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Abstract

Sleep is a universal and highly conserved phenomenon across species; yet its
operational mechanisms remain one of the greatest biological mysteries. In Drosophila,
sleep homeostasis is largely mediated by the activity of neurons projecting to the dorsal
fan-shaped body (dFB). Dopamine promotes wakefulness by inhibiting the activity of dFB
neurons, switching them to a silent state. This wake-promoting effect is hypothesised to
require the exocytosis of the potassium “leak” channel, Sandman, to the plasma membrane,
where it exerts its effects by blunting the firing of the neurons. In the chronically sleep-
deprived flies bearing a mutation for the crossveinless-c (cv-c) gene, the dFB neurons were
previously found in electrical quiescence as well. It is therefore possible that in these
mutants, Sandman resides at the plasma membrane of the neurons, reducing their
excitability and causing insomnia in the flies. However, the signals responsible for
Sandman’s recycling to and from the plasma membrane remain elusive.

To visualise the exo-endocytic pathway of Sandman, | attempted to localise the
channel with different fluorescent probes and identify proteins acting in the same pathway
using genetic interaction experiments. Depletion of Sandman from the dFB neurons
rescues the sleep loss of cv-c mutants, supporting the notion that insomnia in these flies
results from the channel’s presence at the plasma membrane. As cv-c encodes for a Rho
GTPase-activating protein (Rho-GAP) and small GTPases are often regulated by
neurotrophin-related pathways, sleep induction involving the Cv-c-Sandman pathway may
further couple to the upstream action of neurotrophic molecules.

dFB-restricted interference with Toll-6, a receptor with neurotrophic function,
reduces sleep. Toll-6/cv-c mutants mirror the sleepless phenotype of cv-c mutants,
suggesting that Toll-6 may signal through Cv-c, conveying sleep pressure to the neurons.
A mutation for Drosophila neurotrophin 1 (DNT1), a ligand of Toll-6, also diminishes sleep.
RNAi-mediated knockdown of DNT1 in the R5 neurons, a defined input to the dFB,

decreases sleep and abolishes sleep drive encoded by the circuit.



It is proposed here that activity-dependent release of DNT1 from the R5 neurons
signals sleep pressure that is transduced by the Toll-6 receptor in the dFB neurons.
Activation of the receptor likely feeds into a small GTPase cascade that involves Cv-c and

Sandman.
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Chapter 1

SLEEP HOMEOSTASIS IN DROSOPHILA

“In the first place, sleep comes on when the power of spirit is drawn
apart through the body, part being cast forth has gone away, and
part more crowded together has retreated into the depths; for only
then the limbs loosen and become flaccid. For there is no doubt that
this feeling in us comes about by action of the spirit, and when sleep
hinders the feeling so that there is none, then we must suppose that
the spirit has been disordered and cast forth without; but not all, for
then the body would lie pervaded with the everlasting cold of death;
since of course if no part of the spirit were left hidden in the limbs,
like fire covered in a heap of ashes, whence could the feeling be
suddenly rekindled throughout the limbs and arise like a flame from
the hidden fire?”

Lucretius, De Rerum Natura, VI, 916-928

1.1 INTRODUCTION

From mythology to modern literature and cinematography, the enigmatic nature of
sleep has captured the interest of various forms of arts throughout the centuries. In his
poem De Rerum Natura, Lucretius's description of the induction of sleep reflects the
theories of that era on what the physiological cause of sleep may be. Lucretius envisioned
that sleep is forced upon species by the depletion of the “pneuma psychikon” (vital spirit)
during wakefulness (Lucretius Carus et al., 1924). Others like Aristotle and Galen shared
similar views, suggesting that sleep restores the “aesthesis” (sense-perception) or
“‘dynamis” (power) (Eijk & Hulskamp, 2019). Strikingly, these early philosophies retain one
fundamental principle that characterises sleep models even today. The one conclusion that
all of them arrive to is the unique ability of sleep to restore; may that be the “pneuma
psychikon”, the “aesthesis” or the “dynamis”.

Centuries later, a convergence of work in the fields of chronobiology,
neurochemistry, and neurophysiology has eventually led to the establishment of a model

called the “two-process model” to explain sleep (Borbély, 1982; Daan et al., 1984). The two-
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process model posits that sleep is regulated by two processes that interact with each other:
the circadian process (process C) and the homeostatic process (process S). The circadian
process C refers to the circadian clock, which is synchronised to the 24h period of the day
and whose oscillations reflect the day and night cycles (Borbély et al., 2016). The
homeostatic process S reflects the accumulation of sleep debt during wakefulness and its
dissipation while sleeping (Borbély et al., 2016). Both processes restart in the morning once
the sleep drive has been removed and the circadian clock resets (Borbély et al., 2016). One
physiological hallmark of process S is increased slow-wave activity (SWA) during sleep.
The “sleep homeostasis” term derives from observations where sleep deprivation is
followed by an increased amount of sleep in the following days (rebound sleep) and by
increases in the slow wave sleep (SWS) intensity and duration (Borbély et al., 2016). Based
on the conceptual framework of the two-process model, modern theories of what the
physiological function fulfiled by sleep is, have evolved. One of these theories is

summarised below.

1.2 SYNAPTIC HOMEOSTASIS HYPOTHESIS

The synaptic homeostasis hypothesis (SHY) is one of the most prevalent modern
hypotheses, stating that sleep is the “the price we pay for plasticity” (Tononi & Cirelli, 2003;
Tononi & Cirelli, 2014, 2020). It proposes that during wakefulness, there is an overall
increase in the net synaptic strength due to ongoing learning while sleep is required for
synaptic renormalisation. In this regard, synaptic potentiation occurs during wakefulness,
whereas renormalisation occurs during sleep where the spontaneous activity of the brain is
less biased by external stimuli.

Monoaminergic signalling is correlated with wakefulness by virtue of its inhibition to
sleep centres in the brain (Saper et al., 2010). Unilateral injection of the neurotoxin 6-
hydroxydopamine (6-OHDA) in rats, destroys the catecholaminergic neurons of the locus
coeruleus (LC) and abolishes almost completely the expression of immediate early genes
such as c-FOS and of the phosphorylated-cyclic adenosine monophosphate response

element-binding protein (p-CREB) (Cirelli et al., 1996). In non-lesioned controls, and on the
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intact side of lesioned controls, these genes are induced normally after spontaneous waking
and following sleep deprivation (Cirelli et al., 1996). In a subsequent study, mRNA levels of
the brain-derived neurotrophic factor (BDNF) and activity regulated cytoskeleton-
associated protein (Arc) were also increased in the cerebral cortex of rats following the
same conditions; spontaneous wakefulness and sleep deprivation (Cirelli & Tononi, 2000).
Thus, wakefulness enhances the expression of genes involved in synaptic plasticity and
their induction depends on the action of wake-promoting neurotransmission.

Interestingly, in rats, the period of enriched exploratory behaviour is positively
correlated with expression of BDNF in the cortex (Huber et al., 2007). The amount of BDNF
induction is proportional to the SWA response in the subsequent sleep period as well
(Huber et al., 2007). To directly assess whether BDNF manipulations alter SWA, BDNF
was injected into the cortex of rats and the intensity of SWA was measured (Faraguna et
al., 2008). Injection of BDNF selectively increases SWA during non-REM sleep (NREM)
while blocking a BDNF receptor, the receptor tyrosine kinase B (TrKB), attenuates it
(Faraguna et al., 2008).

