgraf et al., 2012). Here, | showed that circadian clocks influence the cycling of
wake-dependent sleep propensity, which under the two-process model is completely
under homeostatic control. Furthermore, consistent with a previous study (Shaw et al.,
2002), I also found that a circadian clock gene has pleiotropic effects on sleep
homeostatic properties. Thus, even though circadian clock cogs and gears can impinge
upon the sleep homeostat, these effects are modulatory in nature. Furthermore, in
contrast to what was shown in mammals, in flies, circadian clocks perhaps do not
receive feedback from the sleep homeostat, although the evidence pointing to this
conclusion is limited. Nevertheless, it agrees well with previous reports in which it was

shown that certain mutant flies with decreased sleep need do not have circadian clock
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defects (Cirelli et al., 2005a; Koh et al., 2008; Kume et al., 2005). From an adaptive
viewpoint, this suggests that Drosophila circadian clocks, are protected against changes
in sleep states, whereas the responses of the sleep homeostat depends upon time of the
day. Our results suggest that, perhaps different sleep functions may be achieved at
different times of the day, thereby making sleep at certain times more vulnerable to
deprivation. Nonetheless, my study focusing on the two-process model of sleep/wake
regulation in flies, which to the best of my knowledge is the first of its kind, has
revealed interesting features about the nature of sleep and its regulation in Drosophila,
by relying on behavioural criteria of sleep. | believe that further studies combining
molecular, electrophysiological and other behavioural signatures not examined here
such as sleep-specific posture, can result in significant advances in the understanding of

organization and regulation of sleep in invertebrates.
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Chapter 3

Putative pathways from circadian clock to sleep homeostat in
Drosophila melanogaster



3.1. Introduction

In the previous chapter, I showed that sleep homeostat is influenced by the
circadian clocks as sleep deprivation at different times of the day had varying effects on
producing a sleep rebound. Here, | asked how circadian clocks can modulate the sleep
homeostat at the level of neuronal circuits in the Drosophila brain. Since the discovery
of sleep behaviour of Drosophila melanogaster being similar to mammalian sleep in
several aspects (Hendricks et al., 2000a; Shaw et al., 2000), many pathways and
neuronal circuits involving sleep homeostat and circadian clocks have been uncovered.
Genes such as minisleep (mns) and hyperkinetic (hk) encoding subunits of Shaker
potassium channel function in the sleep homeostat (Bushey et al., 2007; Cirelli et al.,
2005a). More recently, central complex structures such as dorsal fan-shaped body
(dFB) (Donlea et al., 2014) and the ellipsoid body (EB) (Liu et al., 2016) have been
shown to function as effector and modulator of the sleep homeostat respectively.
Meanwhile, mutations in core circadian clock genes such as Clock (clk) and Cycle (cyc)
have been shown to cause impaired timing of sleep and they tend to become nocturnal
(Kumar et al., 2012). The circadian neuropeptide Pigment Dispersing Factor (PDF) and
its receptor (PDFR) are involved in relaying wake-promoting signals from the circadian
pacemaker ventral lateral neurons (LN,s) (Chung et al., 2009; Parisky et al., 2008;
Sheeba et al., 2008a) in response to light input (Shang et al., 2008) as well as dopamine
and octopamine (Shang et al., 2011). While it has been suggested that the EB may be
the downstream target of this wake-promoting PDF/PDFR signaling, the evidence in

favour of the same is limited (Parisky et al., 2008).

In the recent past, in the quest to uncover output pathways of the circadian
clocks that help in timing of sleep/wake cycles, a few dedicated circuits have been

mapped. Most notably, sleep is suppressed at the end of the night by the action of PDF
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on PDFR™ Dorsal Neuron 1 (DN;) group of the circadian network which in turn secrete
the wake-promoting neuropeptide Diuretic Hormone 31 (DH31) (Kunst et al., 2014).
On the other hand, timing of sleep onset at the beginning of night is a function of
increased inhibition of wake-promoting large LN, (I-LN,) by GABA (Liu et al., 2014).
Furthermore, yet another group showed that DN;s through glutamate modulate day-
time siesta and night-time sleep by inhibiting the morning (small LN,, s-LN,) and
evening (dorsal lateral neurons, LNy) activity controlling circadian neurons (Guo et al.,
2016). While this work was in progress, two studies showed that a subset of DN;s
project to the Tubular Bulbar neurons in the Anterior Optic Tubercle region, which in
turn make synaptic contacts with the ring neurons of the EB, thereby underlining a
pathway linking circadian clocks to a known sleep homeostatic centre (Guo et al., 2018;

Lamaze et al., 2018).

Here, | addressed the question of modulation of sleep homeostasis by circadian
timing at the neuronal circuitry level by adopting a two-pronged approach. My first
approach was to probe sleep homeostatic roles for different subsets of circadian clock
neurons. | found that activity of a subset of 4-6 lateral neurons represents a sleep
deprived state as their activation alone results in sleep loss which is recovered upon
removal of the activation. Furthermore, | found that circadian clocks within these
neurons are not essential for carrying out their homeostatic role; therefore, they lie at
the interface of clocks and sleep homeostat, as they have distinct independent functions
in both processes. My next approach was to examine if any of the known sleep
homeostatic neurons were downstream of the wake-promoting subset of PDF
expressing LN,s of the circadian clock network by altering the levels of pdfr expression
in the sleep homeostat EB (Liu et al., 2016) and sleep-promoting dFB neurons (Donlea

et al., 2011). My screen for putative downstream targets also included several other

61



subsets of neurons — namely, circadian neurons that are known to express pdfr (Hyun et
al., 2005; Im and Taghert, 2010; Lear et al., 2005; Mertens et al., 2005) subsets of
mushroom body (MB) neurons that are sleep- or wake-promoting (Cavanaugh et al.,
2016; Joiner et al., 2006; Pitman et al., 2006), wake-promoting pars intercerebralis (P1I)
(Foltenyi et al., 2007) as well as aminergic neuronal groups, most of which are reported
to be wake-promoting (Crocker et al., 2010; Kume et al., 2005). Strikingly, | found that
a subset of dopaminergic neurons respond to changes in pdfr expression by changing
the levels of day-time sleep — increasing pdfr levels decreases day-time sleep and vice-
versa. Moreover, PDF" and dopaminergic neurons were found to form synaptic
contacts with one another, along with the possibility of the former inhibiting the latter.
Indeed, in a previous study it was found that dopaminergic neurons communicate with
sleep homeostatic EB and dFB neurons. Thus, my results uncover two putative
pathways that represent the anatomical correlates of circadian clock — sleep homeostat

interaction.
3.2. Materials and methods

3.2.1. Fly strains. Fly strains used along with their source information is listed in
Appendix 1. Briefly, flies were maintained on standard cornmeal medium under
standard 12:12 hour Light/Dark (LD 12:12) cycles at 25 °C. All flies used for sleep
measurements except UAS Clk DN and UAS Cyc DN have been back-crossed to the
standard 15031 or w**® (BDSC # 5905) background for at least five generations. Dvpdf
GAL4, Pdfr*®, Pdfr®*® UAS Pdfr RNAi, UAS dicer, UAS Pdfr and TH GAL4 have

been back-crossed to w'**® for 7 generations.

3.2.2. Sleep assays. 3-6 day old mated females were individually housed in glass tubes

(65 mm length, 3 mm inner diameter) with sucrose medium (5% sucrose and 2% agar)
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on one end and cotton plug on the other and activity was recorded in DAM2 monitors
(Drosophila activity monitoring system, Trikinetics, Waltham, MA, USA). Mated
females were used as per convention as well as because they show marked differences
in their day-time and night-time sleep levels, and measuring their sleep on a sucrose
medium did not result in interference from larval activity as it was seen that the eggs
laid did not hatch into larvae. The DAM system works on the principle that whenever a
fly crosses the middle of the tube, it breaks an infra-red beam which is detected by
infra-red sensors and recorded as activity counts. Flies were housed in light and
temperature controlled environments with 12 hours of light (~300-500 lux) and 12
hours of darkness (LD 12:12) at 25 °C in incubators (MIR-273, Sanyo, Osaka City,
Osaka, Japan; DR-36VVLC8 Percival Scientific Inc., Perry, IA, USA) for a period of 3
days. Activity was binned at 1 minute intervals and sleep parameters such as day-time
and night-time sleep duration, bout length and number and activity per waking minute
were estimated using PySolo (Gilestro and Cirelli, 2009), while sleep profiles and sleep
latency were obtained from a custom-made Microsoft Excel spreadsheet template. Here
too, as in Chapter 2, data analyses of experiments that were repeated multiple times
were done independently. One run among replicates was arbitrarily chosen as a

representative run only if all runs showed similar results.

3.2.3. Statistical Analysis. For experiment using dTRPAl-mediated (Drosophila
Transient Receptor Potential A1) heat activation of clock neurons, percentage change in
sleep was calculated as (total sleep during 21 °C — total sleep during 29 °C)/ (total sleep
during 21 °C) *100. Percentage change in day-time sleep was calculated as difference
between day-time sleep of experimental flies and parental control (GAL4 or UAS
control) flies normalized to day-time sleep of parental control flies. For comparison of

sleep parameters, one-way ANOVA with genotype as fixed factor followed by post-hoc
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Tukey’s Honest Significant Difference (HSD) test was conducted. For comparison of
GFP fluorescence intensity, two-way ANOVA with genotype and time-point as fixed
factors followed by post-hoc Tukey’s HSD test was conducted. Significance level for
all tests was set at p < 0.05. Details of statistical analyses are given in results and

Appendix 2.2.

3.2.4. Immunocytochemistry. Adult brains were dissected in ice-cold Phosphate
Buffered Saline (PBS) and fixed immediately for 30-40 minutes in 4%
paraformaldehyde. Fixed brains were blocked in 10% horse serum for 1 hour at room
temperature and 6-9 hours at 4 °C, followed by incubation with cocktail containing
primary antibodies for 48 hours. The primary antibodies used were anti-GFP (chicken,
1:2000, for GFP labeling and CalexA measurements, Invitrogen #A10262), anti-PDF
(mouse, 1:5000, DSHB, PDF C7), anti-MYC (mouse, 1:1000, Cell Signalling
Technology, #9B11), anti-TH (rabbit, 1:1000, Invitrogen #P21962), anti-GFP (mouse,
1:500, for GRASP, Sigma-Aldrich #G6539) and anti-PDF (rabbit, 1:30,000, M.
Nitabach and T.C. Holmes). Following 7-8 serial washes with 0.5% Triton X in PBS
(0.5% PBT), brains were incubated with appropriate secondary antibodies for 24 hours.
Secondary antibodies were used at a concentration of 1:3000 and they were anti-
chicken-Alexa Fluor 488 (Invitrogen, #A11039), anti-mouse-Alexa Fluor 546
(Invitrogen, #A11003), anti-mouse-Alexa Fluor 488 (Invitrogen, #A11001) and anti-
rabbit-Alexa Fluor 546 (Invitrogen, #A11035). Brains were washed with 0.5 % PBT
and mounted on glass slides in 7:3 glycerol:PBS medium. Confocal images were taken
on Zeiss LSM 880 (with Airyscan, ZEISS, Oberkochen, Germany) microscope either

with 20X, 40X (oil immersion) or 63X (oil immersion) objectives.
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3.3. Results

3.3.1. “Evening” neurons are involved in sleep homeostatic function. Given that
circadian clock mutations resulted in alterations of sleep homeostatic properties as seen
in the previous chapter (Figure 2.8), | asked whether any of the neurons within the
circadian clock network play a role within the sleep homeostat. To do so, | transiently
hyper-excited different subsets of clock neurons by expressing the heat-activated
Drosophila Transient Receptor Potential A1 (dTRPA1) channel (Hamada et al., 2008)
under the control of different GAL4 drivers. | found that overall sleep levels were
significantly lower than both GAL4 and UAS parental control flies when all lateral
neurons (PDF* s-LNy and I-LNy; PDF 5™ s-LN,; dorsal lateral — LNq neurons, Figure
1.2B) were hyper-excited under the control of Dvpdf GAL4 (Figure 3.1A, one-way
ANOVA, F, g7 = 27.67, p < 0.00001). When a subset of DN; neurons were hyper-
excited under the control of Clk 4.1M GALA4, sleep levels were reduced compared to the
GAL4 controls only (Figure 3.1A, one-way ANOVA, F, g3 = 22.04, p < 0.00001). Even
though previous studies have shown that PDF" neurons are wake-promoting (Parisky et
al., 2008; Shang et al., 2008; Sheeba et al., 2008a), when these neurons are hyper-
excited, overall levels of sleep are not affected (Figure 3.1A, one-way ANOVA, F; 75 =
2.85, p = 0.06). This is because only night-time sleep level is reduced while day-time
sleep remains unaffected when PDF" neurons are hyper-excited (Parisky et al., 2008;
Shang et al., 2008; Sheeba et al., 2008a). This suggests that under Dvpdf GAL4 driver,
hyper-excitation of LNg and 5™ s-LN, causes reduction of sleep, since hyper-exciting
PDF" neurons alone under the Pdf GAL4 driver has negligible effect on overall sleep
levels. Importantly, when the temperature was reduced to 21 °C such that the neurons
were now no longer hyper-excited, | observed an increase in day-time sleep for about

12 hours (Figure 3.1C) suggestive of sleep rebound only when neurons under Dvpdf
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Figure 3.1

1 UAS dTRPA1/+
E GAL4/+

Il GAL4 > dTRPA1

‘n ***
£ 750-
£ 500
o
d 250-
9
B Clk 9M Dvpdf Clk 4.1M Clk 4.5F
400+
2
= 300
o
8 200- j
(7))
100
<
S NI | Ml
Clk 9M Pdf Dvpdf Clk 4.1M Clk 4.5F
- UAS dTRPA1/+ DvpdfG4/+ = DvpdfG4 > dTRPA1
29 °C 21°C

Sleep (mins)

Figure 3.1. Lateral neurons play a role in sleep homeostatic function. (A) Total sleep levels of flies with different
subsets of clock neurons hyper-excited using heat-acitvation in LD 12:12 at 29 °C. All lateral neurons labelled by
Dvpdf GAL4 when hyper-excited, show significant decrease in total sleep as compared to both UAS dTRPA1/+ and
Dvpdf GAL4/+ parental controls. DN s labelled by Clk 4.1M GAL4 upon hyper-excitation show decreased sleep as
compared to Clk 4.IM GAL4/+ controls. (B) Change in sleep when temperature changes from 29 °C to 21 °C. Re-
moval of hyper-excitation of lateral neurons results in significant increase of sleep. (C) Sleep per 30 minutes under
LD 12:12 for two days each at 29 °C (orange bar) and 21 °C (blue bar). White and black bars denote light and dark
phases of LD 12:12. Sleep is reduced in Dvpdf GAL4 > UAS dTRPAI flies at 29 °C. Arrow indicates increase in
sleep of Dvpdf GAL4 > UAS dTRPA1 flies while temperature decreased from 29 °C to 21 °C. Sleep/wake profiles of
control flies remain unaltered with change in temperature. n between 23-32 flies. Experiment conducted two times
with similar results, data from a single experiment. *p < 0.05, **p < 0.005, ***p < 0.0005. Error bars are SEM.



GAL4 were previously hyper-excited (Figure 3.1B, one-way ANOVA, F;, g7 = 25.35, p
< 0.00001). This significant increase in sleep upon decrease in temperature was not
observed when the other GAL4 drivers including Pdf GAL4 were used (Figure 3.1B,
one-way ANOVA, F; 75 = 0.76, p = 0.47), once again highlighting the role of LNy and
5" s-LLN, which have previously been shown to modulate evening peak of activity under
standard LD 12:12 cycles (Grima et al., 2004; Rieger et al., 2006; Stoleru et al., 2004;
Yao et al., 2016; Yao and Shafer, 2014). This suggests that, LNg and 5" s-LN, encode
a “sleep deprivation” state, as their hyper-activity results in sleep loss and restoring

activity levels to normal conditions results in a significant sleep rebound.

3.3.2. Functional circadian clocks within the lateral neurons are not required in
sleep homeostatic function. So far, | have shown that certain sleep homeostatic
features are altered due to mutations in core clock genes in the previous chapter (Figure
2.8), and that the LNy and 5" s-LN, neurons within the circadian network encode a
sleep deprivation state (Figure 3.1). | next asked if a ticking molecular clock within
these neurons is required in sleep homeostatic function of these neurons. To address
this, molecular clocks within the lateral neurons (under Dvpdf GAL4 driver) were
disrupted by expressing dominant negative (DN) form of either clk or cyc, such that the
over-expressed mutant forms bind to the native wild type CLK or CYC proteins and
render them dysfunctional. | found that sleep rebound due to disrupted circadian clocks
within the lateral neurons either due to dysfunctional CLK or CYC has no effect on the
extent of sleep recovery due to deprivation for the entire duration of 12 hours during
night (Table 3.1). Furthermore, | found that neither the distribution of sleep and wake
nor number of brief awakenings show significant alterations from parental control flies
(Figure 3.2A-B, Appendix 2.2A), contrary to what was observed in cyc® flies (Figure

2.8A-B). While there are slight differences in the manner in which number of brief
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Figure 3.2. Dysfunctional circadian clocks within lateral neurons do not affect sleep homeostatic features. (A) Sleep per
30 minutes across time of day, (B) number of brief awakenings at different time windows and (C) sleep gained due to depriva-
tion during ZT 8-12 and ZT 20-24 time windows under LD 12:12 in UAS clk DN/+, UAS cyc DN/+, Dvpdf GAL4/+, Dvpdf
GAL4 > UAS clk DN and Dvpdf GAL4 > UAS cyc DN flies. Sleep/wake profiles of experimental flies resemble that of parental
control flies. Number of brief awakenings is higher during day than night in all genotypes, although the specific time intervals
may vary in different genotypes. Different letters indicate significant differences across time windows. Sleep is gained when
deprived during ZT 20-24, but not during ZT 8-12 in all genotypes including experimental Dvpdf GAL4 > UAS clk DN and
Dvpdf GAL4 > UAS cyc DN flies. n between 20-24 flies. Experiment conducted two times, data from a single experiment.
All other details are as in Figure 3.1.



awakenings vary across the day, in both the sets of experimental flies, number of brief
awakenings is higher during day than night (Figure 3.2B, Appendix 2.2A).
Interestingly, when the parental control and experimental flies were sleep deprived
during late day (ZT 8-12) and late night (ZT 20-24) intervals as in the previous chapter,
significant recovery sleep was obtained for all flies only when they were sleep deprived
during the late night window (Figure 3.2C, Appendix 2.2B). Sleep deprivation during
late day has negligible effect on the sleep levels in the subsequent 4 hour window in all
genotypes (Figure 3.2C), which is similar to what was observed in wild type flies and
different from what was observed in circadian clock mutants (Figure 2.8C). These
results suggest that a ticking circadian clock within the lateral neurons is not required to
carry out the sleep homeostat function, as disrupting molecular rhythms within these

neurons does not impair any of the sleep homeostatic features tested.