In humans, exposure to a visuomotor learning task is associated with a local
increase in SWA in the right parietal cortex, an area known to be involved in the learning
paradigm (Huber et al., 2004). Testing of the task after sleep improves the performance of
the subjects on the following day. In contrast, arm immobilisation with a sling and bandage
decreases motor performance in a reaching task, reduces somatosensory evoked
potentials (SEP) and induces a local decrease in SWA (Huber et al., 2006). These changes
occurred in the right sensorimotor cortex, an area where SEP peaked before immobilisation
(Huber et al., 2006). Engagement in learning paradigms during wakefulness is therefore
not only associated with the induction of genes involved in synaptic plasticity but also with
local increases in SWA. Thus, SWA architecture can be indicative of changes in synaptic
homeostasis.

AMPA receptor trafficking and changes in the phosphorylation status of the
receptors are among the best established molecular markers of long term potentiation

(LTP) and long term depression (LTD) (Citri & Malenka, 2008). In synaptoneurosomes of
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rats, the protein levels of GluR1-containing AMPA receptors, the phosphorylation levels of
the GIuR1 subunit at Ser 831, and the phosphorylation of Calcium/calmodulin-dependent
protein kinase Il (CamKIll) and Glycogen synthase kinase-3f (GSK3p) in the cortex and
hippocampus of rats are all increased during wakefulness (Vyazovskiy et al., 2008).

Accordingly, electrophysiological experiments that measure synaptic strength show
increases after wakefulness and decreases after rest (Vyazovskiy et al., 2008). The
increase in synaptic strength positively correlates with SWA at the onset of sleep following
enforced wakefulness as well (Vyazovskiy et al., 2008). Therefore, the molecular and
electrophysiological data imply that wakefulness is associated with an increase in net
synaptic strength linked to sleep homeostasis. While this study provides possible molecular
candidates underpinning synaptic potentiation during wakefulness, a recent study
implicated a synaptic downscaling role for the short isoform of Homer protein, Homerla
(Diering et al., 2017).

In mice, Homerla expression is increased during sleep and following sleep
deprivation in the post-synaptic density (PSD) (Diering et al., 2017). Co-
immunoprecipitations demonstrate that once localised in the PSD, Homerla causes the
disassemble of synaptic plasticity receptor complexes formed by Type | metabotropic
glutamate receptor (MGIuR5) and IP; receptors (IP3R) (Diering et al., 2017). Increasing
noradrenaline (NA) levels by injecting D-amphetamine at the onset of sleep is enough to
block expression of Homerla in the PSD. In contrast, injecting an adenosine Al receptor
antagonist abolishes the sleep-deprivation induction of Homerla in the PSD (Diering et al.,
2017). An elegant mechanism is thus proposed to explain downscaling.

During wakefulness, when the levels of the wake promoting NA are high (Aston-
Jones & Bloom, 1981), the absence of Homerla from the PSD, allows formation of mGIuR5-
IP3 receptor complexes and synaptic strengthening (Diering et al., 2017). At the onset of
sleep, when NA levels are low and the sleep promoting adenosine (Benington & Heller,
1995; Halassa et al., 2009) is released, Homerla enters the PSD, disrupting mGIuR5-IP3
receptor complexes and leading to mGIuR5 independent signalling and synaptic weakening

(Diering et al., 2017).
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Finally, it was shown using three-dimensional electron microscopy that a large
proportion of synapses in layer 2 of primary motor and primary somatosensory cortices of
mice weaken during sleep when two parameters were measured: the axon-spine interface
(ASI) and the volume of the spine head (HV) (De Vivo et al., 2017). Overall, 80% of the
synapses was renormalised during sleep (De Vivo et al., 2017). The scaling was selective
in that this 80% encompassed small and medium sized synapses. Synapses that were less
likely to go through scaling shared three characteristics: they were large, lacked a recycling
endosome and were found in environments crowded by dendritic branches (De Vivo et al.,
2017). Addressing each of these features separately will be important in further elucidating
the defining characteristics of synaptic remodelling during sleep.

Summarising, SHY proposes that sleep is the state during which synaptic
renormalisation occurs, leading to the down-scaling of synapses and to the restoration of
cellular energy consumption levels. Once renormalisation of the net synaptic strength is
achieved and energy stores are refilled, the connection to the external world can resume

(Tononi & Cirelli, 2003; Tononi & Cirelli, 2014, 2020).
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1.3 SLEEP HOMEOSTASIS IN DROSOPHILA

Despite variations in the duration and timing of sleep, this naturally occurring
phenomenon appears to be evolutionarily conserved across species (Keene & Duboue,
2018). Over the years, different parameters and methodologies have been developed to
describe sleep architecture in terms of quality and duration in different species. In
mammals, behavioural hallmarks that characterise sleep include immobility, a preferred rest
posture, an increase in sleep intensity following its disruption and the ability to reverse back
to wakefulness following a stimulus (Campbell & Tobler, 1984; Siegel, 2005). Drosophila
shares a lot of the cardinal features that characterise sleep in mammals. They too, exhibit
periods of immobility, state reversibility, and increased arousal thresholds after sleep
deprivation (Hendricks et al., 2000; Shaw et al., 2000). Like humans, their sleep also
becomes more fragmented with age (Koh et al., 2006) and is regulated by both a circadian
and a homeostatic component (Hendricks et al., 2000; Shaw et al., 2000). The circadian
clock has been explained in detail by transcriptional feedback loops (Dubowy & Sehgal,
2017); however, the homeostatic component of sleep has been more challenging to
decode. The discussion below focuses on the fan-shaped body neurons, a circuit that lies

at the core of homeostatic sleep control in Drosophila.

Fan-shaped body neurons

A cluster of neurons projecting to a dorsal layer of the fan-shaped body (dFB) of the
central complex was the first sleep promoting circuit characterised in Drosophila;
constitutive activation of the dFB neurons causes flies to sleep more (Donlea et al., 2011).
(Donlea et al., 2011). The flies have heightened arousal thresholds and following sleep
deprivation they exhibit a sleep rebound as well (Donlea et al., 2011). Taken together, these
findings indicate the involvement of these neurons in sleep homeostasis. Remarkably,
thermogenetic activation of the dFB neurons acutely induces sleep (Donlea et al., 2011).

Disruption of a Rho-GTPase-activating (Rho-GAP) protein encoded by
crossveinless-c (cv-c), causes flies to have dramatically fragmented sleep patterns and

impairs sleep homeostasis; flies with the mutation are not able to recover the lost sleep
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following sleep deprivation (Donlea et al., 2014). Notably, the insomniac phenotype of cv-c
is mirrored in the electrical excitability of dFB neurons (Donlea et al., 2014). Under
physiological conditions, the neurons exist in two electrical states: an electrically active
state (ON state) and an electrically quiescent state (OFF state) (Donlea et al., 2014). The
input resistance and time constant, two parameters reflecting the intrinsic electrical
properties of neurons, are decreased in cv-c mutants, which is suggestive of reduced
excitability (Donlea et al., 2014). The cv-c mutation prevents the dFB neurons from
increasing their excitability after sleep loss, further indicating that the neurons are trapped
in the OFF state in these flies and that the sleep homeostat is compromised (Donlea et al.,

2014).