Table 3.1.
Genotype n (flies) % sleep gained
UAS clk DN/+ 23 39.4+105
UAS cyc DN/+ 14 146.9 + 43.2
Dvpdf GAL4/+ 24 31+7.6
Dvpdf GAL4 > UAS clk DN 24 39.5+134
Dvpdf GAL4 > UAS cyc DN 16 53.3+17.9

Table 3.1. Amount of sleep recovery after 12 hours of night sleep deprivation. % sleep recovery for
indicated genotypes calculated as increase in 12 hour day-time sleep post deprivation relative to day-time
sleep levels during baseline day of recording (no disturbance). UAS cyc DN/+ flies showed unusually
high amount of recovery sleep perhaps owing to their background. All other genotypes gain similar
amounts of sleep after 12 hours of sleep deprivation during the night.

3.3.3. PDFR signaling promotes wakefulness specifically during the day. In order

to find more circadian clock — sleep homeostat pathways, my next approach was to find
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if known sleep homeostatic structures are downstream of wake-promoting circadian
clock PDF* LN, neurons. To establish a phenotype on the basis of which, my screen to
uncover downstream targets of PDFR signaling (and thus PDF" circadian neurons)
could be designed, | examined two previously established loss-of-function mutants of
the pdfr gene — pdfr>*® and pdfr®*®®. A previous study had reported that both day-time
and night-time sleep of these mutants is significantly higher than that of background
control flies (Chung et al.,, 2009). However, | found that both mutants after

backcrossing to the widely used 1s031 (w™*®

) background for 7-8 generations exhibited
significantly higher sleep only during the day-time under LD12:12 cycles at 25 °C
(Figure 3.3A, C, w8 vs pdfr*™, Student’s two-tailed t-test, To.s, 2,46 = -2.93, p < 0.05;
w8 vs pdfr®*®; Student’s two-tailed t-test, Tos, 2, 38 = -6.33, p < 0.00001). Total sleep
is significantly higher than the controls only in one of the mutants (Figure 3.3B, w8 vs
pAfr™®®, Togs, 2, 46 = -1.92, p = 0.06; w'™® vs pdfr®®®, Togs 2 33 = -3.68, p < 0.005).
However, night-time sleep of the pdfr mutants was not different from that of the
controls (Figure 3.3D, w8 vs pdfr>*® Toos, 2 46 = -0.09, p = 0.93; w'*® vs pdfr®3®,
Toos, 2,38 = 0.13, p = 0.9). These differences in sleep were not due to differences in
activity levels (Figure 3.4A-B). Although the activity per waking minute is

1118 5304 _
vs pdfr>™™, Toos, 2, 46 =

significantly lower for one of the mutants (Figure 3.4B, w
2.58, p < 0.05; w8 vs pdfr®®®® Tggs 2 35 = 1.91, p = 0.06) as compared to the control,
this observation was not seen in replicate experiments using the same genotypes (data
not shown).  Furthermore, the increase in day-time sleep seen in the pdfr mutants is
also seen during subjective day-time, when these flies are transferred to constant
darkness (DD) at 25 °C (Figure 3.4C-D, w8 vs pdfr>*® Togs 2 41 = -5.51, p < 0.00001;

W vs pdfr®®® Toos 2 35 = -5.24, p < 0.00001). Moreover, we confirmed that back-

crossing has not resulted in loss of the pdfr mutation by the finding that behavioural
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phenotype of the advanced evening activity peak (Hyun et al., 2005; Lear et al., 2005;
Mertens et al., 2005) is reproduced under LD 12:12 (Figure 3.4A). Taken together,
these data suggest that absence of functional pdfr results in increased sleep duration

specifically during the day.

While the quantity of day-time sleep has increased in the pdfr mutants, the
quality of day-time sleep is also different as these pdfr mutants sleep longer within a
typical sleep bout during the day-time (Figure 3.3E, W™ vs pdfr®*®, Tgos, 2, 46 = -3.23, p
< 0.005; w8 vs pdfr®*®® Tggs 2 38 = -4.17, p < 0.0005). However the number of such
sleep bouts is not different in all three genotypes (Figure 3.3G, w***® vs pdfr>*® Togs 2,
46 = 1.27, p = 0.21; w8 vs pdfr®® Toes 2 36 = 1.43, p = 0.16). These results suggest
that sleep is more consolidated during the day-time in the absence of functional pdfr.
During the night average sleep bout length is significantly lower in pdfr®*®* than the
control (Figure 3.3F, Togs, 2 46 = 2.15, p < 0.05), whereas it is comparable to the control
in the case of pdfr®*® (Figure 3.3F, Togs 2 33 = 1.26, p = 0.22), and number of sleep
bouts during the night of both mutants is similar to that of the control (Figure3.3H,
W ys pdfr®® Togs 2, 46 = -1.24, p = 0.22; W vs pdfr®® Tges 2 36 = -0.2, p = 0.84).

Interestingly, both mutants take lesser time to fall asleep after lights-ON (Figure 3.3l,

Figure 3.3. Loss-of-function mutants of pdfr display higher sleep duration during the day. (A)
Amount of time spent sleeping estimated every 30 min as a function of time-of-day averaged across 3
cycles. Both pdfr>*® (n = 22 flies) and pdfr®*® (n = 14 flies) sleep more during the day-time as compared
to w8 (n = 26 flies). Night-time sleep of pdfr mutants is similar to that of w''® flies. White and black
bars on top indicate 12 h of day and 12 h of night, respectively. (B) Total sleep over the 24 h cycle of
pdfr®®® flies is significantly increased as compared to w™*® flies, whereas that of pdfr>** is not different
from w''® flies. (C) Day-time sleep of both pdfr mutants is significantly higher than that of w''*® flies,
whereas (D) night-time sleep of both pdfr mutants is similar to that of w*** flies. (E) Average length of
sleep bouts during the day is higher in both pdfr mutants as compared to w*'*®, while (F) average length
of sleep bouts during the night in only pdfr>** mutants is lower than that of w'''®. Average number of
sleep bouts of the pdfr mutants is comparable to that of w''*® both during (G) day and (H) night. Time
taken to fall asleep (1) after lights-ON is lower in pdfr®*® and pdfr***®® mutants as compared to w***® flies
and (J) after lights-OFF is lower only in pdfr®*® as compared to w**®, Asterisks indicate levels of
significance obtained from performing Student’s two-tailed t-tests for both mutants comparing each of
them to w''® independently. * p< 0.05, ** p< 0.005, *** p< 0.0005. Error bars are SEM. Results
representative from two independent experiments.
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Figure 3.4
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Figure 3.4. Activity in LD 12:12 and sleep behaviour in DD of pdfr mutants. (A) Activity counts of male flies
of w8, pdfi33% and pdfi*3* for every fifteen minutes across time of the day shows that evening peak of pdfi+*®
and pdfi**** flies is advanced in phase as compared to that of w'!® flies (arrow). (B) Activity counts per waking
minute of female flies whose sleep/wake patterns are described in Figure 3.3 is significantly lower in pdfi-~3* flies
as compared to w!''8 flies in this particular run (not observed across independent runs). (C) Sleep per 30 minutes
on first day of DD plotted against time of day, where CT 0 refers to onset of day in the previous LD 12:12 cycle.
(D) Amount of sleep in the first 12 hours of first day in DD shows higher amount of sleep during subjective day-
time for pdfi** and pdfi**® as compared to w''!® flies. All other details are as in Figure 3.3.



w8 vs pdfre®®, Toos, 2 46 = 4.16, p < 0.00001; W' vs pdfr®®*® Tges, 2 36 = 5.3, p <
0.00001), whereas only pdfr>*® falls asleep sooner than w***® after lights-OFF (Figure
3.3J, w8 ys pdfr>®®, Togs 2 46 = 3.18, p < 0.005; w8 vs pdfr®® Togs 2 36 = 0.77, p =
0.45). Given that absence of pdfr leads to increased sleep duration as well as
consolidated sleep and makes flies sleep sooner especially during the day-time, these
results corroborate the previously established role for PDFR signaling mediated by the
PDF" neurons in wake-promoting effects (Chung et al., 2009; Parisky et al., 2008;
Shang et al., 2008; Sheeba et al., 2008a) while highlighting a greater effect on day- time

sleep compared to night.

3.3.4. Screen for downstream targets of PDFR signaling. Previous studies that have
characterized the expression pattern of pdfr using different antibodies against PDFR
and/or promoter-mediated expression of cellular tags such as myc have revealed pdfr
expression in a subset of circadian clock neurons, Pars Intercerebralis (P1), Ellipsoid
Body (EB) and about 50 as yet uncharacterized non-clock cells (Hyun et al., 2005; Im
and Taghert, 2010; Lear et al., 2005; Mertens et al., 2005; Parisky et al., 2008).
Therefore, on the basis of the predicted expression pattern of pdfr and potential sites in
the vicinity of PDF projections, as well as those that function in sleep/wake regulation, I
altered expression of pdfr in a total of 26 GAL4 lines including distinct subsets of
circadian clock neurons, mushroom body, PI, central complex and some
neurotransmitter/peptide systems. My interest was to identify driver lines whose targets
responded with both an increase in day-time sleep upon down-regulation and a decrease
in day-time sleep upon over-expression of pdfr. Moreover, to rule out non-specific
effects on day-time sleep of either the GAL4 or UAS parental line, it was required that
the experimental flies be significantly different as compared to both parental controls in

order to be considered as a hit.

70



Quite surprisingly, down-regulation and/or over-expression in subsets of
circadian clock neurons, which had previously been reported to modulate activity/rest
rhythms in LD as well as in DD (Im and Taghert, 2010) did not show an effect on day-
time sleep (Figure 3.5). While down-regulation of pdfr in ~12-14 DNyps using Clk
4.1M GAL4 (Zhang et al., 2010) resulted in a significant increase in day-time sleep as
compared to both parental controls (Figure 3.5A, Appendix 2.2C), over-expression of
pdfr in the same subset of neurons did not result in a corresponding decrease in day-
time sleep (Figure 3.5B, Appendix 2.2D). Moreover, down-regulation of pdfr in almost
all PDFR" clock neurons using Pdfr (B) GAL4 (Im and Taghert, 2010) resulted in an
increase in day-time sleep but this was significantly different only from the UAS
parental control (Figure 3.5A, Appendix 2.2C). Over-expression of pdfr using the same
driver however resulted in significant decrease in day-time sleep only as compared to
the GAL4 control (Figure 3.5B, Appendix 2.2D). Moreover, when pdfr was down-
regulated and/or over-expressed in a different combination of essentially the same
cluster of circadian clock neurons (Cry GAL4-39; (Klarsfeld et al., 2004)), consistent
effects on day-time sleep were not observed (Figure 3.5, Appendix 2.2C-D). These
results together lead to the interpretation that circadian clock neurons may not be major

downstream targets of PDFR signaling that regulates day-time wakefulness.

In a recent study it was found that PDF" neurons communicate with DNjs,
which then communicate with DH44" (Diuretic Hormone 44) PI neurons that brings
about rhythmic locomotor activity under DD conditions (Cavanaugh et al., 2014).
Given my finding that DN;s are most likely not the downstream targets of PDF"
neurons for sleep regulation, I next asked if the Pl neurons were direct recipients of
PDF signals for modulation of day-time sleep. Barring a few non-specific parental

effects on sleep, none of the 5 Pl-specific GAL4 drivers | screened, showed any
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significant effects on day-time sleep when pdfr was down-regulated and/or over-
expressed (Figure 3.5, Appendix 2.2C-D). Thus, though Pl neurons appear to be
anatomically well-placed to receive PDF signals, my finding suggests that they are not
required for sleep regulation by the PDF" neurons. In the light of these results and
previous findings that Pl neurons modulate sleep and wake levels (Crocker et al., 2010;
Foltenyi et al., 2007), it appears that the PDF signaling and PI neurons are in different

pathways of sleep and wake regulation.

Given that pdfr is expressed in the EB, and the suggestion that they could be the
output neurons of PDF effects on sleep and wake levels (Parisky et al., 2008), pdfr was
down-regulated and over-expressed using GAL4 drivers that distinctly label the EB. |
found that down-regulation of pdfr using c119 GAL4 led to an increase in day-time
sleep (Figure 3.5A, Appendix 2.2C), however it was not accompanied with a
corresponding decrease in day-time sleep upon over-expression of pdfr (Figure 3.5B,
Appendix 2.2D). Another GAL4 driver targeting the EB did not show these effects on
day-time sleep upon down-regulation and over-expression of pdfr (c232 GAL4, Figure
3.5, Appendix 2.2C-D). Specifically targeting the sleep homeostatic R2 neurons of the

EB using more restricted drivers (such as R69F08 GAL4; (Liu et al., 2016)) could still

Figure 3.5. Screen to identify downstream targets of PDFR signaling. (A) Down-regulation of pdfr
using UAS pdfr RNAI; UAS dcr and (B) over-expression of pdfr using UAS pdfr crossed with GAL4 lines
expressed in subsets of circadian clock neurons, Pars Intercerebralis, mushroom body, central complex
and major neurotransmitter systems. Bars represent percentage increase (positive values) or decrease
(negative values) in day-time sleep of experimental flies with respect to that of GAL4 (grey) and UAS
(black) parental controls. Asterisks above the bars indicate level of significance when a one-way
ANOVA with genotype as factor followed by post-hoc Tukey’s test was done on raw day-time sleep
levels. Several lines when used to down-regulate pdfr show a significant increase in day-time sleep, but
do not show a corresponding decrease in day-time sleep when pdfr is over-expressed (Clk 4.1M GALA4,
30y GAL4, c5 GAL4, c119 GAL4), whereas a few lines show a significant decrease in day-time sleep
when pdfr is over-expressed, but no corresponding increase in day-time sleep is seen when pdfr is down-
regulated (121y GAL4, 104y GAL4). However, in 2 lines (Ddc GAL4, TH GAL4), when pdfr is down-
regulated, there occurs a significant increase in day-time sleep; and when pdfr is over-expressed, there
occurs a significant decrease in day-time sleep. All other details are as in Figure 3.3. For all genotypes,
n between 24-32 flies. Results representative from at least two independent experiments for all drivers.
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be instructive. Nonetheless, my results with c119 and ¢232 GAL4s suggest that EB may

not be downstream of PDFR signaling in sleep and wake modulation.

Im and Taghert (2010) reported that in addition to circadian clock neurons, Pl
and EB, there are about 50 cells in the brain that are PDFR™. | hypothesized that these
50 cells could potentially be any one of the mushroom body and/or fan-shaped body
cells, neurons of which are implicated in sleep regulation (Donlea et al., 2014; Donlea
et al., 2011; Joiner et al., 2006; Pimentel et al., 2016; Pitman et al., 2006; Sitaraman et
al., 2015a; Sitaraman et al., 2015b) and which may lie in the vicinity of projections of
the PDF" s-LN, neurons. Not so surprisingly, none of the GAL4 lines labeling either
mushroom body or fan-shaped body showed significant and opposite effects on day-
time sleep upon down-regulation and over-expression of pdfr (Figure 3.5, Appendix
2.2C-D). Interestingly, however, 4 GAL4 drivers showed strong significant effects on
day-time sleep upon either down-regulation or over-expression of pdfr only. Out of
these, when pdfr was down-regulated using the 30y GAL4 which labels the o/f lobes
strongly and the rest of the mushroom body weakly (Aso et al., 2009), day-time sleep
was significantly higher as compared to both GAL4 and UAS controls (Figure 3.5A,
Appendix 2.2C). Interestingly, over-expression of pdfr using broader fan-shaped body
drivers such as 121y GAL4 and 104y GAL4 resulted in decrease of day-time sleep
(Figure 3.5B, Appendix 2.2D). However, similar results were not obtained with a more
restricted driver (c5 GAL4) for FB thereby revealing non-specific effects of the over-

expression using the broad driver.

I next focused on a few neurotransmitter/peptide clusters that have previously
been known to regulate sleep and wake such as dopamine, serotonin, octopamine and

Neuropeptide F (NPF; (Crocker and Sehgal, 2008; He et al., 2013; Kume et al., 2005;
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Yuan et al., 2006)). Surprisingly, when pdfr was down-regulated in serotonergic and
dopaminergic neurons using Ddc GAL4, as well as dopaminergic neurons alone using
TH GAL4, day-time sleep was significantly higher than the parental controls (Figure 3.5
A, Appendix 2.2C). Moreover, when pdfr was over-expressed using the same GAL4
drivers, day-time sleep was significantly lesser than the parental controls (Figure 3.5B,
Appendix 2.2D). However, there was no significant effect of either down-regulating or
over-expressing pdfr in either NPF" or octopaminergic neurons on day-time sleep.
Taken together, these results suggest that dopaminergic neurons are the most likely
candidate for being the downstream targets of PDFR signaling in order to modulate

day-time sleep and wake levels.