Dopaminergic input to dFB neurons

Dopamine (DA) is a well-known wake promoting neurotransmitter in flies (Andretic
et al., 2005; Kume, 2005; Liu et al., 2012; Pimentel et al., 2016; Ueno et al., 2012). Flies
with a disruption in the dopamine transporter (DAT) gene are severely sleepless (Kume,
2005). Consistent with this finding, flies fed with methamphetamine, display a decrease in
their night-time sleep, while an inhibitor of dopamine synthesis (31Y) has the opposite effect,
promoting sleep (Andretic et al., 2005).

Dopaminergic neurons in Drosophila are distributed among various clusters: the
posterior protocerebrum lateral (PPL1, PPL2), protocerebral anterior lateral (PAL),
protocerebral posterior medial (PPM1/2, PPM3), protocerebral anterior medial (PAM),
subesophagal ganglion (SOG) and thoracic 1 (T1) clusters (Mao & Davis, 2009). Single
dopaminergic neurons are also found within PPL3, PPL4, and PPL5 and protocerebral
posterior dorsal (PPD) (Mao & Davis, 2009).

Thermogenetic activation of dopaminergic neurons residing in almost all clusters
results in diminished night-time sleep (Liu et al., 2012). Restricting the activation to specific
dopaminergic neurons that include a single neuron from each PPLL1 cluster projecting to

the dFB, mimics these results (Liu et al., 2012). In contrast, silencing these neurons,

~18 ~



increases sleep, suggesting that dopamine’s wake-promoting effect depends on the PPL1-
dFB connection (Liu et al., 2012).

Activating a single neuron from the PPM3 cluster projecting to the dFB neurons
reduces sleep as well (Ueno et al., 2012). However, the reduction in sleep is not as severe
as the one observed upon activating the majority of dopaminergic clusters (Ueno et al.,
2012). It is therefore possible, that other dopaminergic neurons contribute to the wake-
promoting effects of dopamine to the dFB, for example neurons from the PPL1 cluster (Liu
et al., 2012). Taken together these studies provide anatomical and functional evidence that
dopaminergic neurons in the PPL1 and PPMS3 clusters project to the dFB neurons,
promoting wakefulness.

The dopaminergic input to the dFB was further illuminated by optogenetic activation
of dopaminergic neurons that promotes wakefulness by hyperpolarising the dFB neurons
(Pimentel et al., 2016). RNA-mediated interference (RNAI) with the expression of Dopamine
1-like receptor 2 (Dop1RZ2) in the dFB neurons points to this receptor as the mediator of the
wake-promoting effect of dopamine (Pimentel et al., 2016). Flies with reduced levels of the
receptor sleep more and lack the inhibitory response of dFB neurons to the neurotransmitter
(Pimentel et al., 2016).

In addition, the dopamine-mediated switch requires the antagonistic regulation of
two potassium channels: the voltage-gated Shaker channel and the “leak” channel,
Sandman (Pimentel et al., 2016). Knockdown of Shaker causes flies to sleep less by
dampening the activity of dFB neurons, whereas knockdown of Sandman causes an
increase in sleep by preventing the switch to the OFF state (Pimentel et al., 2016). As both
loss of Sandman and blocking vesicle exocytosis lock the dFB neurons in the ON state, an
appealing conjecture is that Sandman’s recycling to and from the plasma membrane
parallels the OFF to ON transitions of the neurons (Pimentel et al., 2016). Sandman’s
presence at the membrane is expected to switch the neurons OFF, while its internalisation
to promote the shift to the ON state.

Lastly, stimulation of dopaminergic neurons using the ATP-activated cation channel

P2X2 or bath application of dopamine to the dFB neurons, inhibits their activity as well (Ni
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et al., 2019). Based on the studies above, one way by which the transition to the waking
state is achieved in the flies, is by the inhibitory effect of dopamine on the dFB neurons.
Recent, advances on the connectome of the central complex, reveal that dopaminergic
neurons receive inputs from the dFB neurons as well (Hulse et al., 2020). Thus, comparable
to the mammalian sleep physiology, the reciprocal relation between dopaminergic neurons
and the dFB resembles the “flip-flop model” of a mutually inhibitory relationship between
the sleep promoting ventrolateral preoptic nucleus (VLPO) and monoaminergic populations
(Saper et al., 2010). However, whether dFB neurons inhibit dopaminergic neurons to
promote sleep and what is the mechanism behind this inhibition remains under

investigation.

Mechanisms by which dFB neurons promote sleep

A longstanding theory suggests that the function of sleep is the clearance of reactive
oxygen species (ROS) (Reimund, 1994). Loss of function of the insomniac (inc) gene
causes a short-sleeping phenotype which makes flies susceptible to oxidative stress (Hill
et al., 2018). Injecting these mutants with either paraquat, a herbicide that catalyses the
production of superoxide anions or feeding them with hydrogen peroxide (H-03), an oxidant
involved in the production of highly reactive hydroxyl radicals, causes them to die faster
(Hill et al., 2018). Increasing sleep by activating the dFB neurons or by feeding flies with
the gamma-aminobutyric acid (GABAA.) receptor agonist Gaboxadol rescues the sensitivity
to paraquat injection or H»O», suggesting an anti-oxidant role for sleep (Hill et al., 2018).

Interestingly, sleep deprivation alters the redox state of dFB neurons; following a
night of sleep deprivation, ROS levels in these neurons are increased (Kempf et al., 2019).
Flies with mutations in the Shaker channel (Cirelli et al., 2005) or its B-subunit Hyperkinetic
(HK) (Bushey et al., 2007) have a short-sleeping phenotype. Because Hk also possesses a
binding site for the NADPH cofactor, whose oxidation or reduction can alter the
electrophysiological properties of the channel and consequently of dFB neurons, the causal
relationship between the two was examined. Indeed, expression of the protein subunit in

Hk mutants rescues the sleep loss of these flies only if the oxidoreductase activity of the
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protein is left intact (Kempf et al., 2019). Thus, redox changes in the dFB neurons are
related to the functional activity of Hk.

Consistent with this idea, manipulations that increase or decrease ROS levels in the
dFB neurons have opposing effects on sleep (Kempf et al.,, 2019). Introducing the
alternative oxidase (AOX) enzyme and overexpressing antioxidant enzymes such as
superoxide dismutase 1 (SOD1) or catalase in dFB neurons causes flies to sleep less. In
contrast, increasing oxidation levels with miniSOG, a protein that photogenerates singlet
oxygen [*O;] or expressing a mutant pro-oxidant version of superoxide dismutase 1 (SOD1
A4V) causes flies to sleep more (Kempf et al., 2019). In either case, the increase in sleep
could be blocked by removing Hk from the dFB neurons, highlighting again the link between
the redox state of the neurons and Hk. Increases in ROS production force the dFB neurons
into a state of higher excitability, where high Shaker currents predominate (Kempf et al.,
2019). Therefore, accumulation of ROS is one mechanism explaining the transition of dFB
neurons from the OFF to the ON state (Figure 1).