3.3.5. PDFR signaling to dopaminergic neurons promotes day-time wakefulness. |
next examined the sleep/wake behaviour of flies with down-regulated or over-expressed
pdfr in dopaminergic neurons in further detail. While down-regulation (DR) of pdfr led
to an increase in day-time sleep and over-expression (OEX) of pdfr in dopaminergic
neurons decreased day-time sleep (Figure 3.6A-D, one-way ANOVA, DR, F;, g = 6.53,
p < 0.005; OEX, F,, g3 = 43.81, p < 0.00001), interestingly both manipulations of pdfr
expression levels led to an increase in night-time sleep (Figure 3.6A-B, Figure 3.7C-D;

DR, F2 g9 =12.48, p < 0.0005; OEX, F; gg = 43.91, p < 0.00001). However, these

Figure 3.6. Quantity and quality of day-time sleep changes with changing pdfr expression levels in
dopamine neurons. Sleep duration for every 30 mins of an average LD12:12 cycle (A) when pdfr is
down-regulated and (B) when pdfr is over-expressed in dopaminergic neurons. (A) Day-time sleep as
well as night-time sleep is increased in TH GAL4 > UAS Pdfr RNAi; UAS dcr (n = 32 flies) as compared
to TH GAL4/+ (n = 31 flies) and UAS Pdfr RNAi/+; UAS dcr/+ (n = 29 flies) controls, whereas (B) day-
time sleep is decreased but night-time sleep is increased in TH GAL4 > UAS Pdfr (n = 28 flies) as
compared to TH GAL4/+ (n = 28 flies) and UAS Pdfr/+ (n = 30 flies) controls. (C) Day-time sleep
duration, (E) average sleep bout length, (G) average number of sleep bouts and (1) latency to fall asleep
after lights-ON for TH GAL4 > UAS Pdfr RNAI; UAS dcr flies compared to controls. (D) Day-time sleep
duration, (F) average sleep bout length, (H) average sleep bout number and (J) latency to fall asleep after
lights-ON for TH GAL4 > UAS Pdfr flies compared to controls. Asterisks indicate significance levels
obtained from one-way ANOVA with genotype as factor followed by post-hoc Tukey’s test. All other
details are as in Figure 3.3. Results representative from four independent experiments.
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Figure 3.7
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differences in sleep levels were not as a result of changes in activity levels (Figure
3.7A-B, DR, F; g9 = 2.55, p = 0.08; OEX, F; g = 0.09, p = 0.9). Not only was the day-
time sleep increased when pdfr was down-regulated in dopaminergic neurons, but the
average sleep bout length was significantly longer as compared to both controls (Figure
3.6E, F; g9 =16.45, p <0.00001), although the number of sleep bouts was not different
from the UAS control (Figure 3.6G, F, g9 = 10.33, p < 0.0005). Interestingly, the flies
with down-regulated pdfr in dopaminergic neurons took the same amount of time to fall
asleep after lights-ON as the controls (Figure 3.61, F, g9 = 2.59, p = 0.08). Flies with
over-expressed pdfr in dopaminergic neurons displayed shorter average sleep bouts
during the day-time (Figure 3.6F, F;, gs = 13.78, p < 0.00001) as well as lesser number
of such sleep bouts (Figure 3.6H, F, gs = 9.45, p < 0.0005). Unlike the pdfr down-
regulated flies, those with over-expressed pdfr in dopaminergic neurons took longer to
fall asleep after lights-ON (Figure 3.6J, F» gg = 28.96, p < 0.00001). Night-time sleep in
both manipulations of pdfr expression levels was different from the controls only in
terms of quantity, not in quality since sleep bout length and number were not affected
(Figure 3.7E-J, sleep bout length: DR, F, g = 3.72, p < 0.05; OEX, F, g3 = 6.24, p <
0.005; sleep bout number: DR, F, g9 = 3.98, p < 0.05; OEX, F; g3 = 4.24, p < 0.05.

Note that these significant differences are because of differences between genotypes as

Figure 3.7. Sleep and activity levels of flies with altered pdfr expression in dopaminergic neurons.
Activity counts per waking minute of (A) TH GAL4 > UAS Pdfr RNAi; UAS dcr and (B) TH GAL4 >
UAS Pdfr are not different from their respective parental controls. Night-time sleep of (C) TH GAL4 >
UAS Pdfr RNAI; UAS dcr and (D) TH GAL4 > UAS Pdfr are significantly higher than their respective
parental controls. Average length of sleep bout during night of (E) TH GAL4 > UAS Pdfr RNAi; UAS dcr
is significantly higher than only UAS Pdfr RNAI/+; UAS dcr/+ control flies, whereas (F) that of TH
GAL4 > UAS Pdfr is significantly higher than both parental controls. Average number of sleep bouts
during night of (G) TH GAL4 > UAS Pdfr RNAi; UAS dcr and (H) TH GAL4 > UAS Pdfr are
significantly higher than only UAS Pdfr RNAI/+; UAS dcr/+ and UAS Pdfr control flies respectively.
Sleep latency after lights-OFF of (1) TH GAL4 > UAS Pdfr RNAI; UAS dcr and (J) TH GAL4 > UAS Pdfr
are not different from their respective parental controls. All other details are as in Figure 3.6.
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Figure 3.8
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shown in Figure 3.7. Night sleep latency : DR, F, g9 = 1.1, p = 0.34; OEX, F; g3 = 2.81,
p = 0.07). Thus, these results lead to the hypothesis that decreasing PDFR signaling to
dopaminergic neurons increases day-time sleep, while increasing PDFR signaling to
dopaminergic neurons suppresses day-time sleep and makes it fragmented, as well as
delays its onset, suggesting that PDFR signaling to dopaminergic neurons is necessary

for initiating and maintaining day-time wakefulness.

3.3.6. PDFR" PPM3 neurons modulate day-time wakefulness. Dopaminergic
neurons labeled on the basis of reactivity to antibody against Tyrosine Hydroxylase
(anti-TH), which is the rate-limiting enzyme for dopamine synthesis, are divided into
several subsets based on their anatomical location (Mao and Davis, 2009). There are
two subsets present in the anterior brain (PAM and PAL — Protocerebral Anterior
Medial and Lateral) and five subsets in the posterior brain (PPM and PPL -
Protocerebral Posterior Medial and Lateral; PPM1-3 and PPL1-2). Of these, two
previous studies have implicated a pair of bilaterally located PPL1 neurons (Liu et al.,
2012) and a unilateral PPM3 neuron (Ueno et al., 2012) in promoting wakefulness
through the inhibition of sleep-promoting dFB. | asked if the PDFR signaling is acting
upon either or both of these subsets to promote wakefulness specifically during the day.
| used the previously created and characterized GAL4 drivers (TH-A, C’, C1, D’, D1,

D4, F2, F3 and G1) targeting different subsets of dopaminergic neurons (Liu et al.,

Figure 3.8. Screen to identify the subset of dopaminergic neurons that are downstream of PDFR
signaling. Down-regulation of pdfr using UAS pdfr RNAi; UAS dcr and (B) over-expression of pdfr
using UAS pdfr crossed with GAL4 lines expressed in different subsets of dopamine neurons. Down-
regulation and over-expression of pdfr using only TH-D’, TH-D1 and TH-F3 GAL4 lines leads to
significant and opposite effects on day-time sleep. In all three lines, down-regulation of pdfr leads to
increase in day-time sleep, whereas over-expression of pdfr leads to decrease in day-time sleep. For all
genotypes, n > 24 flies. All other details are as in Figure 2. (C) Sleep duration for every 30 mins of an
average LD12:12 cycle of TH-D’ GAL4> UAS Pdfir RNAi; UAS dcr (n = 32 flies) compared to TH-D’
GAL4/+ (n = 31 flies) and UAS Pdfr RNAIi/+; UAS dcr/+(n = 31 flies) controls (left) and TH-D’ GAL4>
UAS Pdfr (n = 32 flies) compared to TH-D’ GAL4/+ (n = 32 flies) and UAS Pdfr/+ (n = 32 flies) controls
(right). Day-time sleep is increased with down-regulation, whereas it is decreased with over-expression
of pdfr in a subset of dopaminergic neurons driven by TH-D’ GAL4. All other details are as in Figure
3.3. Results representative from at least two independent experiments.
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Figure 3.10. Sleep profiles of flies with altered pdfi expression in subsets of dopaminergic neu-
rons. Sleep duration for every 30 mins averaged across 3 days of LD12:12 cycles shows increased
day-time sleep with down-regulation (left) and decreased day-time sleep with over-expression (right)
of pdfi using both TH-D1 GAL4 (top) and TH-F3 GAL4 (bottom) drivers. For all genotypes, n be-
tween 24-32 flies. All other details are as in Figure 3.3.



Figure 3.11

Pdfr Myc

Figure 3.11. Putative overlap between PDFR* and TH* neurons. (A) Pdfr myc flies co-labelled with an-
tibodies against MYC and TH reveal TH" and MYC" cells in the regions marked by the asterisks. (B) These
regions contain TH* neurons of the PPM3 subset (left), of which one neuron shows faint MYC" signal (as
indicated by the arrowheads) and two neurons of the PPL1 subset (right) which lie close to but do not overlap
with MYC* cell bodies. All scale bars are 20 pm.



2012). When pdfr was down-regulated or over-expressed using the TH-A GAL4 which
does not drive expression in any of the dopaminergic neurons (Liu et al., 2012),
expectedly no difference in the day-time sleep levels was seen (Figure 3.8A-B,
Appendix 2.2E-F), thus implying no non-specific GAL4 effects. When pdfr down-
regulation or over-expression was specifically targeted to the anterior dopamine subsets
PAM & PAL by using the TH-C’ and TH-C1 GAL4 drivers, no changes in day-time
sleep were observed (Figure 3.8A-B, Appendix 2.2E-F) thus ruling out the involvement
of PAM and PAL subsets in receiving PDFR signaling and promoting day-time sleep.
The TH-D, F and G drivers are expressed in different subsets of PPM2, PPM3, PPL1
and PPL2 neurons (Figure 3.9; (Liu et al., 2012)). Upon applying the same stringent
criteria as before | found that down-regulation and over-expression of pdfr under the
control of TH-D’, D1 and F3 drivers result in significant and opposite changes in day-
time sleep as compared to both parental controls (Figure 3.8A-C, Figure 3.10, Appendix
2.2E-F). Thus, neurons belonging to PPL1, PPL2 and PPM3 subsets that are common
to TH-D’, D1 and F3 drivers but not expressed by TH-D4, F2 and G1 drivers are the
likely downstream targets of PDFR signaling important in modulating day-time

wakefulness.

In order to identify the dopaminergic neurons that receive signals from PDF, I
used the previously described Pdfr myc line (Im and Taghert, 2010) where myc is fused
to the Pdfr gene, such that labeling MYC labels most PDFR™ neurons including clock
neurons and about 50 as yet uncharacterized non-clock neurons. Adult brains of pdfr
myc flies were co-stained with antibodies against TH and MYC and examined for any
overlap that may exist between TH* and PDFR" neurons. | found that 1-2 PDFR"
neurons always lie in the vicinity of PPL1 and PPM3 subset of dopaminergic neurons

(Figure 3.11A; n = 22 hemispheres). Upon careful examination, | found that in 3 out of
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11 brains visualized, there was 1 PPM3 neuron in each hemisphere that was both TH*
and PDFR" (Figure 3.11B-left). The low number of brains showing TH* and PDFR"
PPM3 neurons could be because of high background and low affinity of the anti-MYC
antibody. However, in none of the brains was there any overlap between PPL1 TH" and
PDFR" neurons, although they were quite close to each other (Figure 3.11B-right).
Thus, | can only conclude that perhaps 1 PPM3 neuron per hemisphere may express the

PDF receptor.

3.3.7. PDF" and TH" neurons form synaptic contacts in sSLN, axons. Based on my
results with altering pdfr levels that show that dopaminergic neurons are downstream
targets of PDFR signaling, | next examined the nature of communication between PDF*
and dopaminergic neurons. Because PDF is a neuropeptide, it can have long-range
non-synaptic effects on downstream neurons expressing the PDF receptor (Nassel and
Winther, 2010). | carried out a GRASP (GFP Reconstitution Across Synaptic Partners)
experiment which relies on two independent binary systems allowing the expression of
two membrane-bound GFP fragments in different sets of neurons, such that GFP is
reconstituted and fluoresces only when the fragments are present at synaptic distances
(Gordon and Scott, 2009). A similar experiment done previously had shown the
presence of synapses between PDF" and dopaminergic neurons in the LN, dendrites
(Shang et al., 2011). However, here | asked if synapses between PDF" and
dopaminergic neurons occur specifically in the region of LN, axons since | wished to
examine postsynaptic targets of PDF. Adult brains of flies in which dopaminergic
neurons expressed GFP1-10 fragment and PDF" neurons expressed GFP11 fragment
were co-stained with anti-GFP antibody that specifically labels reconstituted GFP and
anti-PDF to visualize the LN, projections. Reconstituted GFP signal was specifically

detected in the ascending part of the dorsal projection of sLN, (Figure 3.12A) which is
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Figure 3.12

Pdf LexA > GFP11; TH GAL4 > GFP1-10

C TH GAL4 > GFP1-10; GFP11

Figure 3.12. Anatomical connections between TH* and PDF* neurons. (A) Reconstituted GFP (GRASP) signal
was detected in brains of flies expressing Lexdop CD4::spGFP11 under Pdf LexA control and UAS CD4::spGFPI-
10 under TH GAL4 control (n = 22 hemispheres). GRASP signal colocalized with ascending portion of s-LN_ dorsal
projections labelled with antibody against PDF. Highlighted region is magnified in the right-most panel. Control
flies lacking expression of (B) spGFP1-10 (n =16 hemispheres) and (C) spGFP1I (n =16 hemispheres) do not show
GRASP signal. Results representative from two independent experiments. Arrowheads indicate non-specific stain-
ing. (D-left) Expression of GFP using TH GAL4 and co-labelling PDF and (D-right) using antibodies against TH and
PDF in wild type flies reveal dopaminergic projection in the vicinity of ascending portion of s-LN dorsal projection
as indicated by asterisks. Scale bar is 20 pm.




an axonal process. However, when either fragment was individually driven in the PDF"
neurons or dopaminergic neurons alone, no GFP signal was detected (Figure 3.12B-C)
showing that the antibody does not recognize individual fragments of GFP. This shows
that PDF" and dopaminergic neurons form synaptic connections especially in the axonal
projections of s-LN,, thus bolstering my finding that dopaminergic neurons are
downstream of PDFR signaling. Furthermore, in brains with dopaminergic neurons
labeled with promoter driven GFP (TH GAL4 > UAS GFP), as well as with anti-TH, a
dopaminergic projection lying close to the ascending dorsal projection of s-LN, was

found (Figure 3.12D, asterisk).

3.3.8. Auxiliary role of sLN, in mediating wake-promoting effects of I-LN,. While
previous studies suggest a negligible role for the s-LN, in the sleep/wake circuit (Chung
et al., 2009; Shang et al., 2008), s-LN, have been proposed to have a secondary role in
promoting wake-mediating effects of I-LN, (Parisky et al., 2008; Potdar and Sheeba,
2012). To explore their role further, I made use of previously reported toxic version of
Huntingtin protein expression (Htt Q128, referred to as Q128, non-toxic form referred
to as QO0) to selectively render s-LN, dysfunctional (Sheeba et al., 2010) while
simultaneously changing the electrical properties of the remaining I-LN, by expressing
the bacterial sodium channel NaChBac (NB, (Nitabach et al., 2006)). Sleep patterns of
the following genotypes of flies were compared: those in which s-LN, were
dysfunctional but I-LN, were normally firing (s" L* Q128 and NCQ128), some neurons
from both LN, subsets were ablated (s* L™ rpr, apoptotic gene reaper, (Potdar and
Sheeba, 2012)), both LN, subsets hyper-excited (s" L™ NBQO) and s-LN, were
dysfunctional but I-LN, were hyper-excited (s° L" NBQ128) with their respective
controls in which both LN, were normally firing and functional (s* L™ Q0 for s" L*

Q128, s* L" GAL4 for s* L* rpr, s* L* NCQO for s" L" NBQO and s" L* NCQ128, NC
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refers to dORKNC1, which is a non-conducting potassium channel, (Nitabach et al.,
2002)). Additionally, s L* NCQ128 served as control for s* L™ NBQ128. Because |-
LN, wake-promoting effects are primarily mediated by light (Shang et al., 2008), |
examined sleep levels of these flies in LD12:12 cycles with different day-time light
intensities. Altered levels of day-time sleep were observed only when the LN, were
ablated, but never when they were hyper-excited either completely or partially (Figure
3.13A-B, two-way ANOVA, 10 lux : F7 478 = 4.5, p < 0.0005; 300 lux : F7 468 = 8.27, p
< 0.00001; 2000 lux : F7, 476 = 13.91, p < 0.00001). Moreover, the increased levels of
day-time sleep in s* L™ flies is seen only when the light intensity is low (~ 10 lux), but
with increasing light intensity, day-time sleep levels are comparable to s* L flies,
suggesting that remaining LN, that have not been ablated can modulate day-time sleep
effectively especially in the presence of saturating light intensities (Figure 3.13A-B-
left). Furthermore, day or night-time sleep levels were not altered when s-LN, were
dysfunctional and I-LN, were normally firing (s* L"). Interestingly, the finding that
flies with hyper-excited LN, show unchanged day-time sleep levels even in low light
intensity LD12:12 cycles suggests that light-responsive I-LN, can be saturated in terms
of their firing capacity with as low light intensity as 10 lux. However, night-time sleep

levels were always significantly lower than controls when both LN, were hyper-excited

Figure 3.13. s-LN, mediate wake-promoting action of I-LN, . (A) Sleep duration per 30 mins is plotted
against time of the day in LD 12:12 of low (10 lux), moderate (300 lux) and high (2000 lux) light
intensities. In moderate LD 12:12 (middle) s* L* (rpr) flies sleep significantly more as compared to the
s* L (GAL4) control flies at almost all time-points both during the day and night. s L (Q128 and
NCQ128) sleep similarly to their respective s L™ (Q0 and NCQ128) controls during both day and night.
s" L" and s” L" flies sleep significantly lesser than their controls, and s" L" flies sleep even lesser than
the s L™ flies especially during the early part of the night. In both low (top) and high (bottom) LD 12:12
cycles, s™ L™ flies take longer than all other genotypes including s~ L" flies after lights-OFF to fall
asleep.(B) In low (top) LD 12:12 cycles, day-time sleep of s* L* flies is significantly higher than that of
s" L* (GAL4) flies, whereas night-time sleep of s* L* flies is significantly higher than that of s* L* (GAL4)
flies in moderate (middle) and high (bottom) LD 12:12 cycles. In both low and moderate LD12:12 cycles,
night-time sleep of s" L" and s* L™ flies is significantly lesser than their respective controls, but not
different from each other. Night-time sleep of s" L" is different from its respective control s* L* (NCQO0)
as well as s” L™ flies in high light intensity LD 12:12 (bottom).For all genotypes, n between 24-32 flies.
All other details are as in Figure 3.3.
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Figure 3.14
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Figure 3.14. Sleep profiles of flies with altered PKA signaling in subsets of dopaminergic neurons. (A) Sleep
duration per 30 mins is plotted against time of the day in LD 12:12 for flies with either decreased (TH-F3 GAL4 >
UAS PKAR) or increased (TH-F3 GAL4 > UAS PKACA) PKA signalling in TH-F3* neurons. (B) Day-time sleep
of TH-F3 GAL4 > UAS PKAR (n = 31 flies) is significantly lower than UAS PKAR/+ (n = 22 flies) but not differ-
ent from TH-F3 GAL4/+ (n = 27 flies), whereas day-time sleep of TH-F3 GAL4 > UAS PKACA (n = 32 flies) is
not different from both UAS PKACA/+ (n =30 flies) and TH-F3 GAL4/+ (n =27 flies). All other details are as in
Figure 3.3.