Finally, excessive sleep deprivation reduces the lifespan of flies and increases
oxidation levels also in the gut (Vaccaro et al., 2020). Overexpression of SOD1 in the gut
prevents the increase in ROS following sleep deprivation while consumption of antioxidants
rescues the shortened lifespan induced by sleep deprivation by clearing ROS (Vaccaro et
al., 2020). Distinguishing the effects of the redox state of different tissues on sleep is an

interesting avenue of exploration for the future.
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Figure 1: Mechanisms by which the dFB neurons are regulated. In response to dopamine (DA) or under
physiological conditions, it is hypothesised that the dFB neurons are maintained in the OFF state, by the presence
of Sandman at the plasma membrane (Pimentel et al., 2016). Generation of reactive oxygen species (ROS)
during prolonged wakefulness, leads to an increasingly oxidised environment in the neurons. The change in the
redox chemistry is sensed by Hyperkinetic (HK) leading to the exchange of NADPH for NADP+ (Kempf et al.,
2019). The oxidation of NADPH eventually increases Shaker currents turning the cells to the ON state. When the
cells are in the ON state, NADP+ is reduced back to NADPH, and the sleep pressure generated by ROS is
dissipated. The switch to the ON state is also likely to involve the internalisation of Sandman. Figure created with

BioRender.com.
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R5 neurons generate sleep pressure discharged by the dFB neurons

In the quest of finding circuits capable of generating sleep pressure, the R5 neurons
of the ellipsoid body (EB) were identified as an upstream input to dFB neurons (Liu et al.,
2016). While thermogenetic activation of dFB neurons induces sleep acutely, activation of
the R5 neurons induces “rebound” sleep on the following day, reflecting increases in sleep
drive (Liu et al., 2016). Stimulating R5 neurons and measuring subsequent increases in
dFB neuron activity led to the hypothesis that the R5 neurons act upstream of the dFB
circuit. Conversely, silencing the dFB neurons inhibits the increase in sleep that is normally
observed following the thermogenetic activation the R5 neurons, further corroborating this
hypothesis (Liu et al., 2016). The encoded sleep need in the R5 neurons requires changes
in activity-dependent plasticity such as recruitment of calcium from intracellular stores and
an increase in the number of N-methyl-D-aspartate receptors (NMDARS) and active zones
(Liu et al., 2016).

R5 neurons exhibit slow-wave oscillations that are reminiscent of the mammalian
slow-wave rhythms in the delta band during deep sleep (Raccuglia et al.,, 2019). This
synchronous slow-wave activity appears at late hours of the day during zeitgeber ZT8-12,
peaks at ZT13-16 and drops with sleep (Raccuglia et al., 2019). Sleep deprivation causes
an increase in delta power, indicating that these oscillations are linked to the fly’s sleep
history and therefore to the homeostatic control of sleep (Raccuglia et al., 2019). The
synchronisation and power of the oscillations were further shown to depend on NMDAR
coincidence detection and input from the tubercular-bulbar neurons (TuBu) neurons
(Raccuglia et al., 2019).

Consistent with the findings above, active zone plasticity is indicative of the sleep
pressure generated in the R5 neurons (Huang et al., 2020). When sleep need is high, such
as in short sleeping mutants, the levels of Bruchpilot (BRP) — a presynaptic active zone
marker — are increased (Huang et al., 2020). This finding is reversed when sleep is induced
by activation of either the R5 or dFB neurons (Huang et al., 2020). Accordingly, increasing
BRP copies (1-4x) increases sleep and sleep rebound in a dosage-dependent manner

(Huang et al., 2020). R5-specific knockdown of BRP reduces the homeostatic sleep
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rebound following sleep deprivation and restores the BRP-induced sleep during daytime in
back to normal levels in 4xBRP flies (Huang et al., 2020). Thus, BRP-driven synaptic
plasticity is required for the sleep need encoded by the R5 neurons.

A key component in the regulation of the R5 sleep circuitry is glia. Thermogenetic
activation of astroglia, induces “rebound” sleep and elevation of calcium levels (Ca?*) in the
R5 neurons (Blum et al., 2021). Activating astroglial cells while silencing the R5 or dFB
neurons prevents the transmission of sleep pressure to these circuits (Blum et al., 2021).
Thus, astroglia are indicated as an upstream input to the R5 neurons. The astroglial-R5
signalling axis depends on a Ca?* signalling positive feedback loop and the canonical
spatzle (Spz)/Toll pathway.

Following conditions of high sleep need such as sleep deprivation, calcium levels
Ca?"in astroglia increase (Blum et al., 2021). The increase in Ca?* is mediated by the L-
type voltage-gated calcium channel Ca-a1D and causes the upregulation of Tyramine Il
(Tyrll) receptor (Blum et al., 2021). Monoaminergic signalling further increases Ca?*leading
to a positive-feedback loop (Blum et al., 2021).

When accumulation of sleep need reaches a sufficient level, the increasingly high
levels of Ca?* in astrocytes eventually lead to the secretion of Spz; Spz levels increase
following sleep deprivation or thermogenetic activation of the glial cells (Blum et al., 2021).
Removing the Toll receptor from the R5 neurons diminishes the Ca?* increases observed
upon sleep deprivation in the circuit, pointing to the receptor as the downstream effector of
Spz released from astrocytes (Blum et al., 2021). Therefore, this study highlights the
transmission of sleep need from glial cells to dedicated sleep circuits. To gain a
comprehensive understanding of how sleep is controlled, investigation of the glia
contribution to sleep-related mechanisms is critical.

Intriguingly, antennal transection is accompanied by an immediate increase in sleep
and the removal of active zones and damaged axons from injured neurons (Singh & Donlea,
2020). The loss in active zones follows the post-injury increase in sleep and is prioritised
over axonal removal (Singh & Donlea, 2020). Sleep deprivation on the other hand slows

the removal of both components, suggesting that sleep is required for these processes to
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occur (Singh & Donlea, 2020). The prioritisation of active zone removal is hypothesised to
involve the engulfment action of ensheathing glia (Singh & Donlea, 2020).

Indeed, increases in sleep following antennal ablation are associated with glial
innervation of the antennal lobe and the induction of the engulfment receptor Draper
(Stanhope et al., 2020). Sleep loss accomplished by activation of dopaminergic neurons,
sleep deprivation or sleepless mutants inhibits the induction of Draper (Stanhope et al.,
2020). In contrast, inducing sleep with Gaboxadol or by activating the dFB neurons
accelerates the engulfment of injured neurons by enhancing expression of Draper

(Stanhope et al., 2020).

Downstream targets of dFB neurons

VLPO neurons are well known to inhibit monoaminergic populations by secreting
galanin and GABA (Saper et al., 2010; Sherin et al., 1998). Interestingly, depleting the
inhibitory neuropeptide allatostatin (AstA) from dFB neurons causes flies to sleep less and
to have reduced sleep rebound following sleep deprivation (Donlea et al., 2018). The
inhibitory action of allatostatin is facilitated by the AstA-R1 receptor in neurons termed
“helicon” neurons due to their shape; these connect the EB and AstA-positive cells in the
fan-shaped body (Donlea et al., 2018). Activation of dFB neurons or direct application of
AstA silences helicon cells, further validating that they receive inhibitory input from the sleep
promoting neurons (Donlea et al., 2018).

From electrophysiological studies it was shown that helicon cells respond to light
and are involved in visually-guided movement (Donlea et al., 2018). Therefore, reducing
their activity also leads to a decrease in light-induced locomotor activity (Donlea et al.,
2018). Conversely, optogenetic activation of helicon cells, restores the locomotor immobility
caused by the inhibitory action of dFB neurons (Donlea et al., 2018). Helicon cells, excite
the R5 neurons, identifying the functional connectivity between these two neuronal
populations as well (Donlea et al., 2018). Following stimulation of helicon cells, flies sleep

significantly more the day after, which is reminiscent of the sleep pattern following activation
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of the R5 neurons (Donlea et al., 2018). Taken together, these findings led to the conception
of an autoregulatory loop.

It is hypothesised that during wakefulness, light activates helicon cells which in turn
excite the R5 neurons. There, activity-dependent plasticity generates sleep pressure that is
conveyed to the dFB neurons through either direct or indirect connections eventually
switching the neurons to the electrically active state. dFB neurons release the inhibitory
allatostatin to the helicon cells, decreasing their responses to light, and pausing activity.
Thus, the sleep pressure generated by the R5 neurons is dissipated, putting flies to sleep
(Donlea et al., 2018).

Finally, octopamine, like dopamine, was characterised as a wake promoting signal
in flies (Crocker & Sehgal, 2008; Crocker et al., 2010). Blocking GABAergic transmission in
the dFB neurons by RNAi-mediated knockdown of glutamic acid decarboxylase 1 (Gadl)
inhibits the induction of sleep following thermogenetic activation of these neurons (Ni et al.,
2019). Based on anatomical and functional connectivity studies, the neurons downstream
of this inhibition are hypothesised to be octopaminergic neurons (Ni et al., 2019). However,
further investigation is needed to strengthen this conclusion. The emerging picture from the
above studies suggests that dFB neurons might promote sleep by inhibiting sensory
pathways directly or by inhibiting wake-promoting neurotransmission.

In conclusion, the fan-shaped body can be compared to an actuator of sleep, which
likely involves the integration of several upstream inputs and their translation into the
physiological manifestations of sleep. It discharges sleep pressure accumulated from other
sleep promoting circuits and from cell-intrinsic mechanisms, is inhibited by wake-promoting
signals and in turn inhibits sensory pathways. Further characterisation of the molecular
mechanisms operating within the dFB neurons, and their connections is crucial for
understanding how these lead to state transitions. Such questions are addressed and

discussed in the next two chapters.
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Chapter 2

DEVELOPMENT OF TOOLS TO VISUALISE THE
TRAFFICKING OF SANDMAN

2.1 INTRODUCTION

Like a conductor in an orchestra, the sleep homeostat must ensure that several
components act in concert to fine-tune the sleep-wake cycle: tight regulation of genetic and
molecular machinery, transitions in electrical excitability and integration of synaptic/non-
synaptic inputs. In Drosophila, this homeostat lies within approximately a dozen cells in
each hemisphere that project to the dorsal fan-shaped body (dFB) of the central complex;
referred to here as the dFB neurons. Thermogenetic activation of dFB neurons puts flies to
sleep (Donlea et al., 2011). Based on a series of experiments (Donlea et al., 2014; Donlea
et al., 2018; Kempf et al., 2019; Pimentel et al., 2016), the dFB neurons were found to exist
in at least two physiologically electrical states: an electrically active state (ON state) and an
electrically quiescent state (OFF) (Donlea et al., 2014). Following conditions of high sleep
need, such as sleep deprivation the neurons switch ON (Donlea et al., 2014).

The OFF state is regulated by dopamine; dopaminergic neurons from the PPL1 and
PPMa3 clusters project to the dFB neurons where they signal arousal (Liu et al., 2012; Ueno
et al., 2012). Optogenetic activation of dopaminergic neurons and direct application of
dopamine to the dFB neurons, switches them to the OFF state, promoting wakefulness.
Both means of dopamine application elicited a locomotor response (Pimentel et al., 2016).
The switch from electrical activity to quiescence requires the dopamine receptor (DoplR2)
and is modulated at least by the antagonistic regulation of two potassium channels: the
voltage-gated potassium channel Shaker and the two-pore domain potassium channel,
Sandman (Pimentel et al., 2016). dFB-restricted interference with Shaker reduces the
excitability of the neurons promoting wakefulness. In contrast, depletion of Sandman from
the dFB neurons disables the switch to the OFF state promoting sleep. Blocking vesicle

exocytosis using the botulinum neurotoxin C (BoNT/C) traps the neurons in the electrically
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active state as well, pointing to a key role of membrane trafficking in the regulation of
Sandman.

Taken together, these results led to the conception of a model, where Sandman
is internalised when the dFB neurons are electrically active and translocates to the plasma
membrane in response dopamine (Figure 2). Surface expression of Sandman is
hypothesised to silence the neurons promoting wakefulness. Therefore, two tiers can be
targeted to lock the dFB neurons in the ON state: upregulation of Shaker’s currents or
Sandman’s internalisation. While one of the signals causing the former has been explained
at least in part by the accumulation of reactive oxygen species (ROS) with waking time
(Kempf et al., 2019), the signal that causes the latter remains unknown. The aim of this
study was to visualise the putative endo-exocytic cycling of Sandman and identify the

molecular pathways that control the endocytic leg of the cycle.
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Figure 2: Sandman’s envisioned recycling during the sleep-wake cycle. Under physiological conditions
or in response to dopamine (DA), it is hypothesised that Sandman translocates to the plasma membrane
to switch the neurons OFF by blunting their firing. When the neurons tilt to the ON state, Sandman is
internalised in the cells, but the signals responsible for its endocytosis remain unknown. Figure created with
BioRender.com.
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2.2 RESULTS

Generation of sand-pHIluorin constructs

To gain an optical report of the channel’s recycling, | attempted to fuse Sandman
with a pH-sensitive version of the green fluorescent protein (GFP), the super-ecliptic
pHIluorin (Miesenbdck et al., 1998; Sankaranarayanan et al., 2000). Due to its pH sensitivity,
the super-ecliptic pHIluorin provides an excellent tool for visualising the trafficking of
receptors and ion channels. At the acidic pH inside vesicles (pH<6), protonation of the
chromophore quenches the pHluorin signal whereas its deprotonation following exocytic
events restores fluorescence emission (Miesenbdck et al., 1998; Sankaranarayanan et al.,
2000). The properties of the pHIuorin, requires the fluorophore to be inserted in extracellular
regions of the channel that are exposed to pH changes in the cell.

Sandman is part of the two-pore domain K* (K2P) channel family which is further
subdivided into 6 subfamilies: TWIK (Tandem of pore domains in a weak inward rectifying
K* channel), TASK (TWIK-related acid-sensitive K* channel), TREK (TWIK-related
K* channel), TRESK (TWIK-related spinal cord K* channel), TALK (TWIK-related alkaline
pH-activated K*channel) and THIK (Tandem pore domain halothane-inhibited K* channel)
(Enyedi & Czirjak, 2010). The human ortholog of Sandman is the potassium two-pore
domain channel subfamily K member 18 (KCNK18) which is a TRESK channel ("The
Alliance of Genome Resources: Building a Modern Data Ecosystem for Model Organism
Databases," 2019). However, the major structural features of K2P channels are conserved
across the 6 subfamilies. These are: two intracellular N-and C-termini, four transmembrane
domains (TM1-TM4), four extracellular loops (ECL1-4), two pore domains (P1-P2) and a
long extracellular loop between TM1 and P1 (Enyedi & Czirjdk, 2010). Thus, using overlap-
extension polymerase chain reaction (OE-PCR), constructs with insertions of the super-
ecliptic pHIuorin at different positions of the four extracellular loops of Sandman were
generated (Figure 3). The constructs are referred to here as sand-pHluorin; these were

first cloned into a vector containing a CMV promoter suitable for mammalian cell culture
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and later subcloned into a UAS vector to study the channel’s localisation and functionality

both in vitro and in vivo.