(s" L™, Figure 3.13A-B-right). Interestingly, night-time sleep levels of flies with
dysfunctional s-LN, but hyper-excited I-LN, (s° L") is significantly reduced as
compared to controls, but always higher than the s" L™ flies (Figure 3.13A-B-right). In
fact, under LD12:12 with low light intensity days (10 lux), night-time sleep levels of s°
L™ flies were comparable with their s* L* controls (Figure 3.13A-B, right-top). These
results validate that I-LN, modulate wakefulness and further show that functional s-LN,

are required to mediate these effects.

3.3.9. PDFR signaling inhibits PPM3 neuronal activity specifically during the day.
Previous studies have shown that binding of PDF to PDFR results in a strong increase
of cyclic Adenosine Monophosphate (CAMP) levels (Mertens et al., 2005; Shafer et al.,
2008) and moderate increase of intracellular calcium (Ca*) levels when expressed in
HEK293 (Human Embryonic Kidney) cells (Mertens et al., 2005). To test whether
CAMP is the secondary messenger involved in mediating wakefulness through PDFR
signaling, either the catalytic (PKACA) or regulatory (PKAR) subunit of cAMP-
dependent Protein Kinase A (PKA) which increases or reduces PKA activity
respectively were over-expressed using TH-F3 GAL4. No significant changes in day-
time sleep as a result of increasing or decreasing PKA activity were found (Figure
3.14A-B, D, one-way ANOVA, F; gs = 0.44, p = 0.64), although day-time sleep of TH-
F3 GAL4 > UAS PKAR flies was significantly lower as compared to only the UAS
PKAR control flies (Figure 3.14C, one-way ANOVA, F, 77 = 4.41, p < 0.05). This
shows that CAMP may not be the secondary messenger responding to PDFR signaling
in the TH-F3" neurons, as changing PKA activity levels has negligible effects on day-

time sleep.

To assess the functional importance of the connectivity between PDF" and

dopaminergic neurons, | next examined intracellular Ca®* levels in dopaminergic
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Figure 3.15
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Figure 3.15. Intracellular Ca** levels in PPM3 neurons lower during day than night but remain similar during day
and night in the absence of PDFR. (A) TH GAL4 expressing CaLexA in WT and pdfi** backgrounds co-stained with
antibodies against TH to mark dopaminergic neurons and GFP to quantify intracellular Ca*" levels at two time-points
—ZT4 and ZT14. CalLexA-driven GFP* signal was detected at a low level at ZT4 whereas higher intensity at ZT 14 (left
panels) in WT background. CalLexA-driven GFP" signal was detected at similar high level at both ZT4 and ZT 14 (right
panels) in pdfi®3* background. Asterisks indicate PPM3 neurons which are zoomed in inset. (B) Quantification of results
in (A) shows significantly lower GFP fluorescence in TH GAL4 > CaLexA flies at ZT4 as compared to GFP fluorescence
in TH GAL4 > CaLexA flies at ZT14, pdfr****; TH GAL4 > CaLexA flies at ZT4 and ZT14. All other details are as in
Figure 3.3.



neurons at two time-points, one during day (Zeitgeber Time (ZT) 4; 4 hours after lights-
ON) and another during night (ZT14) in the presence and absence of functional PDFR
(Pdfr>*® mutant background). To quantify Ca?* levels, | used the recently developed
CaLexA method which relies on calcium-dependent-nuclear transport of VP16:LexA to
drive GFP downstream of LexAop responder element (Masuyama et al., 2012). When
the CaLexA transgenes are expressed using the broad dopaminergic driver TH GAL4, |
found that 1-2 neurons of some dopaminergic subsets notably within the PAL, PPM2
and PPM3 clusters express GFP (Table 3.2A). However, differential expression of GFP
depending upon time-point and genotype is observed only in about 1-2 PPM3 neurons
per hemisphere (Table 3.2B). In the presence of functional PDFR, at ZT4 when the
levels of PDF are also high (Park et al., 2000), the amount of GFP™ signal seen in the
PPM3 neurons is quite low (Figure 3.15A-B, two-way ANOVA, F; 70 = 10.85, p <
0.005). However, at ZT14 when the levels of PDF are low (Park et al., 2000), amount
of GFP" signal seen in PPM3 neurons is significantly higher than that at ZT4 (Figure
3.15A-B). To measure the calcium levels in PPM3 neurons in the absence of functional
pdfr, 1 expressed the CaLexA transgenes in dopaminergic neurons (using TH GAL4) in a
pdfr>*** mutant background. While it would have been worthwhile to measure calcium
levels in flies with reduced pdfr levels using RNAi-based knock-down, | used the
pdfr>*** mutant background to reduce the transgene load. | found that in the absence of
functional PDFR, at both ZT4 and ZT14, the GFP" signal is high and not different from
each other (Figure 3.15A-B). Importantly, at ZT4, the GFP" signal is significantly
higher in the absence of functional PDFR than in its presence (Figure 3.15). This
shows that PDF acting on PDFR in the PPM3 dopaminergic neurons decreases Ca?*

levels specifically during the day-time.
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Table 3.2A

Genotype TH GAL4 > UAS CalLexA Pdfr; -CI;;'LSSAI\_ 4>UAS
Time-point ZT 4 ZT 14 ZT 4 ZT 14
n (hemispheres) 14 16 13 12
PAL (13) 1.4+0.3 1.3+0.3 2.4+0.4 2.1+0.4
PAM (5) 0.1 +0.09 0.4+0.2 0.1+0.1 0
PPML1 (5)® 0.1+ 0.09 0 0 0
PPM2 (8) 21405 2.6 +0.4 2+05 2+0.4
PPM3 (8) 1.1+0.3 1+£0.3 22+04 1.2+0.3
PPL1 (12) 03+0.1 0.7+0.3 0.2+0.1 1.5+0.4
PPL2ab (6) 0.07 + 0.07 0.8+0.3 1.1+0.3 0.8+0.3
PPL2c (4) 0 0 0.08 + 0.08 0.08 + 0.08
PPL3 (1) 0.3+0.2 0.3+0.2 0.3+0.3 0.2+0.1
PPL4 (1) 0 0.06 + 0.06 0 0
Table 3.2B
G Pdfr>™™; TH GAL4 > UAS
enotype TH GAL4 > UAS CalLexA CalexA
Time-point ZT 4 ZT 14 ZT 4 ZT 14
n (hemispheres) 14 16 13 12
PAL 304 +48 32.3+57 50.3+5.9 36.8+6
PAM 27.3+138 55.2 + 19.2 36.7 +10.6 0
PPM1 6.4+0.3 0 0 0
PPM2 234+52 413459 36.9+6.7 23.8+43
PPM3 17.2+3 725+12.1 75.8 +8.7 69.6 + 7.6
PPL1 22499 174+35 59.2 + 41.3 226+4.6
PPL2ab 15.4 20.2+2.8 495+ 10.9 36.7+5.9
PPL2c 0 0 18.7 33.6
PPL3 6+15 23.6 +8.6 11.4+1.9 52.2+0.6
PPL4 0 15.8 0 0

Table 3.2. Ca®" levels in dopaminergic neurons. (A) Number of GFP* neurons as seen in different
dopaminergic subsets (mean £ SEM) in brain hemispheres expressing CaLexA under the TH GALA4 driver
in wild type and pdfr™® backgrounds during day (ZT 4) and night (ZT 14) time-points. Numbers in
parentheses indicate overall number of neurons of different subsets per hemisphere that are TH GAL4-

positive as seen from data in Mao and Davis, 2009. *Number of neurons per brain.

fluorescence intensity (mean + SEM) in different subsets of dopaminergic neurons.

(B) GFP*
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Figure 3.16. Sleep profiles of flies with hyper-excited subsets of dopaminergic neu-
rons. (A) Sleep duration per 30 mins is plotted against time of the day in LD 12:12 ata
high temperature of 29 °C for flies with hyper-excited dopamine neurons labelled by the
TH-D’, TH-D1 and TH-F3 GAL4 drivers. Both TH-D’GAL4 > UAS dTRPAI (top) and
TH-D1 GAL4 > UAS dTRPAI (middle) flies sleep lower both during the day and night
as compared to their respective controls. TH-F3 GAL4 > UAS dTRPAI (bottom) do not
differ in their sleep levels either during day or night as compared to both controls. For
all genotypes, n between 30-32 flies. All other details are as in Figure 3.3.
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Given that dopaminergic neurons are wake-promoting, inhibiting them should
inhibit wakefulness. Yet, increasing PDFR in PPM3 neurons which, in accordance with
the calcium level quantification should cause increased inhibition, results in decreased
day-time sleep. Similarly, absence of pdfr leads to reduced inhibition (as seen from
increased Ca** levels) of PPM3 neurons, yet behaviourally the flies sleep more during
the day-time. This indicates that PDF/PDFR signaling is acting on those PPM3 neurons
that are, in effect, sleep-promoting. An alternative possibility could be that PDFR
levels are cycling in such a way that they are higher during the night, although it would
be peculiar since PDF levels are usually low during the night (Park et al., 2000). Thus,
while a majority of dopaminergic neurons may be wake-promoting there may still be 1-
2 PPM3 neurons which are PDFR™ and which effectively promote sleep. In order to
examine this heterogeneity, | expressed the dTRPAL channel in different subsets of
dopaminergic neurons using TH-D1, TH-D’* and TH-F3 GAL4 drivers and examined the
sleep levels of flies at a low inactivating temperature of 21 °C as well as at a high
activating temperature of 29 °C. As reported in an earlier study (Liu et al., 2012), |
found that flies sleep lesser both during the day and night when dopaminergic neurons
driven by TH-D1 and TH-D’ GAL4 are hyper-excited (Figure 3.16, one-way ANOVA,
TH-D1: F;, 76 = 23.16, p < 0.00001; TH-D: F;, 73 = 28.88, p < 0.00001). However,
when neurons expressed by the TH-F3 GAL4 are hyper-excited, flies tend to sleep as
much as their GAL4 and UAS parental controls do, especially during the day-time
(Figure 3.16, one-way ANOVA, F, g5 = 2.29, p = 0.1). This can happen only if these
neurons do not actually have any effect on sleep, or if they are a heterogeneous group of
wake-promoting and sleep-promoting neurons, such that hyper-exciting both leads to a

cancellation of effects caused by both groups. Given that TH-F3 GALA4-driven
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dopaminergic neurons have effects on sleep when pdfr levels are altered, these results

point toward the possibility of 1-2 PDFR* PPM3 neurons that are also sleep-promoting.
3.4. Discussion

In mammals, it has been shown that mutations in circadian clock genes affect
sleep homeostatic features (Landgraf et al., 2012). To a certain extent, from my work
in the previous chapter, this is true even for flies. Here, my aim was to find if any of
the circadian clock neurons could either perform sleep homeostatic functions, or
communicate with sleep homeostatic structures. | found that modulating neuronal
firing of the circadian neurons responsible for evening bout of activity (Grima et al.,
2004; Rieger et al., 2006; Stoleru et al., 2004; Yao et al., 2016; Yao and Shafer, 2014)
results in changes in sleep pressure, as hyper-exciting them causes sleep deprivation but
restoring them to baseline levels of firing causes sleep recovery. Additionally, | found
that PDF" LN, regulate day-time wakefulness by communicating with dopaminergic
neurons among the PPM3 subset. Interestingly, PPM3 neurons arborize heavily in the
EB, dFB and MB regions (Aso et al., 2014a; Liu et al., 2012), all of which have been
implicated in performing sleep homeostatic functions (Donlea et al., 2014; Liu et al.,
2016; Pimentel et al., 2016; Sitaraman et al., 2015a; Sitaraman et al., 2015b). Thus, my
study has uncovered two potential pathways using which circadian clocks may

modulate sleep homeostatic properties.

Dopamine is primarily involved in promoting wakefulness (Andretic et al.,
2005; Kume et al., 2005) and is known to act on I-LN, (Shang et al., 2011) as well as
inhibit sleep-promoting dFB (Liu et al., 2012; Ueno et al., 2012) to carry out its wake-
promoting function. Here, my studies suggest that certain dopamine neurons could be

sleep-promoting and through the inhibitory action of PDFR signaling, wakefulness gets
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promoted specifically during the day. Interestingly, a previous study has found that
dopamine acts on I-LN, to promote wakefulness (Shang et al., 2011) and I find that
PDFR signaling acts on dopamine neurons, suggesting a feed-forward pathway for
wake promotion, where dopamine acting on I-LN, promotes the inhibition of sleep-
promoting dopaminergic neurons by PDFR signaling. The identity of dopamine
neurons acting on I-LN, and those responding to PDFR signaling may differ which can

be uncovered with further experiments.

Several lines of evidence show that dopaminergic neurons are involved in
maintaining wakefulness in mammals (reviewed in (Eban-Rothschild et al., 2018)).
Specifically, dopaminergic neurons in the ventral tegmental area were shown to be
necessary for maintaining wakefulness and for promoting arousal in the wake of
important sensory cues (Eban-Rothschild et al., 2016). In addition, dopaminergic
neurons in the dorsal Raphe nucleus were also shown to be involved in promoting
wakefulness (Cho et al., 2017; Lu et al., 2006). In fact, a recent study has shown that
some dopaminergic neurons within the nucleus accumbens also promote wakefulness
(Luo et al., 2018), whereas another study has shown that dopaminergic neurons within
this region promote NREM sleep (Qiu et al., 2016). This heterogeneity in the role of
dopamine in sleep/wake regulation is reminiscent of what is reported here in this study,
with 1 PPM3 neuron possibly being sleep-promoting, and the well-established role of
dopamine neurons being wake-promoting (Andretic et al., 2005; Kume et al., 2005; Liu
et al., 2012; Ueno et al., 2012). Thus, on the basis of the current study, one could
speculate that these dopamine neurons are innervated and modulated by the dorsal
medial hypothalamus, the output centre of the SCN (Saper, 2013), as a mechanism for

circadian clock control of sleep/wake regulation in mammals.
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The role of s-LN, in modulating sleep and wake has been explored in some
detail in the recent years. s-LN, have also been shown to promote sleep via short
Neuropeptide F (SNPF) as well as myoinhibitory peptide (MiP) by inhibiting the wake-
promoting I-LN, (Oh et al., 2014; Shang et al., 2013). Here, | show that PDF" s-LN,
make synaptic contacts with dopaminergic neurons (Figure 3.12) and that PDFR
signaling inhibits the downstream dopaminergic neurons (Fig 3.15) to promote
wakefulness during the day. Moreover, | have shown a secondary role for s-LNy in
modulating wake-promoting effects of I-LN,. Yet, how this wake-promoting signal
which originates in the I-LN, is relayed to the s-LN, is not understood. Furthermore,
from my screen it is clear that this function is not mediated via PDFR signaling among
the LNy, as down-regulating and over-expressing pdfr in s-LN, (Clk 9M GAL4 and Pdf
GAL4) do not result in any sleep defects. Thus, wake-promoting signal from I-LN, to s-
LN, is independent of PDF while s-LN, to dopamine wake-promoting signal requires

PDFR signaling.

PDFR being a class B1 GPCR (G-protein coupled receptor) utilizes CAMP as its
secondary messenger (Kunst et al., 2015; Shafer et al., 2008), although there is evidence
for Ca* also to act as the secondary messenger (Mertens et al., 2005). For most of the
functions of PDF including stabilizing core clock proteins such as TIMELESS and
PERIOD in different target neurons such as DN;s and s-LN,, CAMP is the major
secondary messenger (Li et al., 2014; Seluzicki et al., 2014). Moreover, it is thought
that different actions of PDF of slowing down and speeding up of morning and evening
clock neurons is also mediated by different components of CAMP signaling mechanism
(Duvall and Taghert, 2012; Duvall and Taghert, 2013). However, here | show that for
the function of regulating wake levels during the day-time, PDFR changes levels of

intracellular Ca** in dopamine neurons with negligible role for cAMP signaling,
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suggesting a mechanism by which a neuropeptide that has diverse effects on its
downstream targets can modulate different functions independently. | therefore identify
a unique subset of downstream targets for PDFR signaling among the dopamine

neurons that promote wakefulness depending upon time of day.

Interestingly, in my screen | note that there are several driver lines using which
there are significant changes in day-time sleep but with only one type of manipulation
of pdfr levels (Clk 4.1M, 30y, 104y, 121y GAL4). Given that PDF is a neuropeptide
which can have long-range non-synaptic effects (Nassel and Winther, 2010), even mis-
expressing it (104y and 121y GAL4) in different substrates has resulted in altered day-
time sleep levels. Interestingly, because DH31 can also respond to PDFR (Kunst et al.,
2015), it is possible that these effects could be mediated by DH31 binding to mis-
expressed PDFR. However, | found that this may not be the case as down-regulating
DH31-receptor in these regions does not cause changes in sleep levels (data not shown).
Perhaps examining the effects of manipulating pdfr levels only in the dFB using more
restricted drivers (such as R23E10 GAL4; (Liu et al., 2016)) as compared to the ones
used here could clarify the picture. Nevertheless, | can conclude that in regions
previously not known to express pdfr, mis-expression of pdfr can cause sleep level
deficits suggesting that PDF can act in regions which are not direct targets but yet may

lie in the vicinity of LN, projections.

The role of PDF/PDFR signaling is well-known in synchronizing the free-
running molecular rhythms in neurons across the circadian network (Lin et al., 2004;
Peng et al., 2003; Wu et al., 2008b; Yoshii et al., 2009). PDFR signaling in the
“evening” neurons is important for appropriate phasing of the evening bout of activity
in Light/Dark cycles (Guo et al., 2016; Yao and Shafer, 2014). While the role of PDF

as a wake-signal has been known, here | demonstrate that a subset of dopaminergic
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neurons is downstream of the PDF/PDFR signaling. While the PDFR expression is not
conclusive, | show that perhaps one PPM3 neuron per hemisphere may express the PDF
receptor. Down-regulating pdfr in these neurons results in increase of day-time sleep,
which is a phenocopy of the sleep behaviour of loss-of-function pdfr whole-body
mutants. On the other hand, over-expressing pdfr in these neurons leads to decrease of
day-time sleep specifically. | further show that PDF and dopaminergic neurons make
synaptic contacts with each other at the site of the axonal projection of s-LN.
Moreover, the effect of PDFR signaling on the PPM3 neurons appears to be inhibitory,
suggesting that the PDFR* PPM3 neurons promote sleep. Taken together, | conclude
that wake-promoting LN, make synaptic connections with sleep-promoting
dopaminergic neurons and promote wakefulness specifically during the day-time

through inhibitory PDFR signaling (Figure 3.17).
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Figure 3.17
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Figure 3.17. Day-time wakefulness and night-time sleep regulation by PDFR signaling to PPM3
neurons. During day, I-LN receive various activating cues such as light (Shang et al., 2008), dopa-
mine and octopamine (Shang et al., 2011), which they communicate to s-LN . s-LN_express high
levels of PDF during the day-time which results in inhibition of sleep-promoting PPM3 neurons (solid
line), as a result of which wakefulness is promoted. During night, I-LN are inhibited by GABA
(Parisky et al., 2008, Liu et al., 2014), therefore s-LN_ do not receive any wake-promoting signal. As
a result, reduced PDF expression leads to removal of inhibition of PPM3 neurons, thereby resulting
in sleep.



Chapter 4

Sleep deprivation negatively impacts reproductive output in
Drosophila melanogaster



4.1. Introduction

The rest phase of sleep is remarkably ubiquitous in animals suggesting that sleep
is important. While we humans spend a third of our lives sleeping, we do not know
why sleep is indispensable. Several studies link sleep levels to cognition, mood and
emotional states (Krause et al., 2017), as well as physiological health in humans
(Mahoney, 2010). When rats are chronically deprived of sleep there are detrimental
effects on longevity (Rechtschaffen et al., 1983), skin condition (Everson et al., 1989)
and body weight (Everson and Szabo, 2011) accompanied by physiological changes in
internal organs (Everson and Szabo, 2009). Thus, sleep positively influences many

organ systems in addition to the nervous system.

The genetically tractable model organism Drosophila melanogaster exhibits
several characteristics of mammalian sleep (Hendricks et al., 2000a; Nitz et al., 2002;
Shaw et al., 2000; van Alphen et al., 2013) and sleep deprivation in flies results in
deleterious effects similar to those seen in mammals. Mechanically depriving flies of
sleep decreases their lifespan (Seugnet et al., 2009; Shaw et al., 2002) and short-
sleeping mutants of the Shaker potassium channel have reduced lifespan (Bushey et al.,
2010; Cirelli et al., 2005a). However, lifespan by itself is an insufficient indicator of
overall fitness of an organism as it can be radically influenced by reproductive output
(Sheeba et al., 2000). Since reproductive success is a strong evolutionary driving force,

| focused on possible mechanistic links between sleep and reproductive output.

In humans, infertility is often associated with sleep disturbances; however, the
complexity of the reproductive system and sleep characteristics in humans makes the
analysis of sleep disruption affecting reproductive processes difficult (Kloss et al.,

2015). Shift-workers and women who experience frequent jet lag conditions report
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sleep disturbances and abnormal menstrual cycles and are at a higher risk of developing
pregnancy-related complications (Mahoney, 2010). Chronic sleep deprivation in rats
increases spontaneous ejaculations (Andersen and Tufik, 2002) and reduces the number
of live sperm (Alvarenga et al., 2015). In mice subjected to light protocols mimicking
jet lag and circadian misalignment, reproductive success is hampered (Summa et al.,
2012). Circadian clock mutants with defective timing and consolidation of sleep also
have reduced reproductive output in flies (Beaver et al., 2002) and mice (Loh et al.,
2014). In a recent study in Caenorhabditis elegans, it was found that depriving worms
of the developmentally regulated sleep-like lethargus state activated a protective
response in the endoplasmic reticulum, blocking which caused apoptosis of sperms as
well as defects in muscular activity of egg-laying circuit (Sanders et al., 2017). Sleep
deprivation alters aggressive behaviour in flies and hampers the chances of mating
(Kayser et al., 2015). Most studies show that sleep and reproductive output are
associated with one another, without testing the direct effects of sleep on reproductive
success. Here, | address this question by impairing sleep in female fruit flies and
testing its effect on reproductive output. | found that feeding flies with caffeine or
depriving them of sleep by mechanical perturbation, or by decreasing sleep by genetic
activation of wake-promoting dopamine neurons all result in decreased egg output.
Decreased sleep is associated with decreased egg output for all manipulations. Thus,
my study establishes a model system to study the mechanisms underlying relationships

between sleep and reproductive processes that underlie fitness.
4.2. Materials and Methods

4.2.1. Fly strains. Fly strains and their sources used for both activity/rest and egg
output assays are given in Appendix 1. All the transgenic flies used were back-crossed

into the standard w*'*® background for at least 7 generations.
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4.2.2. Activity/rest and egg output assays. For the activity/rest assays, 4-5 day old
virgin female flies were initially allowed to mate for a day and then were individually
housed in tubes (65 mm length, 3 mm inner diameter) with standard cornmeal food on
one end and cotton plug on the other and activity was recorded in DAM2 monitors
(Drosophila activity monitoring system, Trikinetics, Waltham, MA, USA). The DAM
system works on the standard beam-breaking principle where a fly cuts an infra-red
beam whenever it moves in the middle portion of the tube, thereby generating activity
counts. Activity counts were binned at 1 min intervals to obtain sleep parameters using
the software PySolo (Gilestro and Cirelli, 2009). Flies were housed in light and
temperature controlled environments with 12 hours of light and 12 hours of dark (LD
12:12) at 25 °C using incubators (MIR-273, Sanyo, Tokyo, Japan; DR-36VLC8
Percival Scientific Inc., Perry, 1A, USA). Flies were transferred into fresh food tubes
containing either standard food or food containing different concentrations of caffeine
(Hi-Media, Bangalore, India) every 12 hours depending upon their treatment. The
activity recording assays were run for a period of 6-7 days. First two days represent
baseline days of recording, next three days (days 3-5) were the days during which sleep
deprivation was given either by caffeine treatment or temperature increase, and the last
two days represent the recovery days during which sleep rebound is expected to occur.
For specific assays, flies were fed with caffeine either during day or night for a period

of 6 days.

The egg output assays were conducted simultaneously along with the
activity/rest assays, on a parallel set of flies housed in glass vials (10 cm length, 2.5 cm
diameter) containing ~3 ml of cornmeal food with or without caffeine depending upon
the treatment. For the egg output assays, a small amount of charcoal (0.8 g/L) was

added to cornmeal food to increase the contrast between eggs and food surface, thereby
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aiding in egg counting. As before, flies were transferred into fresh food vials every 12
h and the number of eggs laid were counted with the help of a stereo-microscope
(52160, Olympus, Tokyo, Japan). In the experiment for sleep deprivation by
mechanical means, individual flies were housed in tubes (65 mm in length, 5 mm in
inner diameter) placed in DAMS5 monitors which were then mounted on a vortexer
(VWR, Radnor, PA, USA) that was used to mechanically disturb flies either during the
day or night. Eggs laid by flies in these tubes as well as by flies that remained
undisturbed throughout day or night were then counted for a period of 5 days.
Oviposition choice assays were performed by introducing 5 female w''® flies for a
period of two or twelve hours on petri-dishes that contained standard cornmeal food on
one half and cornmeal food with specific concentrations of caffeine on the other. Data
analyses were done independently in experiments repeated multiple times. One run
among replicates was arbitrarily chosen as a representative run only if all runs showed

similar results.

The CAFE (Capillary Feeder) assay was carried out for a period of 24 hours as
described in (Ja et al., 2007). Briefly, individual flies were housed in vials containing
0.5% agar and 5 pL micro-capillaries containing a solution of 5% sucrose, 1% food
dye (blue, McCormick, Sparks, MD, USA) and either 0.5 or 1 mg/ml caffeine as the
food source. Fresh micro-capillaries were provided after 12 hours and the level of food
was noted to indicate food consumption for the 12-h duration. Filled micro-capillaries
in vials with no flies served as evaporation controls. The final consumption values
were obtained after correcting for evaporation and adding the values for both day and

night durations.
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4.2.3. Statistical analysis. Oviposition preference for a given food was defined as the
percentage of total eggs laid on that food surface. Percentage sleep loss was calculated
as percentage decrease in sleep during sleep deprivation days with reference to sleep
levels during baseline days. Sleep measures of control and sleep deprived flies were
compared using one-way ANOVA with treatment or genotype as a fixed factor
followed by post-hoc Tukey’s Honest Significant Difference (HSD) test with p-level set
at 0.05. For sleep deprivation using caffeine, average day or night sleep levels were
compared using two-way ANOVA with treatment and days (BS, SD or RC) as fixed
factors followed by post-hoc Tukey’s Honest Significant Difference (HSD) test. Egg
output data were first tested for normality using a Shapiro-Wilk’s W test. For mean
number of eggs laid, one-way ANOVA followed by post-hoc Tukey’s HSD test was
conducted if all datasets under consideration were normally distributed. However, even
if one of the datasets were not normally distributed, a Kruskal-Wallis test was
conducted with p-level set at 0.05. For day-to-day comparisons of egg output, two-way
ANOVA with treatment and day as fixed factors followed by post-hoc Tukey’s HSD
test was conducted. For day-to-day egg output of fmn and fmn-bg flies fed with
caffeine, three-way ANOVA with genotype, treatment and day as fixed factors
followed by post-hoc Tukey’s HSD test was conducted. Details of statistical analyses

are given in results and Appendix 2.3.
4.3. Results

4.3.1. Effect of sleep deprivation on egg output of inbred w'*® flies. To assess the
impact of sleep deprivation on reproductive output, I first used caffeine to deprive
female flies of sleep. Flies were given caffeinated food during the day only (Dcsf), Or
during the night only (Ncas) or standard cornmeal food during both day and night that

acted as controls (Ctrl). To estimate the appropriate concentration of caffeine for the
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egg output assay, | quantified the amount of sleep loss in flies with two concentrations
(0.5 and 1 mg/ml) based on previous studies (Andretic et al., 2008; Wu et al., 2009) and
my pilot experiments. Flies that were fed with food containing 0.5 mg/ml caffeine only
during the day (Dcar) tend to exhibit less sleep during the day as compared to their own
baseline (BS) as well as compared to control flies during caffeine (CAF) days (Figure
4.1A, BS and CAF), although this reduction was not statistically significant (Figure
4.1B, day, two-way ANOVA, F4 232 = 4.47, p < 0.05). However, these flies showed a
rebound increase in day-time sleep upon removal from caffeinated food (Figure 4.1A,
RC) which was significantly higher than day-time sleep during BS and CAF (Figure
4.1B-top). Similarly, when flies were provided food containing 0.5 mg/ml caffeine
only during the night (N¢s, Figure 4.1A-B), their night sleep was significantly reduced
as compared to their own BS days as well as control flies during CAF days (Figure
4.1A, BS and CAF; Figure 4.1B, night, two-way ANOVA, F4 23, = 10.41, p <0.00001).
These data show that caffeine has an immediate effect on sleep — Dy flies show
reduced day-time sleep while N flies show reduced night sleep. Similar trends of
reduced day-time sleep of Dc,r and reduced night sleep of Ncar with respect to BS were
found when flies were fed with food containing 1 mg/ml caffeine (Figure 4.2, two-way
ANOVA, day : F4 237 = 2.14, p = 0.08; night : F4 237 = 4, p < 0.005). Importantly, 0.5
mg/ml is more efficient in decreasing sleep levels (53% day and 49% night sleep loss)
as compared to 1.0 mg/ml of caffeine (38 % day and 4 % night sleep loss, Figure
4.1B’). This is likely due to reduced food intake with increasing caffeine content, as a
capillary feeder (CAFE) assay (Ja et al., 2007) conducted for a period of 24 hours,
showed that flies consumed less quantity of 5% sucrose solution containing 1 mg/mi

caffeine (0.55 + 0.07 pL, n = 8 flies) as compared to that containing 0.5 mg/ml caffeine

97



Figure 4.1
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Figure 4.1. Sleep deprivation of w'® flies by caffeine results in decrease of egg output. (A) Sleep in minutes for every half
hour over a period of 24 h is shown for w!!!® flies fed with standard food (Ctrl, n = 28), flies fed with 0.5 mg/ml caffeine only
during the day (D_, n = 25) and only during the night (N_, n = 24) averaged across two baseline (BS), three caffeine feed-
ing (CAF) and two recovery (RC) days. Horizontal whlte and black bars on top represent day and night respectively. (B)
Day-time (top) and night (bottom) sleep of control, D_ and N_ flies are compared across BS, CAF and RC days. D__ flies
show significant increase in day-time sleep during RC days as compared to that during BS and CAF days. N__ flies show
significantly lower levels of night sleep during CAF days as compared to that during BS and RC days, as well as night sleep
of controls during CAF days. (B’) Percentage total sleep loss during CAF days with respect to BS days plotted as function
of caffeine concentration shows that sleep loss is higher for caffeine concentration of 0.5 mg/ml during both day and night
as compared to a concentration of 1.0 mg/ml. (C) Number of eggs laid by control (n = 25), D . (n = 24) and N _.(n = 25)
flies both during day and night over a period of six days of caffeine (0.5 mg/ml) treatment. * denotes significant differences
between either D_ or N_. with control flies, while # indicates significant differences between D_ . and N__ flies. (C’) Total
number of eggs laid averaged across six days of caffeine treatment. D_ flies laid significantly lesser number of eggs as com-
pared to control flies, while N_ flies lay significantly lower number of eggs as compared to both control and D_ flies. The
experiment was repeated with similar results (data not shown). * p <0.05, ** p <0.005, *** p <0.0005. Error bars are SEM.
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Figure 4.2. Sleep/wake behaviour of flies fed with 1.0 mg/ml caffeine. (A) Sleep in minutes for
every half hour over a period of 24 h is shown for w'''® flies fed with standard food (Ctrl, n = 28),
flies fed with 1.0 mg/ml caffeine only during the day (D_, n = 29) and only during the night (N, n
= 28) averaged across two baseline (BS), three caffeine feeding (CAF) and two recovery (RC) days.
(B) Day-time (top) and night-time (bottom) sleep of control, D_ and N_ flies are compared across
BS, CAF and RC days. Only night-time sleep of N_ flies during CAF and RC days is significantly
different from each other. All other details as in Figure 4.1.
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(1.05 £ 0.12 pL, n = 8 flies, Mann-Whitney U test, p < 0.005) which could in turn result

in lesser extent of sleep loss.

Since providing flies with food containing 0.5 mg/ml caffeine during day or
night leads to about 50 % reduction in both day-time and night sleep respectively, I next
determined how this affects their reproductive output. | subjected 5-day old female
flies (mated for one day prior to the start of the experiment) to caffeine treatment only
during the day (Dcaf) or only during the night (Ncaf). | found that both D¢y and N flies
laid lesser number of eggs as compared to the control flies during day as well as night
(Figure 4.1C, Appendix 2.3A), even though on the first day and night the number of
eggs laid were comparable suggesting a cumulative effect of caffeine-mediated sleep
loss on egg output. Ncqr flies laid lesser number of eggs as compared to D, flies also,
which was statistically significant on the later days of the treatment (Figure 4.1C,
Appendix 2.3A). When the total number of eggs averaged over the 6 days of treatment
was compared, D, flies laid significantly lesser number of eggs as compared to control
flies, and Ncyf flies laid significantly lesser number of eggs as compared to both control

and D flies (Figure 4.1C’, one-way ANOVA, F;, 71 = 156.55, p < 0.00001).

Since it is likely that flies fed with caffeine laid fewer eggs simply because
oviposition was inhibited by food containing caffeine, an oviposition preference assay
was carried out, where flies were allowed to lay eggs for two hours on a petri dish with
half the plate containing standard food and the other half containing 0.5 mg/ml
caffeinated food. Flies laid almost equal number of eggs on both halves, suggesting
that for food containing caffeine at a concentration of 0.5 mg/ml, flies do not have any
ovipositional avoidance (Preference Index cf = 0.49 + 0.11, chi-square test, x> = 0.049,
p = 0.82). However, since the egg output assays last for a period of 5-6 days and flies

get access to fresh food every 12 hours, yet another oviposition preference assay was
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conducted for a longer time course of 12 hours. | found that when given a choice for a
longer period of time, flies tend to lay more number of eggs on food containing 0.5
mg/ml caffeine as compared to standard food. Therefore, flies tend to show a
significant preference towards caffeine containing food in conditions resembling the
egg output assays (Preference Index ¢ = 0.75 + 0.1, chi-square test, ¥° = 99.75, p <
0.0005). Thus, these results suggest that flies lay lesser number of eggs when exposed
to caffeine in spite of a preference towards it. Overall, caffeine decreases egg output
and flies that lose night-time sleep tend to lay lesser number of eggs than flies that lose

day-time sleep.