A

ATGTCCTCCCGACGCAGCTCCTTCAGGCGGAGGGAGAAGCCGGCCTTCGAGCGCTTTAAGGACCACTGCCGCCACTTCA
CGGCGTTCATGTTCAGCAACGTGGGCATCATTCTACTGGTCACATTTTATATTATCGGCGGAGCGTTCATATTC
1 2

3 4
ACGACCATCGGGTACGGG
1 2 3 4
5 TGGATATACTCGAAGGTGTGCCTATGTCGCATCTGCCCCGGCGTGGCCAAGCGCCGGATAATC

ACAGTGCCAGTCACTGTGTGC

GTCTTCGTTATGGTCGGGTATATCCTGTGGGGTGCGCTGCTC 1 2 3 4 5
6 AGCAGCATTGGATTTGGC 1 2 3 4 5
6 7 GTGGAGGTTAGCTTCATTCTCTGCGCCATATATCTGCTGCTCGGCATGGCCGTGATTGCCATGTG

CTTCAATTTGATGCAGGAGCAGGTCGTTCACAACATTCGGGCGATCAAGCGGGGATTCAAGGCCTGCTTTCGGTGCCGCA
CCTCCTAG

B ECL1

ECL2 ECL3  ECL4

Extracellular

Intracellular

C

Figure 3: Insertion sites of the super-ecliptic pHluorin into Sandman. (A) Coding sequence of sandman.
Domain predictions by Phobius and Uniprot are denoted by colour; Blue: N- and C-termini, yellow: extracellular
loops (ECL1-4), grey: part of ion channel domain, red: predicted pore domain motifs (P1 and P2), green:
transmembrane domains, purple: intracellular loop. Numbers indicate the positions where pHIluorin insertion was
attempted. Red colour indicates successful cloning in these positions. (B) Schematic representation of the
channel’s structure: rectangles indicate the positions where insertion of the super-ecliptic pHluorin was
attempted. Green colour indicates successful cloning in these positions. Figure created with BioRender.com.

Localisation of Sand-pHIluorin in HEK-293T cells

The sand-pHluorin constructs were first transfected to human embryonic kidney
(HEK) cells and imaged live with a plasma membrane stain (CellMask Deep Red) (Figure
4). In all cases, the pHluorin signal was observed mainly intracellularly. Immunostaining of
the endoplasmic reticulum (ER) with a KDEL antibody in cells transfected with one of the
constructs (CMV-sand:ECL2_1), suggests that the channel is most likely retained there
(Figure 5B). However, whether this is due to misfolding or because protein partners
essential for its trafficking to the membrane are lacking from HEK cells, has not been

identified.
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Figure 4: Localisation of Sand-pHluorin in HEK-293T cells. HEK cells were transfected with constructs
carrying the pHluorin in (A) the first, (B) the second, (C) the third and (D) the fourth loops of Sandman and live
imaged with confocal microscopy. Sand-pHluorin is indicated in cyan and the plasma membrane stain

(CellMask Deep Red) in magenta. Scale bar = 5um.
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Figure 5: Sand-pHluorin is retained in the ER in HEK-293T cells.
HEK cells were transfected with CMV-sand:ECL2_1 and stained with
(A) DAPI solution to reveal the nucleus (blue), (B) a KDEL antibody to
reveal the ER (magenta) and (C) CellMask Deep Red solution to
visualise the plasma membrane (magenta). Scale bar = 5pym.
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Localisation of Sand-pHIluorin in dFB neurons and the corresponding sleep
amount in flies

As HEK cells might not be equipped with the cellular machinery required to promote
the exocytosis of Sandman to the membrane, the sand-pHluorin inserts were subcloned
into UAS-containing vectors and injected into flies. Behavioural studies have shown that
knockdown of the channel in the dFB neurons promotes sleep (Pimentel et al., 2016).
Therefore, its overexpression was expected to have the opposite outcome. Using the
UAS/GAL4 system, a dFB-specific GAL4 line (R23E10-GAL4), restricted the expression of
UAS-sand-pHIuorin constructs to this population of cells. While some flies injected with the
constructs did not show any alteration in their sleep patterns, others did show a decrease
in their total amount of sleep compared to their parental controls (Figure 6D, Figure 7C
and Figure 7D).

The next step was to determine whether in those cases the channel localises
correctly at the plasma membrane of dFB neurons. To achieve this, UAS-sand-pHIluorin
insertions were driven in the dFB neurons using UAS-CD4-tdTomato; R23E10-GAL4 and
stained with a GFP antibody to visualise the pHluorin. The tdTomato marker was co-
expressed in the neurons to label the plasma membrane. However, the localisation of the
channel suggested that it is most likely retained intracellularly, or that a very small
proportion is present at the membrane (Figure 6A, Figure 6B, Figure 7A and Figure 7B).
In most cases, the dFB neurons presented an unhealthy morphology as well: the shape of
the usually round nucleus was deformed. In two cases, where the pHIluorin was inserted
into the second extracellular loop of Sandman (UAS-sand:ECL2_4 and UAS-

sand:ECL2_5), fluorescence was visible throughout the cell.

~33~



A UAS-sand UAS-CD4-tdTomato; Overlay
pHluorin

R23E10-GAL 4

ECL1_2

B UAS-sand UAS-CD4-tdTomato; Overlay
pHluorin  R23E10-GAL 4

ECL2 5

ECL2 1

ECL2_2

ECL2_3

C
24+ .
" T %
ced » . o®
o ®, . s e
184 . :: ‘:' :.; R23E10-GAL4 > UAS-sand-pHiuorin
E .'{_ﬁ_}...: ..g UAS-sand-pHiuorin / +
> :I' = T + 1 FA R23E10-GAL4/+
© ' o 5 ée @
T [E T g
g [S7%c .y
o 121 . o '-: 2
© . % S .
Q " .
? : .
© . . .
S
°
F
6_
0 T T T T T T T T T
Ky ¥ w2 Ay W
7/ 7 >3 7
& &L F
e’z’ éb aq’ éb o

FrFFy d

™ ¥ sk
L .
seltt iy
T N ; R23E10-GAL4 > UAS-sand-pHiuorin
—  |.oat, LA ariag il UAS-sand-pHiuorin / +
- IOk
> (=7 $9 .I.'. b4 R23E10-GAL4 /+
© o . . ¢
o < g X . % /
o G 2 .
124 - X 3
g el .
ko) . % ™ . % .
@ ¢ & . . .
IS oo
] s
}—
o o
0 T T T T T T T T T T T
r1,> ¥ q,? q,g‘ (1,6/3 e
¥ ¥ M &
S S ST & &
A
o Y B Z Q’Jl
NEENGENGENS