To confirm the effect of sleep loss on egg output | used a completely different
sleep deprivation method. | substituted caffeine with a vortexer-based mechanical
perturbation protocol. Since this assay was done in DAM5 monitors with flies housed
in glass tubes (65 mm in length, 5 mm in inner diameter) as opposed to the caffeine-fed
flies which were housed in standard glass vials (10 cm length, 2.5 cm diameter), the
overall number of eggs laid is expected to be significantly fewer in tubes (39 vs 6 for
control flies in Figure 4.1C* and 4.3C’). Three sets of flies received either of the
following treatments — exposure to mechanical disturbance only during day (Dgep), OF
only during night (Ngep) or control (Ctrl) condition with no mechanical perturbation.
For the same sets of flies, both sleep levels and egg counts were obtained by
transferring flies to fresh tubes every 12 hours for five days. As expected, mechanical
disturbance during day reduced day-time sleep and that during night reduced night-time
sleep drastically (Figure 4.3A-B). However, only Nge, flies recovered this lost night-
time sleep during the subsequent days (Figure 4.3B-top, one-way ANOVA, F, g =
149.16, p < 0.00001) whereas Dgep, flies did not recover the lost day-time sleep during

subsequent nights (Figure 4.3B-bottom, F, g5 = 344.22, p < 0.00001). Nevertheless,
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Figure 4.3
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Figure 4.3. Sleep deprivation of w"*® flies by mechanical deprivation results in decrease of egg output. (A) Sleep in
minutes for every half hour over a period of 24 h averaged across 5 days is shown for control w''® flies (Ctrl, n = 26),
flies receiving mechanical disturbance only during the day (D oy 1= 28) and only during the night (N o 0= 27). (B)
Day-time sleep (top) of D . flies significantly reduced as compared to Ctrl and N - whereas that of N ap flies signifi-
cantly higher than that of Ctrl and D e Night-time sleep (bottom) of N dep flies significantly lower than Ctrl and D ien
flies. (B’) Total sleep of D . flies is significantly lower than Ctrl and that of N flies is significantly lower than Ctrl and
D,, flies. (C) Number of eggs laid by control, D, and N, ﬂies both during day and night over a period of five days of
mechanical deprivation protocol. * denotes 51gn1ﬁcant dlfferences between either D, or N Wlth control flies, while #
indicates significant differences between D and N, ﬂ1es (C’) Total number of eggs lald by Ctrl D,, and N flies aver-
aged across 5 days. D e flies show signiﬁcant reductlon in number of eggs laid as compared to Ctrl; N aep flies laid even
lower number of eggs significantly reduced as compared to both Ctrl and D dep flies. All other details are as in Figure 4.1.



Ngep flies lost greater amount of overall sleep as compared to Dgep flies (Figure 4.3B°,
one way ANOVA, F; g = 39.59, p < 0.00001). Importantly, the number of eggs laid by
Dyep flies was lower than the controls especially during the day-time (Figure 4.3C-top,
Appendix 2.3B) and that of Ngep flies was significantly lower than the controls during
the night (Figure 4.3C-bottom, Appendix 2.3B). Unlike the caffeine-fed flies, the effect
of sleep loss due to mechanical deprivation on egg output was evident from the first day
of treatment (Figure 4.3C, Appendix 2.3B). Moreover, the average egg output in both
Duep and Ngep flies was significantly lowered as compared to the control flies (Figure
4.3C’, Kruskal-Wallis test, Hy g9 = 24.03, p < 0.00001). Furthermore, Ngep flies, which
on average lost more sleep, also laid significantly lesser number of eggs as compared to
Dyep flies (Figure 4.3B°, C’). Thus, these results along with similar results obtained
with sleep deprivation using caffeine suggest that sleep loss results in reduction in egg
output and that sleep loss during the night has a greater detrimental effect on egg

output.

4.3.2. Effect of sleep deprivation on reproductive fitness of outbred flies. In the
studies described above | used a strain of w''*® flies which has been maintained in our
laboratory for several years and is likely to harbour loci that have been fixed for certain
traits which may have resulted in the above phenotype by chance. Given that
reproductive output is a major Darwinian fitness trait, |1 asked how sleep loss might
affect reproductive output in a large, random mating and therefore outbred population
of flies which is unlikely to have suffered from similar genetic bottlenecks (CCM,
(Gogna et al., 2015)). | subjected flies to three different concentrations of caffeine (0.5,
1.0 and 1.5 mg/ml) either only during day or only during night and found that none of
the D¢t flies lost day-time sleep, whereas all the N¢yf flies lost similar amounts of night

sleep (Figure 4.4A-B, one way ANOVA, day: Fg 156 = 3.24, p < 0.005; night: Fg 156 =
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across 6 days by D_-1.5 (n = 13),

N_0.5(m=19)and N_-1.5 (n=17) flies are significantly reduced as compared to the control (n = 16) flies. D_-0.5 (n
=17),D_-1.0 (n=17) and N_-1.0 (n = 18) do not differ from the control flies in the number of eggs laid. (D) Sleep in
minutes for every half hour over a period of 24 h averaged across five days is shown for control (n = 28) flies of outbred
CCM population, flies mechanically disturbed during the day (D e 1= 30) and during the night (N o =3 1). (E) During
the day (top), D . flies sleep significantly lower than both control and N . flies due to mechanical disturbance, N . flies
sleep significantly higher than control and D, _ flies indicating sleep rebound due to sleep deprivation during the previous
night. During the night (bottom), N . flies sleep significantly lower than the control and D . flies due to mechanical
perturbation. (E’) Total sleep averaged across 5 days of D dep flies is significantly lower than control flies, whereas that of
N, is significantly lower than both control and D . flies. (F) Number of eggs laid by both D . and N ae flies is signifi-
cantly lower than the controls during days 2-5 (top) and they show a trend of increased egg output during night (bottom)
which is significantly different from the controls on the 2 and 4" nights. (F”) Total number of eggs laid averaged across
five days by both D . and N flies is significantly lower as compared to control flies. All other details as in Figure 4.1.
A similar experiment with higher levels of deprivation yielded similar results (data not shown).



19.14, p < 0.00001). However, D¢ar (1.5 mg/ml) flies laid significantly lower number of
eggs than the control flies, suggesting that caffeine at a relatively higher concentration
can affect egg output even without its effect on day-time sleep (Figure 4.4C, Kruskal-
Wallis test, Hg, 119 = 23.96, p < 0.05). Moreover, N flies receiving 0.5 mg/ml and 1.5
mg/ml caffeine also showed reduced egg output as compared to control flies (Figure
4.4C). These results point toward a direct effect of caffeine on egg output independent
of its effect on sleep as well as an indirect effect on egg output through sleep loss.
Alternatively, this could also indicate the inability of infrared beam-break-based
methods such as DAM system to detect subtle effects of caffeine treatment and also that
immobility may not always be the best measure for sleep. Nevertheless, |1 next
increased caffeine concentration and found that even higher caffeine concentrations of
4.0 mg/ml fed during the day did not affect day-time sleep (Figure 4.5A-BS and CAF,
4.5B-top, two-way ANOVA, F4 127 = 7.13, p < 0.00001), however, when fed during the
night, it decreased night sleep (Figure 4.5B-bottom, two-way ANOVA, F4 127 =4.37,p
< 0.05). With respect to egg output, | found that the total number of eggs laid by Dar
and N, flies was significantly lower than that of the control flies, however, the number
of eggs laid by Dcas and N flies were not statistically different from each other (Figure
4.5C-top, two-way ANOVA, Fig 267 = 2.19, p < 0.05; 4.5C-bottom, two-way ANOVA,
Fi0 267 = 1.66, p = 0.09, C’, Kruskal-Wallis test, H, 43 = 18.55, p < 0.0005) similar to
what was found for lower concentrations of caffeine. Caffeine treatment does not affect
the viability of the eggs laid as seen from egg-to-adult survivorship of eggs laid by Dcas,
Ncar (0.5 mg/ml) and Ctrl flies (data not shown). Taken together, these results suggest
that caffeine treatment may affect the reproductive fitness directly or indirectly through

sleep loss.
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Figure 4.5. Number of eggs laid by outbred flies fed with higher concentration of caffeine. (A) Sleep in minutes for
every half hour over a period of 24 h is shown for control flies of outbred CCM population fed with standard food (Ctrl,
n=16), flies fed with caffeine only during the day (D_, n = 16) and only during the night (N_, n = 14) for caffeine con-
centration of 4.0 mg/ml averaged across two baseline (BS), three caffeine feeding (CAF) and two recovery (RC) days.
Night-time sleep of N_, flies during CAF days is lower than that of controls, and both day-time and night-time sleep of
N, flies is higher than the controls during RC. (B) Day-time sleep levels of control and D, flies show no differences
across different days, whereas those of control and N__ flies significantly differ from each other during RC. Day-time
sleep of N, flies during RC is significantly higher than that during BS. Night-time sleep of N__ flies during CAF and
RC days are significantly different from each other other . (C) N_, flies showed a trend of laying lower number of eggs
than controls during the daytime (top), which was significant on day 2, while D_ flies showed a trend of laying lower
number of eggs during the night (bottom) which was significant on night 1. (C’) Total eggs laid by control (n = 16), D .
(n=14)and N_.(n = 18) flies averaged across six days of caffeine feeding. Control flies laid higher number of eggs as
compared to both D_.and N__ flies. All other details as in Figure 4.1.



| next subjected the CCM flies to sleep deprivation protocol using mechanical
perturbation either during the day only (Dgep) or during the night only (Ngep).
Expectedly, Dgep flies lost day sleep and Ngep flies lost night sleep which they could
recover during subsequent days (Figure 4.4D-E, one way ANOVA, day: F;, 7s = 140.22,
p < 0.00001; night: F,, 76 = 705.25, p < 0.00001). Nevertheless Ngep flies lost overall
greater amount of sleep as compared to Dgep flies (Figure 4.4E’, one way ANOVA, Fy,
78 = 134.77, p < 0.00001). Here too, since the assay was conducted in tubes (see
methods), expectedly all flies laid lower number of eggs owing to the decreased surface
area of food as compared to the caffeine-feeding experiment where flies were housed in
vials. Unlike the mechanically disturbed inbred flies (Figure 4.3C), in the case of
outbred flies both Dgep and Ngep flies lay significantly lower number of eggs as
compared to controls during the day (Figure 4.4F-top, Appendix 2.3C) while they both
lay higher number of eggs compared to controls during the night (Figure 4.4F-bottom,
Appendix 2.3C) starting from day 2. Again, as in the case of caffeine fed outbred flies,
with mechanical disturbance also | found that there is a reduction in egg output in Dgep
and Ngep flies as compared to control flies, although there was no difference in egg
output between flies experiencing day vs. night sleep disturbance (Figure 4.4F’,
Kruskal-Wallis test, H,, g1 = 38.27, p < 0.00001). This difference among inbred and
outbred flies could be due to different levels of sleep rebound, at least in the case of
mechanical deprivation (Table 4.1). However, in yet another assay with mechanically
sleep deprived flies, egg output of Ngep flies averaged across three days after the
deprivation protocol was still significantly reduced, while that of Dgep flies was
comparable to control flies (Figure 4.6, Kruskal-Wallis test, H, 65 = 9.7, p < 0.05).
Therefore, with both caffeine and mechanical disturbance, the resultant sleep

deprivation contributed in part to the decrease in egg output of outbred flies.
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Figure 4.6. Chronic effect of mechanical sleep deprivation on egg output. (A) Total sleep
(top) during 6 days of sleep deprivation and (bottom) averaged for 3 days post-deprivation.
Sleep of N, , (n=16) flies is significantly lower than both control (n = 29) and D , (n=21)
flies durlng sleep deprivation, whereas both D, and N flies sleep more after deprlvatlon
(one-way ANOVA followed by post-hoc Tukey s HSD test). (B) Average number of eggs
laid (top) during sleep deprivation and (bottom) after sleep deprivation. D, and N flies
lay lesser number of eggs as compared to control flies during deprivation, but only N flies
lay lower number of eggs compared to control flies after deprivation. All other details as in
Figure 4.1.



Furthermore, as seen in inbred flies, night sleep loss had greater impact on egg output
as compared to day-time sleep loss, though this difference was less discernible and the
effect much more subtle in outbred flies. Nevertheless, the finding that flies deprived of
sleep during night show high levels of day-time sleep rebound, yet it does not lead to a
concomitant rescue of harmful effects on egg output to levels mimicking undisturbed

flies, further highlights the notion that sleep during the night is more important.

Table 4.1

Genotype % sleep lost % sleep rebound
caffeine depriver caffeine depriver

Inbred (w''*®) 48.9 98.8 26.1 45.9

Outbred (CCM) 34.3 98 23.7 80.2

Table 4.1. Sleep loss and rebound characteristics of night time sleep. Percentage sleep lost during the
night and rebound during the subsequent days after caffeine treatment (0.5 mg/ml) and mechanical
deprivation for inbred and outbred flies. These values were calculated on the basis of baseline sleep
levels for w**8-caffeine flies. For the rest, these values are calculated with respect to sleep levels of
control flies set as baseline.

4.3.3. Transient sleep reduction is accompanied by transient reduction in egg
output. It is possible that both caffeine feeding and mechanical perturbation could
have broad effects on general physiology of the fly. Therefore, | used a third method
(genetic) whereby sleep reduction is transient and measured egg output following
neural-circuit-driven sleep loss. | used the GAL4-UAS system to express a

temperature-sensitive cation channel Drosophila Transient Receptor Potential 1

(dTRPAL, which opens above temperatures of 27 °C and causes hyper-excitation
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Figure 4.7
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Figure 4.7. Decreasing sleep levels using dTRPA1-based reversible activation of dopaminergic neurons
reversibly decreases egg output. (A) Sleep in minutes for every half hour over a period of 24 h averaged
across two days at 21 °C (left) and three days at 28 °C (right) is shown for UAS dTRPA1/+ (n = 29), TH
GAL4/+ (n = 28) and TH GAL4 > UAS dTRPAI (n = 32) flies. (B) At 21 °C, total sleep levels of all three
genotypes is similar, whereas at 28 °C, TH GAL4 > UAS dTRPAI flies sleep significantly lower than UAS
dTRPAI/+ and TH GAL4/+ flies. (C) Total number of eggs laid averaged across two days at 21 °C (left) is
similar across all genotypes, while average number of eggs laid by TH GAL4 > UAS dTRPAI (n = 16) flies
is significantly lower than UAS dTRPA1/+ (n=16) and TH GAL4/+ (n = 19) flies during the three days at 28
°C (right). (C’) Total number of eggs laid on all six days of the assay at different temperatures as indicated.
Orange shaded region represents high temperature of 28 °C. TH GAL4 > UAS dTRPA1 flies laid significantly
lower number of eggs as compared to UAS dTRPA1/+ and TH GAL4/+ especially on the final two days of 28
°C, while all flies laid similar number of eggs at 21 °C except on day 1 when UAS dTRPA1/+ flies laid slightly
but significantly lower number of eggs. All other details as in Figure 4.1.



(Hamada et al., 2008)), in dopaminergic neurons that have previously been shown to be
wake-promoting (Liu et al., 2012; Shang et al., 2011; Ueno et al., 2012). | recorded
sleep levels of flies in tubes and egg output in vials exposed to the following regime —
two days at 21 °C followed by three days at 28 °C followed by a day at 21 °C under LD
12:12. As expected, at the higher temperature, sleep was reduced both during day-time
and night when dopaminergic neurons were activated, whereas the baseline sleep levels
of these experimental flies were not different from that of the parental controls at the
lower temperature (Figure 4.7A-B, two-way ANOVA, F; 159 = 5.3, p < 0.05). The
number of eggs laid by the experimental flies was significantly lower than that of the
controls (Figure 4.7C-C’, Kruskal-Wallis test, 21 °C: Hp, 51 = 2.75, p = 0.25, 28 °C: H;,
51 = 17.61, p < 0.005, Appendix 2.3D). Indeed, these differences in egg output between
experimental and control flies were not seen at the lower temperature of 21 °C (Figure
4.7C-C’) when sleep levels were not affected (Figure 4.7A-B), suggesting that
transiently reducing sleep levels by activating wake-promoting neurons also resulted in
transient reduction of egg output. Since the TH GAL4 that | have used drives
expression in about ~130 dopaminergic neurons (Friggi-Grelin et al., 2003; Mao and
Davis, 2009) that could likely comprise a combination of neurons that independently
regulate sleep and egg output, | asked if decreasing sleep levels by using a more
restricted driver also leads to a decrease in the egg output. | used the TH-F2 GAL4
driver which targets expression in a restricted subset of ~ 20 dopaminergic neurons and
hyper-excitation of these neurons results in decrease in sleep levels ((Liu et al., 2012);
Figure 4.8A-B, two-way ANOVA, F; 130 = 16.53, p < 0.00001). Reducing sleep using
this driver has a somewhat less dramatic effect on egg output as compared to the
broader driver, nonetheless, the number of eggs laid by flies with reduced sleep due to

hyper-excited TH-F2* neurons is still lesser than its parental controls (Figure 4.8C-C’,
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Figure 4.8

A _ yas dTRPA1+ C
 THF2GALge — TH-F2>dTRPA1

30721 °C 5021 °C
00 i -
€ | & 4+
£ I e
Q < 10 : ¥ :
© N + # +
m »
2 O)
= & __ 28°C
£ ® 507 .
P | q6 T ] .
Q 20 _ ' ,
o g 0 4
@ 10 1 7 -+
158 101 :
0G0 06 12 18 24 varemar & &
TH-F2G4 - +
Zeitgeber Time (ZT)
B C’
— U-dTRPA1
< o
N 800 < 40,
P N
—~ 600 N .
£ 24.
£ 400 2
E *kk o)) . 2
~ 2004 ) 08
Q. Y—
Q A 0o . ‘ ' . | .
QU-dTRPAT + - + + . T3 3 4 % €
O THF2G4 -+ + -+ o+ § 6
21°C 28 °C 21°C 28°C 21°C

Days

Figure 4.8. Decreasing sleep levels using dTRPAI-based reversible activation of a small subset of dopa-
minergic neurons reversibly decreases egg output. (A) Sleep in minutes for every half hour over a period of
24 h averaged across two days at 21 °C (left) and three days at 28 °C (right) is shown for UAS dTRPA1/+ (n=
22), TH-F2 GAL4/+ (n=23) and TH-F2 GAL4 > UAS dTRPA1 (n =23) flies. (B) At21 °C, total sleep levels
of all three genotypes is similar, whereas at 28 °C, TH-F2 GAL4 > UAS dTRPA1 flies sleep significantly less
than UAS dTRPA1/+ and TH-F2 GAL4/+ flies. (C) Total number of eggs laid averaged across two days at 21
°C (left) is similar across all genotypes, while average number of eggs laid by TH-F2 GAL4 > UAS dTRPAI
(n = 20) flies is significantly lower than TH-F2 GAL4/+ (n = 18) flies during the three days at 28 °C, but not
from UAS dTRPA1/+ flies (n = 20) (right). (C’) Total number of eggs laid on all six days of the assay at dif-
ferent temperatures as indicated. TH-F2 GAL4 > UAS dTRPAI flies laid significantly lower number of eggs
as compared to UAS dTRPA1/+ and TH-F2 GAL4/+ on the first day of 28 °C, while it showed a decreasing
non-significant trend on the other two days of 28 °C. All flies laid similar number of eggs at 21 °C.  All
other details as in Figure 4.7.



Kruskal-Wallis test, 21 °C: Hp, 59 = 4.94, p = 0.08, 28 °C: H, 55 = 11.84, p < 0.005,
Appendix 2.3E), though it reaches statistical significance only when compared to the
GAL4 control flies. This suggests that perhaps the TH GAL4 driver may still drive
expression in dopaminergic neurons that affect egg output without necessarily affecting
sleep, even though to date no study has shown a direct role for dopamine on egg-laying.
Nevertheless, the trend of reduced egg output with reducing sleep occurs even with
targeting a smaller subset of neurons and thus taken together, my results suggest that
sleep loss leads to reduction in egg output, irrespective of the method of sleep

deprivation.

4.3.4. Dopamine transporter mutants show reduced sleep but not reduced egg
output in response to caffeine. Given that increasing dopaminergic activity increases
wakefulness and decreases egg output, | asked if increasing the amount of dopamine in
synaptic clefts also led to decreased egg output. | used flies with loss-of-function
mutation in the fumin (fmn) gene, which codes for dopamine transporter. Mutant fmn
flies have been reported to show overall reduced sleep and no reduction in lifespan, but
the authors did not measure fertility in their study (Kume et al., 2005). | quantified
their egg output along with sleep levels and found that the fmn flies expectedly showed
reduced sleep levels both during the day and night (Figure 4.9A-B-top, two-way
ANOVA, main effect of genotype: F; 141 = 310.85, p < 0.00001), and the egg output of
fmn flies was drastically reduced as compared to that of the background control flies
(fmn-bg, Figure 4.9C-C’, Student’s two-tailed t-test, Toos 2, 27 = 30.21, p < 0.00001).
Since fmn flies carry a mutation in the dopamine transporter gene throughout the body,
it is likely that this mutation can have fecundity defects independent of sleep. A
previous study has shown that fmn mutants show a further reduction in sleep when fed

with caffeine (Andretic et al., 2008). | asked if the egg output is also further reduced in
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Figure 4.9
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fmn flies fed with caffeine compared to those fed with standard food. fmn and fmn-bg
flies were fed with 0.5 mg/ml caffeine either only during the day or night and it was
found that Ncss flies of both fmn and fmn-bg genotypes show reduced levels of night
sleep as compared to their respective controls (Figure 4.9B-bottom, two-way ANOVA,
main effect of treatment: F, 141 = 27.64, p < 0.00001), whereas D, flies of both
genotypes show reduced levels of day-time sleep (Figure 4.9B-middle, two-way
ANOVA, main effect of treatment, F;, 141 = 5.05, p < 0.05), even though it does not
reach statistical significance. Interestingly, just like the previously used inbred flies of

the w''t®

genotype, the fmn-bg which are flies from another inbred line show a
statistically significant trend of decreasing number of eggs laid by Ctrl, D¢ and Near
flies, in that order (Figure 4.9C, three-way ANOVA, treatment * day interaction effect:
Fi0, 520 = 4.24, p < 0.0005, genotype * treatment * day interaction effect: Fig 500 = 1.14,
p = 0.33; C’, Kruskal-Wallis test, H,, 44 = 35.25, p < 0.00001). However, flies of the
fmn genotype receiving the Ctrl, Deas Or Ncos treatments did not differ in the average
number of eggs laid (Figure 4.9C-C’, Kruskal-Wallis test, Hy 49 = 1.12, p = 0.57). This
suggests that while sleep is affected by caffeine treatment in fmn flies, egg output is not,
suggesting that egg output cannot be reduced by caffeine beyond a threshold due to a

floor effect. Alternatively, the fmn gene may be involved in caffeine-mediated egg

output reduction independent of the caffeine-mediated sleep loss.

4.4. Discussion

My study aimed to understand how sleep affects reproductive output in female
fruit flies Drosophila melanogaster. | found that feeding flies with caffeine reduces
sleep and also reduces egg output in both inbred and outbred strains of flies (Figures
4.1, 4.4). Also, reduced night time sleep can be seen consistently across two ‘wild type’

strains and perhaps the milder effects of caffeine on day-time sleep results in the
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inconsistent effects across strains. Depriving flies of sleep via mechanical perturbation
also reduces egg output considerably (Figures 4.3, 4.4). A loss-of-function mutation in
dopamine transporter gene that results in reduced sleep (Kume et al., 2005) also results
in reduced egg output (Figure 4.9). Most importantly, reducing sleep by transient
dopaminergic neuronal activation reduces egg output; removal of this activation results
in wild type levels of sleep and egg output (Figure 4.7, 4.8). Thus, these results
strongly indicate that it is sleep loss which has a direct detrimental impact on
reproductive output. While it is possible that three distinct methods of sleep deprivation
all cause a direct negative impact on egg output independent of sleep loss, | believe that
it is unlikely, especially considering the transient nature of the genetic manipulation
induced sleep loss. It is probable that it is increased activity which could be reducing
egg output by causing a conflict between increased activity and the need to stay inactive
during the act of egg-laying. However, if this were the case, then the amount of activity
during time spent awake would be higher in flies receiving caffeine or deprivation
treatments. This occurs when flies are mechanically deprived of sleep, however waking
activity does not differ among caffeine-fed and control flies, and this also does not
change with transiently activating dopamine neurons (data not shown). This suggests
that sleep loss and not increased activity is resulting in decreased egg output. To my
knowledge, this is the first study to establish a direct link between sleep and

reproductive physiology in Drosophila melanogaster.

Egg-laying in Drosophila is the final step in a sequence of processes that occur
in a co-ordinated manner which include ovulation of eggs into the uterus, mating and
subsequent sperm storage in a pair of spermathecae and the seminal receptacle as well
as fertilization in the uterus (reviewed in (Bloch Qazi et al.,, 2003)). Thus,

mechanistically, sleep could influence egg output by modulating any combination of

107



some or all of the above processes. Virgin females also lay a small quantity of
unfertilized eggs; therefore by quantifying the egg numbers laid by sleep deprived
virgin flies, the question of whether sperm storage gets modulated by sleep levels could
be addressed. | found that the fraction of virgin flies laying eggs was reduced when
they were deprived of sleep either during the day or night (19% of Dge, flies, n = 21,
17.4% of Ngep flies, n = 23) as compared to control flies that slept normally (40.7% of
control flies, n = 27). This indicates that sleep modulates egg output by affecting steps
other than sperm storage, as virgin flies do not store sperm and yet their egg output is
reduced upon sleep deprivation. However, a more detailed analysis of ovulation rates,
egg hatchability, mature and immature egg numbers and amount of stored sperm will

aid in finer dissection of the relationship between sleep and reproductive system.

Reproduction in Drosophila is regulated by an array of hormones and fecundity
critically depends upon balance in the amounts of Juvenile Hormone (JH) and ecdysone
(Soller et al.,, 1999). Dopamine regulates levels of JH in Drosophila viridis
(Rauschenbach et al., 2007) thereby indirectly affecting fecundity. Indeed,
dopaminergic neuronal circuits are involved in governing oviposition choice,
specifically to media containing favourable levels of alcohol (Azanchi et al., 2013).
Moreover, it has been also shown that dopamine acts to promote adaptation of
Drosophila sechelia to a specialist diet of an otherwise toxic fruit, Morinda citrifolia by
boosting its fecundity (Lavista-Llanos et al., 2014). In a recent study using genome-
wide association methods, two genes encoding dopamine receptors (DoplR1 and
DopEcR) in D. melanogaster were shown to have pleiotrophic effects on traits
associated with ovariole number and sleep parameters (Lobell et al.,, 2017).
Importantly, lowered levels of dopamine during larval stages or immediately after

eclosion both have far reaching consequences in terms of decreased egg output and
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stalled ovarian development respectively (Neckameyer, 1996). In contrast, | show that
a loss-of-function mutation in the dopamine transporter gene which retains dopamine in
synaptic clefts reduces sleep and reduces egg output while transient increase in
dopaminergic activity causes a transient decrease in both sleep and egg output (Figure
4.7). Together these results demonstrate that levels of neuromodulatory substances can
have strong dose dependent effects such that both low and high titres can lead to sub-

optimal outcomes to the organism (Berridge and Arnsten, 2013).

Caffeine is one of the most widely used psychostimulants in the world and it
promotes wakefulness and causes sleep deprivation. With increased precedence in shift
work and a general lifestyle favouring delayed bedtimes and decreased night sleep
levels, the consumption of caffeine specifically during the night is bound to increase.
Here, | show that caffeine consumption and increased night activity decreases sleep and
negatively alters egg output in Drosophila. While | have shown this effect with female
flies, similar trends may also be found in male reproductive output. In conclusion, my
results unequivocally show that each method of sleep deprivation, be it chemical,
mechanical or genetic, results in sleep loss accompanied with reduction in egg output.
For animals that invest in parental care, sleep deprivation may be an inevitable
consequence resulting in lowered reproductive output thereby potentially giving rise to
a subtle level of parent-offspring conflict or co-adaptation. | conclude that sleep may
contribute to reproductive success of organisms, thereby amplifying its propensity to be

selected for, over evolutionary timescales.

109



Conclusions

Drosophila melanogaster has proved to be a valuable model system to study the
neuronal and genetic mechanisms underlying several behaviours, including sleep. Over
the last eighteen years, sleep research in Drosophila has made significant strides in
understanding mechanistic details of sleep/wake regulation in invertebrates. However,
general principles regarding the organization of distinct neural circuits into a coherent
system for the maintenance and timing of sleep/wake behaviours are yet to emerge. As
the initial step towards addressing this question, | focused on understanding the
relationship between sleep homeostatic mechanisms which control the maintenance of
sleep and wake, and circadian clocks which time the onset of sleep and wake. | found
that circadian clocks drive timed sleep homeostatic responses, but do not receive any
feedback from the sleep homeostatic process. The circadian clock neurons that are
involved in timing sleep homeostatic responses remain unknown; although I found that
certain clock neurons such as the dorsal lateral neurons (LNg) play a distinct role in
encoding a sleep-loss state. | also found that maintenance of wake during day-time,
which can be considered as a sleep homeostatic function, relies upon signaling from a
circadian neuropeptide to certain dopamine neurons that also connect to the sleep
homeostat. Taken together, these findings suggest that the sleep homeostat is

downstream of circadian clocks for daily sleep/wake regulation in Drosophila.

The two-process model of sleep regulation, which posits that both circadian and
sleep homeostatic processes interact and generate the propensity to sleep (Borbély,
1982), has served as an excellent guiding principle to understand sleep regulation in
various mammalian and bird species. Yet, the primary proposition of interaction
between circadian and sleep homeostatic processes remained untested in Drosophila

sleep regulation. In agreement with this, | found that circadian clocks regulate the
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quantity of recovery sleep, a sleep homeostatic response, depending upon the time of
day during which sleep was deprived. Indeed, such an expectation of circadian phases
being able to modulate sleep homeostatic responses was predicted even before
Drosophila was established as a model system to study sleep (Hendricks et al., 2000D).
However, | also found that the sleep homeostat does not influence core circadian clock
properties in Drosophila. In the two-process model, this was proposed to occur in
mammals that have been shown to “select” the time at which they are exposed to light,
and therefore, while this prediction may hold true for cave-dwelling and burrowing

mammals (Daan et al., 1984), it may not be relevant for Drosophila.

According to the two-process model, the thresholds that determine the onset of
sleep and wake are set by circadian clocks. One prediction of the model was that
rhythmic environmental cues such as light can also set these thresholds. In fact, this
prediction is met in my study as certain flies lacking functional circadian clocks (tim™,
per’w) show robust sleep/wake cycles that are quite similar to wild type flies in the way
they vary across the 24 h cycle especially in the presence of cyclic time cues. Yet
another prediction was that cyclic cues would time wake-dependent sleep propensity
brought about by the homeostatic process, rather than timing the wake-independent
sleep propensity due to the circadian process. Indeed, the finding that number of brief
awakenings, which is a proxy for the sleep homeostat, cycles across the light/dark cycle
in three of the four circadian clock mutants tested (tim®, per’w and clk’®) agrees well

with this prediction.

The original two-process model had proposed that the homeostatic and circadian
processes interact with one another only at the transitions between sleep and wake,
where circadian process was expected to set the threshold for onset of either sleep or

wake (Borbély, 1982). However, modifications to the model led to the prediction of
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dynamic and continuous interactions between the two processes (Borbély and
Achermann, 1999; Putilov, 1995). Here, | found that sleep deprivation during times
when flies are expected to transition from wake to sleep (ZT 12-16 and CT 12-16) did
not result in any sleep rebound. However, deprivation during expected transitions from
sleep to wake resulted in significant sleep rebound as measured by sleep quantity (ZT
20-24) and quality (CT 0-4). Nevertheless, maximum amount and intensity of sleep
rebound was observed when sleep was deprived during the middle of subjective night
(CT 16-20). These results indicate that circadian clocks interact with sleep homeostatic
mechanisms even during different times and not just during transitions, suggesting that

perhaps the interaction occurs continuously.

Among the various subsets of circadian clock neurons that play distinct roles in
modulating rhythmic behaviours, | found that the LNy also are necessary for a sleep
homeostatic function.  The two-process model posited that the circadian and
homeostatic processes while originating independently may still significantly influence
one another. Even though the LNy are circadian clock neurons which are important for
a sleep homeostatic function, functional molecular clocks are not required for this
homeostatic function. This shows that even in LNy the expectation of the two processes
being independent from one another is fulfilled, as mechanistically the two processes
seem to employ different pathways. Another important finding of my study is that
signaling through a very important circadian neuropeptide (PDF) and its receptor to
dopamine neurons is important for maintenance of wakefulness during the day.
Incidentally, the same dopamine neurons have been shown to arborize within known
sleep homeostatic structures (Liu et al., 2012; Sitaraman et al., 2015b). This suggests
that LNy and PDF" ventral lateral neurons (LN,) through their action on dopamine

neurons represent circadian neurons that have distinct sleep homeostatic roles, thereby
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highlighting these neurons as putative regions where circadian clocks may interact with

the sleep homeostat.

By definition, homeostasis is any process because of which the system returns to
its baseline level. Sleep homeostat is therefore expected to not only maintain levels of
sleep and wake, but also return sleep levels to baseline levels due to changes brought
about by sleep deprivation. The physiological basis of the sleep homeostatic process
has been explored in some detail in Drosophila by examining changes in levels of
synaptic numbers, lengths and amounts of synaptic proteins, cellular components and
macromolecules, as well as overall immune functions due to sleep deprivation. |
focused on how sleep loss impacts reproductive physiology and found that sleep
deprivation results in reduction in egg output of female flies. This reduction in egg
output was also seen with transient activation of wake-promoting dopamine neurons,
and egg output levels were rescued when sleep was restored to normal levels. These
results are important in the context of impact of sleep deprivation on non-neural tissues
and also highlight the role of sleep regulation in overall maintenance of reproductive

health.

Several questions regarding organization of sleep/wake circuits remain
unanswered and many possibilities remain to be explored. A key prediction of the two-
process model not completely tested in this study pertains to changes in core properties
of circadian clocks due to the sleep homeostatic process. While | have shown that
period, phase and robustness does not change due to sleep deprivation during different
time intervals lasting four hours, how longer durations of sleep deprivation affect clock
properties remains to be seen. Circadian sensitivity to light cues at different time-points
was found to be altered due to sleep deprivation in mice, rats and hamsters (Challet et

al., 2001; Jha et al., 2017; Mistlberger et al., 1997; van Diepen et al., 2014). However,
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whether circadian sensitivity to photic cues changes due to sleep deprivation even in

flies remains to be examined.