Figure 6: Localisation of Sand-pHluorin in dFB neurons and the corresponding amount of sleep in flies.
Immunostaining of dFB neurons co-expressing a membrane tdTomato marker and pHluorin in (A) the first and (B) second
loops of Sandman. Sand-pHluorin is shown in cyan while the tdTomato marker in magenta. Scale bar = 10um. (C) and
(D) Total amount of sleep in flies expressing the pHluorin in the first and second loops of Sandman in the dFB neurons.
UAS-sand-pHluorin constructs were driven to the dFB neurons by the R23E10-GAL4 (green). Parental controls are
indicated by the grey (UAS-sand-pHluorin/+) and dark grey (R23E10/+) colours. Overexpressing the channel in the dFB
neurons results in a significant decrease in sleep in two cases where the pHluorin was inserted into Sandman’s second

loop; UAS-sand:ECL2_1: F, 116) =

7.064, p=0.0013 and UAS-sand:ECL2_5: F, 106) =

17.42, p<000.1. One-way ANOVA

with Holm-Sidak's multiple comparisons test. The asterisks denote significant differences from both parental controls in

the pairwise post hoc comparisons. Mean + SEM, n=27-55.
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Figure 7: Localisation of Sand-pHluorin in dFB neurons and the corresponding amount of sleep in flies.
Immunostaining of dFB neurons co-expressing a membrane tdTomato marker and pHIluorin in (A) the third and (B) fourth
loops of Sandman. Sand-pHluorin is shown in cyan while the tdTomato marker in magenta. Scale bar = 10um. (C) and
(D) Total amount of sleep in flies expressing the pHluorin in the third and fourth loops of Sandman in the dFB neurons.
As above, UAS-sand-pHluorin constructs were driven to the dFB neurons by the R23E10-GAL4 (green). Parental
controls are indicated by the grey (UAS-sand-pHluorin/+) and dark grey (R23E10-GAL4/+) colours. Overexpressing the
channel in dFB neurons decreases sleep in six cases where the pHIuorin was inserted into the third and fourth loops of
Sandman; UAS-sand:ECL3_3: F, 105y = 28.12, p<000.1, UAS-sand:ECL3_4: F(, 106y = 14.89, p<000.1, UAS-
sand:ECL4_1: F(2,108) = 17.28, p<000.1, UAS-sand:ECL4_2: F(2, 82 = 14.97, p<000.1, UAS-sand:ECL4_3: F(2,81) = 26.52,
p<000.1 and UAS-sand:ECL4_4: F(2,s1) = 21.26, p<000.1.0ne-way ANOVA with Holm-Sidak's multiple comparisons test.
Asterisks denote significant differences from both parental controls in the pairwise post hoc comparisons. Mean + SEM,
n=16-55.
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Live imaging of dFB neurons expressing Sand-pHluorin

As an insertion of the pHluorin in the 2™ loop of Sandman correlates with
fluorescence throughout the cell and a reduction in sleep (Figure 6B and Figure 6D), flies
expressing Sand:ECL2_5 in the dFB neurons were further chosen for two-photon live
imaging. Dopamine is one of the neurotransmitters known to mediate the switch from sleep
to wakefulness (i.e., the dFB neurons switch to the OFF state). This switch is hypothesised
to be facilitated by the exocytosis of Sandman to the plasma membrane (Pimentel et al.,
2016). Therefore, dopamine application, is expected to result in an increase in the pHluorin
signal, as a larger proportion of the channel should be localised at the plasma membrane
and the pHluorin tag would be exposed to a more basic environment.

Dopamine injection onto the dendritic tufts of dFB neurons was used to allow for
temporally and anatomically confined application (Figure 8). Delivery of the
neurotransmitter (10mM) was achieved through repeated pressure pulses using a
Picospritzer. To capture exocytotic events, flies co-expressing Sand:ECL2_5 and the
tdTomato membrane marker in the dFB neurons were used. The signals for the pHIluorin
and the tdTomato marker were split into green and red channels respectively and
ratiometric analysis was performed to compute the green-to-red ratio. However, following
dopamine application, an increase in the pHluorin signal was not detected in either the
somatic, dendritic, or axonal compartments of the neurons (Figure 9).

An additional way of testing whether the channel localises on the plasma
membrane, was acidic treatment. As the pHluorin tag is pH-sensitive, its fluorescence is
expected to be quenched in the presence of acidic solutions. Thus, following dopamine
stimulation, the extracellular solution was exchanged with acidic ones (pH ~ 5 and pH ~ 3).
Conversely, treatment with ammonium chloride (NH4Cl) was used to alkalinise vesicles;
uncharged NHs can cross membranes and bind intracellular protons (H*) causing an rise in
the internal pH (Roos & Boron, 1981). The total fluorescence from the pHluorin tagged
channel can therefore be revealed. However, a quenching in the signal following acidic

treatment was not observed (Figure 10A) and application of NH4Cl did not elicit an increase

~36 ~



in the green-to-red ratio (Figure 10B). As both treatments did not alter the fluorescence
ratio, it is most likely that the channel is retained intracellularly.

In the flies imaged above (UAS-CD4-tdTomato;R23E10-GAL4/UAS-sand:ECL2_5),
the pHluorin signal is visible throughout the somata of the dFB neurons. Consequently,
fluorescence alternations in response to dopamine might be difficult to distinguish.
Therefore, flies with another insertion (UAS-sand:ECL3_3) that caused a reduction in sleep
when expressed in the dFB neurons, but where the pHluorin signal was largely inside the
cell were imaged as well. It is possible exocytic events would be more accessible to detect
in this case. Once again however, there was no significant difference in the green-to-red
ratio following dopamine application (Figure 11). Therefore, it has proven very challenging

to visualise the trafficking of the channel using the Sand-pHIuorin flies.

UAS-CD4-tdTomato;

Dopamine LN oW R23E10-GAL4;
\ Dendrites
W/
QPA i
]!\‘\\\ dFB Z\

Axons

Somata

Figure 8: Experimental setup for live imaging of dFB neurons expressing Sand:ECL2_5. Dopamine
injection was targeted onto one of the dendritic tufts of dFB neurons in flies co-expressing the plasma
membrane tdTomato marker and Sand:ECL2 5. Scale bar = 5um. dFB schematic created with
BioRender.com.

~37 ~



A Baseline Post-stimulation Baseline Post-stimulation

UAS-sand: ECL2_5

UAS-CD4-tdTomato;
R23E10-GAL 4

Somata Axons

UAS-sand: ECL2_5

UAS-CD4-tdTomato;
R23E10-GAL4

B 15+ 1.2 8- 1.2+
1.0 € 1.0 L
£ T ° - g T g
= ® < 67 ®
5] ] w =
3 104 E 0.84 2 @ 0.8+
0 o P fe]
g : g :
: o d 06 8 41 3 06
El Baseline 5 > ® )
= kel kel
B Post stimulation 3 8 3 8
& 51 T 0.4 z % 044
< £ T o, £
g 2 g 2 z
o 0.2 o 0.2
0- 0.0- 0- 0.0
Somata Axons
4 1.29 4 124
T T '[ T
T 1.04 = 1.04
g iel g Ko}
@ B 084 ¢ B 08+
e} o [t2) o
g 2 8 0.6 o 24 & 06-
B Baseline g b o o
. . 3 3 3 3
Bl Post stimulation T S 04 i s 04
% = <
e 94 = c 1 5
g 2 g z
15} 0.2+ & 0.2
0 0.0 0-! 0.0
Dendrites (LH) Dendrites (RH)

Figure 9: Ratiometric analysis following dopamine stimulation of dFB neurons expressing
Sand:ECL2_5. (A) The different compartments of dFB neurons (somata, axons and dendrites)
were imaged prior and after dopamine stimulation to determine fluorescence changes in response
to the neurotransmitter. LH = left hemisphere, RH= right hemisphere. Scale bar = 1ym (B)
Ratiometric analysis of the super-ecliptic pHluorin and tdTomato marker fluorescence. No
significant changes were detected following the injection of dopamine (paired t-test, n=10 flies).
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Figure 10: Ratiometric analysis following acidic and ammonium chloride treatment in dFB
neurons expressing Sand:ECL2_5. (A) Following dopamine stimulation, the dFB neurons were
subjected to acidic treatment with extracellular solutions of pH 5.5 and pH 3.5. The images show
representative examples of the somata, after each condition. Scale bar = 1uym. No significant changes
were detected (One-way ANOVA, n=10 flies). (B) To reveal the maximum pHIuorin signal, the brains
were exposed to ammonium chloride (NH4CL) after dopamine stimulation. Scale bar = 1um. No
increase in the pHluorin signal is detected compared to baseline conditions (One-way ANOVA, n=5
flies).
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Figure 11: Ratiometric analysis following dopamine stimulation in dFB neurons expressing
Sand:ECL3_3. (A) The somata of dFB neurons in flies expressing Sand:ECL 3_3 were imaged before and
after DA stimulation to determine fluorescence changes. Scale bar = 1ym (B) Ratiometric analysis of super-
ecliptic pHluorin and tdTomato marker fluorescence. No significant changes were detected (paired t-test, n=5
flies).