Interestingly, another study had found that cholinergic neurons encode a sleep
deprivation state, as hyper-exciting those, results in sleep reduction and returning the
neuronal activity to baseline levels results in sleep rebound (Seidner et al., 2015).
Using the same method with a different GAL4 driver, | found that neuronal activity of a
circadian clock subset of LNy neurons also encodes sleep state. Interestingly, at least
two LNg4 neurons have been reported to be cholinergic (Cho et al., 2017); this opens up
the possibility of LNg4 using acetylcholine as their neurotransmitter to conduct their
sleep homeostatic function of conveying the information of sleep state. Another
downstream signaling molecule that could be potentially used by LNy in their sleep
homeostatic function is Cyclin A as it has been implicated in sleep homeostasis and one
or two LNy are shown to express it (Rogulja and Young, 2012). Short Neuropeptide F
(SNPF), expressed by LNy and implicated in sleep (Shang et al., 2013), as well as the
lon transport Peptide (ITP) expressed by LNy (Cho et al.,, 2017) could be the
neuropeptides involved in LNq4 sleep homeostatic function. Another important question
that needs to be addressed is how LNy encode sleep state, and to which homeostatic
structure they convey this information. Further experimentation in this direction will
help in understanding mechanisms of sleep homeostasis governed by the action of
circadian LNg4 neurons. Notwithstanding these unanswered questions, my study has
originated a general organizational structure for sleep/wake regulation in Drosophila
melanogaster, with circadian clocks impinging upon the sleep homeostatic process to

not only time the onset of sleep and wake, but also to maintain these opposite states.
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Appendices

Appendix 1

Fly strains Source

wite BDSC # 5905

clk™ BDSC # 24515

cyc™ Amita Sehgal

per’w Todd Holmes

tim” Amita Sehgal

CCM Laboratory population
per® (backcrossed to CCM) Vijay Kumar Sharma
per' (backcrossed to CCM) Vijay Kumar Sharma
Pdfr>™ BDSC # 33068
Pdfr®® BDSC # 33069

Pdfr Myc Paul Taghert

fmn Kazuhiko Kume
2202CS (fmn-bg) Kazuhiko Kume

Pdfr (B) GAL4 Paul Taghert

Cry-39 GAL4 Todd Holmes

Dvpdf GAL4 Michael Rosbash

Pdf GAL4 Todd Holmes

Clk 9M GAL4 Fumika Hamada

Clk 4.1M GAL4 BDSC # 36316

Clk 4.5F GAL4 BDSC # 37526
OK107 GAL4 NCBS

201y GAL4 BDSC # 4440, NCBS
c309 GAL4 BDSC # 6906, NCBS
c747 GAL4 BDSC # 6494, NCBS
30y GAL4 BDSC # 30818

Dilp2 GAL4 Amita Sehgal

Kurs45 GAL4 Gunter Korge

Kurs58 GAL4 Gunter Korge
Mai281 GAL4 Gunter Korge
Mai301 GAL4 Gunter Korge

121y GAL4 BDSC # 30815

104y GAL4 NCBS

c5 GAL4 BDSC # 30839

cl119 GAL4 BDSC # 30824

€232 GAL4 BDSC # 30828

Ddc GAL4 BDSC # 7009

TH GAL4 BDSC # 8848

Tdc2 GAL4 BDSC # 9313, NCBS
Npf GAL4 Charlotte Helfrich-Forster
TH-A GAL4 Gaiti Hasan and Mark Wu
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Fly strains Source

TH-C' GAL4 Gaiti Hasan and Mark Wu
TH-C1 GAL4 Gaiti Hasan and Mark Wu
TH-D' GAL4 Gaiti Hasan and Mark Wu
TH-D1 GAL4 Gaiti Hasan and Mark Wu
TH-D4 GAL4 Gaiti Hasan and Mark Wu
TH-F2 GAL4 Gaiti Hasan and Mark Wu
TH-F3 GAL4 Gaiti Hasan and Mark Wu
TH-G1 GAL4 Gaiti Hasan and Mark Wu
Pdf LexA Michael Rosbash

LexAop spGFP11/Cyo;UAS spGFP1-10/TM6B

Amita Sehgal

LexAOp CD8 GFP-2A-CD8GFP;UAS mLexA
VP16 NFAT,cdc1(H-
2,LexAOpCD2GFP/TM6,Tb

BDSC # 66542, NCBS

UAS dTRPA1 BDSC # 26263, NCBS
UAS clk DN BDSC # 36319
UAS cyc DN BDSC # 36317
UAS GFP AH2 BDSC # 6874

UAS Pdfr RNAI VDRC, KK/110677
UAS dicer BDSC # 24651
UAS Pdfr Paul Taghert

UAS NachBac Todd Holmes

UAS dORKNC1 Todd Holmes

UAS Htt QOA Todd Holmes

UAS Htt Q128c Todd Holmes

UAS reaper Paul Taghert

UAS PKAR Daniel Kalderon
UAS PKACA Daniel Kalderon

Appendix 1. Fly strains used and their sources are tabulated. BDSC — Bloomington Drosophila Stock
Centre, Bloomington, IN, USA; NCBS — National Centre for Biological Sciences, Bangalore, India;
VDRC - Vienna Drosophila Resource Centre, Vienna, Austria. TH-subset GAL4s that were generated in
Mark Wu’s (Johns Hopkins University, Baltimore, MD, USA) lab were obtained from Gaiti Hasan
(NCBS, Bangalore, India). Other sources — Amita Sehgal (University of Pennsylvania, Philadelphia, PA,
USA), Todd Holmes (University of California, Irvine, CA, USA), Vijay Kumar Sharma (JNCASR,
Bangalore, India), Paul Taghert (Washington University, St. Louis, MO, USA), Kazuhiko Kume (Nagoya
city University, Nagoya, Japan), Michael Rosbash (Brandeis University, Waltham, MA, USA), Fumika
Hamada (Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA), Gunter Korge (Freie
Universitat Berlin, Berlin, Germany), Charlotte Helfrich-Forster (Universitdt Wirzburg, Wirzburg ,
Germany), Daniel Kalderon (Columbia University, New York, NY, USA).
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Appendix 2.1

Appendix 2.1A

Time-

point F-statistic p
CT5 | Foigs =263 0.08
CT9 | Foiss =3.7 <0.05
CT 13 | Foumr =2.3 0.1

CT17 [Foi8s =3.85 <0.05

CT21 [Foss =26.96 | <0.00001

CT25 [ Fois3 =415 <0.05

Appendix 2.1A. Two-way ANOVA with time (before, during and after light pulse) and treatment as
fixed factors conducted for light pulse given at each of the indicated time-points. F.1)p-1), vy, Where a
and b are number of factor levels of the two factors, N is the total number of replicates and k refers to
total number of groups. F-statistic and p-level of the time * treatment interaction are indicated. For CT
5, post-hoc Tukey’s test was conducted as interaction was marginally significant. This table refers to
Figure 2.5B.
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Appendix 2.1B

Genotype F-statistic p
w® | Fsigs  =8.88 | <0.00001
cyc® | Fsise  =0.38 0.86

clk® | Fse  =7.34 | <0.00001
tim® | Fs.144 =6 < 0.0005
per’'w | Fsi3s  =18.41 | <0.00001

Appendix 2.1B. One-way ANOVA with time window as fixed factor conducted for number of brief
awakenings per 4 h interval for indicated genotypes. F.1) (-, Where a is number of factor levels, N is
the total number of replicates and k refers to total number of groups. F-statistic and p-level of the main
effect of time window are indicated. This table refers to Figure 2.8B.

Appendix 2.1C

Genotype F-statistic p
witis Fsigo =223 | 0.05
cyc® Fsizz3 =095 | 045
clk® | Fsie3 =06 0.7

tim™ Fsizs =3.05 | <0.05

per’'w | Fsiss =135 | 0.24

Appendix 2.1C. Two-way ANOVA with time window and treatment as fixed factors conducted for %
sleep gained due to sleep deprivation during different time windows. F.3)p-1), (v-k), Where a and b are
number of factor levels of the two factors, N is the total number of replicates and k refers to total number
of groups. F-statistic and p-level of the time window * treatment interaction are indicated. For w'®,
post-hoc Tukey’s test was conducted as interaction was marginally significant. This table refers to Figure
2.8C.
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Appendix 2.2

Appendix 2.2A

Genotype F-statistic p
UAS clk DN/+ Fsis =6.19 < 0.0005
UAS cyc DN/+ Fs16 =4.44 < 0.005
Dvpdf GAL4/+ Fs136 =4.58 < 0.005

Dvpdf GAL4 > UASclk DN | Fs13p  =8.32 < 0.00001
Dvpdf GAL4 > UAS clk DN | Fs1g6 = 11.77 < 0.00001

Appendix 2.2A. One-way ANOVA with time window as fixed factor conducted for number of brief
awakenings per 4 h interval for indicated genotypes. F.1) (-, Where a is number of factor levels, N is
the total number of replicates and k refers to total number of groups. F-statistic and p-level of the main
effect of time window are indicated. This table refers to Figure 3.2B.

Appendix 2.2B

Genotype F-statistic p
UAS clk DN/+ Figs =6.51 <0.05
UAS cyc DN/+ Fis3 =3.09 0.08
Dvpdf GAL4/+ Figs =3.39 0.07
Dvpdf GAL4 > UASCclk DN | F1g9 =11.21 < 0.005
Dvpdf GAL4 > UAS clk DN | Figs =75 <0.05

Appendix 2.2B. Two-way ANOVA with time window and treatment as fixed factors conducted for %
sleep gained due to sleep deprivation during different time windows. F.qyp-1), (v, Where a and b are
number of factor levels of the two factors, N is the total number of replicates and k refers to total number
of groups. F-statistic and p-level of the time window * treatment interaction are indicated. For UAS cyc
DN/+ and Dvpdf GAL4/+, post-hoc Tukey’s tests were conducted as interactions were marginally
significant. This table refers to Figure 3.2C.
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Appendix 2.2C

Down-regulation of pdfr
Driver F-statistic p

Pdfr (B) GAL4 | Fog =3.66 | <0.05

Cry-39 GAL4 Foss =5.89 <0.005

DVpdf GAL4 Fa.s2 =3.59 < 0.05

Pdf GAL4 Foor =6.18 <0005

Clk 9M GAL4 Foes  =0.89 0.41

Clk 4.1M GAL4 Fo7z =887 < 0.0005

Clk 4.5M GAL4 Foez =5.52 <0.05

Dilp2 GAL4 Fosa =247 0.09

Kurs 45 GAL4 Fo7z =043 =0.65

Kurs 58 GAL4 Fozg =29 =0.06

Mai 281 GAL4 Fogs =5.03 <0.05

Mai 301 GAL4 Foszx =12.38 | <0.0005

OK107GAL4 |F,;z =098 | =0.38
201y GAL4 Fogs =202 | =0.14
309 GAL4 Foe7 =889 | <0.005
747 GAL4 Fozs =443 | <0.05
30y GAL4 Fogy =21.39 | <0.00001
121y GAL4 Foso =13.24 | <0.0005
104y GAL4 Fose =3.87 | <0.05

c5 GAL4 Foge =6.37 | <0.005
c119 GAL4 Fogs =12.29 | <0.0005
232 GAL4 Fose =6.69 | <0.005
Ddc GAL4 Fooo =487 | <0.05
TH GAL4 Fose =653 | <0.005
Tdc2 GAL4 Foes =43 <0.05
Npf GAL4 Foot 2.8 =0.07

Appendix 2.2C. One-way ANOVA with genotype as fixed factor conducted for day-time sleep of flies
with down-regulation of pdfr in indicated drivers. F.1) (-, Where a is number of factor levels, N is the
total number of replicates and k refers to total number of groups. F-statistic and p-level of the main effect
of genotype are indicated. Specific differences between genotypes determined after post-hoc Tukey’s
tests and indicated as asterisks in Figure 3.5A.
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Appendix 2.2D

Over-expression of pdfr

Driver F-statistic p
Pdfr (B) GAL4 F2.88 =6.6 < 0.005
Cry-39 GAL4 F2 .86 =5.2 <0.05
Dvpdf GAL4 F2.80 =9.82 < 0.0005
Pdf GAL4 F2.s2 =2.53 0.09
Clk 9M GAL4 Fo.s1 = 3.64 <0.05
Clk 4.1M GAL4 Fo.78 =16 0.2
Clk 4.5M GAL4 Fo.g5 =16 0.2
Dilp2 GAL4 Fo63 =0.69 0.5
Kurs 45 GAL4 Foos  =34.93 < 0.00001
Kurs 58 GAL4 F2o3 =6.37 < 0.005

Mai 281 GAL4 Foor =13.46 < 0.00001

Mai 301 GAL4 Foga =11.44 < 0.0005

OK 107 GAL4 Foso  =0.49 0.61
201y GAL4 Foss =155 0.22
c309 GAL4 Foge =192 0.15
747 GAL4 Fost  =1.06 0.35
30y GAL4 Foge  =4.01 <0.05
121y GAL4 Foss =98.63 | <0.00001
104y GAL4 Foge =27.48 | <0.00001

c5 GAL4 Fozi =129 0.28
c119 GAL4 Fogs  =2.58 0.08
232 GAL4 Fogp  =3.52 <0.04
Ddc GAL4 Foas =859 | <0.0005
TH GAL4 Fogs =1333 | <0.0005
Tdc2 GALA4 Foee =162 | <0.00001
Npf GAL4 Foss =06 0.55

Appendix 2.2D. One-way ANOVA with genotype as fixed factor conducted for day-time sleep of flies
with over-expression of pdfr in indicated drivers. F.1) (-, Where a is number of factor levels, N is the
total number of replicates and k refers to total number of groups. F-statistic and p-level of the main effect
of genotype are indicated. Specific differences between genotypes determined after post-hoc Tukey’s
tests and indicated as asterisks in Figure 3.5B.
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Appendix 2.2E

Down-regulation of pdfr

Driver F-statistic p
TH-A GAL4 Fog7 =3.82 <0.05
TH-C1 GAL4 Fogg =0.13 0.87
TH-C' GAL4 Foogp =273 0.07

TH-D1 GAL4 | Fye9 =6.53 <0.005
TH-D' GAL4 Fom =26.8 | <0.00001
TH-D4 GAL4 | F76 =475 <0.05
TH-F2 GAL4 Foor =0.57 0.57
TH-F3 GAL4 F,7» =14.08 | <0.00001
TH-G1 GAL4 | Fpes =11.66 | <0.0005

Appendix 2.2E. One-way ANOVA with genotype as fixed factor conducted for day-time sleep of flies
with down-regulation of pdfr in indicated drivers. F.1) (-, Where a is number of factor levels, N is the
total number of replicates and k refers to total number of groups. F-statistic and p-level of the main effect
of genotype are indicated. Specific differences between genotypes determined after post-hoc Tukey’s
tests and indicated as asterisks in Figure 3.8A.

Appendix 2.2F

Over-expression of pdfr

Driver F-statistic p
TH-A GAL4 Foos =29 0.06
TH-C1GAL4 | Fye3 =0.21 0.8
TH-C' GAL4 Foos =0.46 0.63

TH-D1 GAL4 Fom =12.21 | <0.0005
TH-D' GAL4 Foos =18.76 | <0.00001
TH-D4 GAL4 Foos =9.99 < 0.0005
TH-F2 GAL4 Foor =237 0.1

TH-F3 GAL4 Fo7e =13.36 | <0.0005

TH-G1 GAL4 Fooo =4.06 < 0.05

Appendix 2.2F. One-way ANOVA with genotype as fixed factor conducted for day-time sleep of flies
with over-expression of pdfr in indicated drivers. F.q -k, Where a is number of factor levels, N is the
total number of replicates and k refers to total number of groups. F-statistic and p-level of the main effect
of genotype are indicated. Specific differences between genotypes determined after post-hoc Tukey’s
tests and indicated as asterisks in Figure 3.8B.
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Appendix 2.3

Appendix 2.3A

Day Night
Days H-statistic p H-statistic p
1 Ho7z =0.9 0.64 Hyo7s =9.52 <0.05
2 Ho74 =20.19 | <0.00001 [ H74 =9.02 < 0.05
3 Ho7a =24.48 | <0.00001 | Hy74 =30.69 | <0.00001
4 Ho7zs =19.53 | <0.0005 |H,74 =33.01 | <0.00001
5 Ho74 =19.63 | <0.0005 |H,7s =40.58 | <0.00001
6 H,7s =31.74 | <0.00001 | Hp74 =45.74 | <0.00001

Appendix 2.3A. Kruskal-Wallis tests conducted for day-time and night-time egg output of w**® flies fed
with 0.5 mg/ml caffeine on indicated days. H.1), ¢, Where a is number of groups, df is the degrees of
freedom. H-statistic and p-level are indicated. This table refers to Figure 4.1C.

Appendix 2.3B

Day Night
Days H-statistic p H-statistic p
1 Hoge =35 0.17 Hoge =647 | <0.05
2 Hoge =27.13 | <0.00001 |H,ge =15.72 | <0.005
3 Hogo =27.78 | <0.00001 |H,ge =5.88 0.05
4 Hage =32.03 | <0.00001 |H,ge =136 | <0.005
5 Hago =17.37 | <0.0005 |H,ge =0.66 0.72

Appendix 2.3B. Kruskal-Wallis tests conducted for day-time and night-time egg output of w***® flies
mechanically sleep deprived on indicated days. H.1 «r, Where a is number of groups, df is the degrees of
freedom. H-statistic and p-level are indicated. This table refers to Figure 4.3C.
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Appendix 2.3C

Day Night
Days H-statistic p H-statistic p
1 Hys1 =15.72 | <0.0005 |Hys =36.53 | <0.00001
2 Hyos1 =22.27 | <0.00001 | Hygp =21.41 | <0.00001
3 Hys1 =17.83 | <0.0005 |Hzs =31.61| <0.00001
4 Hos1 =3.03 =0.22 Hoe1 =29.34 | <0.00001
5 Hys1 =12091 <0.05 H,e1 =38.74 | <0.00001

Appendix 2.3C. Kruskal-Wallis tests conducted for day-time and night-time egg output of CCM flies
mechanically sleep deprived on indicated days. H .1y, ¢, Where a is number of groups, df is the degrees of
freedom. H-statistic and p-level are indicated. This table refers to Figure 4.4F.

Appendix 2.3D

Days H statistic p
1 Hosp =12.18 < 0.005
2 Hys; =0.04 =0.98
3 Hy 51 =53 =0.07
4 Hysu =17.01 | <0.0005
5 Hos1 =11.04 | <0.005
6 Hosy  =7.79 <0.05

Appendix 2.3D. Kruskal-Wallis tests conducted for total egg output of flies with dTRPA1-mediated heat-
activation of dopamine neurons using TH GAL4 on indicated days. H.1), ¢r, Where a is number of groups,
df is the degrees of freedom. H-statistic and p-level are indicated. This table refers to Figure 4.7C".

Appendix 2.3E

Days H statistic p
1 Hoss  =3.17 =0.2
2 Hoss =355 =0.17
3 Hoss  =10.85 < 0.005
4 Ha 55 =22 =0.33
5 Hoss =457 =0.1
6 Hoss  =3.18 =0.2

Appendix 2.3E. Kruskal-Wallis tests conducted for total egg output of flies with dTRPA1-mediated heat-
activation of dopamine neurons using TH-F2 GAL4 on indicated days. H.y, ¢ Where a is number of
groups, df is the degrees of freedom. H-statistic and p-level are indicated. This table refers to Figure
4.8C.
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