Overexpression of Sandman in the dFB neurons

Due to the insertion of the pHluorin in the extracellular loops of Sandman, it is
possible that the folding and/or function of the channel has been disrupted. For this reason,
the channel was further tagged with GFP and Venus at the N-terminus (UAS-GFP-sand
and UAS-venus-sand). An untagged version of the channel (UAS-sand) was also
generated. To test whether the dFB-driven, overexpressed channel preserves its function,
the total amount of sleep in flies expressing these constructs was measured. In all three
cases, there was no significant change (Figure 12). Staining in flies expressing GFP-Sand
in the dFB neurons shows that, as in the case of Sand-pHluorin flies, it is not clear whether

the channel resides at the membrane (Figure 13).
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Figure 12: Total amount of sleep in flies overexpressing Sandman.
Overexpression of Sandman alone (UAS-sand) (cyan) or with GFP (UAS-GFP-
sand) (green) and Venus (UAS-venus-sand) (orange) in the dFB neurons
using the R23E10-GAL4 line does not alter the total amount of sleep (one-
way ANOVA). Mean * SEM, n=23-87.

UAS-GFP-sand

UAS-CD4-tdTomato; R23E10-GAL4

Figure 13: Localisation of GFP-Sand in the dFB neurons. Immunostaining
of flies co-expressing GFP-sand (cyan) and a tdTomato plasma membrane
marker (magenta) in the dFB neurons. Scale bar = 25um. Panels on the right
show a zoom on the dFB cell bodies. Scale bar = 10um.
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Cv-c and Sandman are likely to act in the same pathway during the sleep-
wake cycle

As an alternative way of investigating the trafficking of Sandman, its interaction with
another protein involved in regulating sleep in the dFB neurons was examined.
crossveinless-c (cv-c) is a gene encoding for a Rho-GTPase-activating (Rho-GAP) protein
whose mutation disrupts sleep by preventing the dFB neurons from reaching the ON state
(Donlea et al., 2014). Therefore, it is conceivable that the mutation clamps the neurons in
the OFF state by preventing the internalisation of Sandman. If Sandman interacts with Cv-
¢ during its recycling, its loss from the pathway is expected to rescue the insomnia of these
flies. To address this question, an RNAI line targeting sandman (sandman®™*) in the dFB
neurons was inserted in the cv-c mutant background, where a rescue of the cv-c sleep loss
was observed (Figure 14). The sleep amount of cv-c mutant flies is restored back to

RNAI

baseline levels when sandman is introduced into the background. These data

demonstrate the requirement of Sandman at the membrane where it reduces the excitability

of the neurons.

R23E10-GAL4,cv-c 1 > cv-¢ MBOS717
R23E10-GAL4,cv-¢ 1 > UAS-sandman RNA cy-¢ MBO3717
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Figure 14: Loss of Sandman in the dFB neurons rescues the insomniac phenotype of cv-c mutant flies.
(A) Sleep (minutes per 30 minutes) of flies expressing R23E10-GAL4-driven sandmanRNAi in the cv-c mutant
background (dark orange). R23E10-GAL4, cv-cl/cv-cMBO37Y7 flies are shown in light orange and controls
(R23E10-GAL4, cv-cY/+ and UAS-sandmanRNAT| cv-cMBO3717/4) gre shown in grey. (B) R23E10-GAL4, cv-ct/cv-
UAS-sandmanRNAi cy-cMBO3717 flies sleep as much as control flies: Fs, 3s9) = 29.43, p<0.001. One-way ANOVA
with Holm-Sidak's multiple comparisons test. Asterisks denote where there are significant differences between
the R23E10-GAL4, cv-cl/cv-cMBO3717 sandmanfNA and any other group. Mean + SEM, n=77-101.
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Generation of a cell-specific sandman CRISPR knockout

To overcome common limitations often faced by RNA-mediated interference such
as off-target effects and insufficient knockdown, a cell-specific CRISPR knockout of the
gene was generated as well for future studies. To engineer such a knockout, guide RNA
(gRNA) sequences were cloned into a UAS vector (pCFD6) (Port & Bullock, 2016). Because
targeting of more than one gRNA increases the probability of a knockout (Port & Bullock,
2016), four different gRNA sequences were selected and constructs bearing two (2X), three
(3X) or four (4X) gRNAs were generated (Figure 15). These constructs will be used in
combination with UAS-Cas9; R23E10-GALA4 lines to test whether endognous knockout of

sandman in the dFB neurons recapitulates the phenotype obtained with RNAI.
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Figure 15: gRNA design for sandman. (A) Different gRNA sequences for sandman were cloned into a
UAS vector for the generation of a cell-specific knockout. The transfer RNA sequences (tRNA) within the
RNA scaffold facilitate the processing and excision of multiple gRNAs as a single transcript (Port & Bullock,
2016; Xie et al., 2015). The attB site is used for site-specific integration of the plasmid using the PhiC31
system (Bischof et al., 2007). Ampicillin-resistance (AmpR) refers to the selection marker used for cloning
and mini-white is used for the identification of transformants. (B) sandman transcript showing the sites of
gRNA targets. Diagram created with BioRender.com.
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2.4 DISCUSSION

Dopamine’s inhibitory effects on the dFB neurons switches them to electrical
quiescence (OFF) (Pimentel et al., 2016). Loss of the two-pore domain potassium channel
Sandman from the dFB neurons, lifts this inhibition (Pimentel et al., 2016). Similarly,
blocking vesicle exocytosis prevents the switch to the OFF state (Pimentel et al., 2016).
Thus, it is hypothesised that Sandman is stored in intracellular vesicles when the neurons
are electrically active and translocates to the plasma membrane when the neurons switch
OFF. To visualise the recycling of the channel, Sandman was first tagged with a pH-
sensitive version of GFP, the super-ecliptic pHIuorin.

Due to the pH-sensitivity of the pHluorin, it was first attempted to fuse the
fluorophore at extracellular sites of the channel (Figure 3). The first extracellular loop of
K2P channels is crucial for the functionality of the channel as it provides insensitivity to
potassium channel blockers and mediates the efflux of K+ to the extracellular environment
(Zuniga & Zuniga, 2016). Therefore, only four pHluorin insertions were targeted at the first
loop. When transfected to HEK cells (Figure 4), the channel localised in intracellular
compartments of the cell, suggesting that either the molecular machinery required for its
exocytosis is lacking in these cells or that the channel is retained due to misfolding. Indeed,
co-localisation between an ER marker (KDEL) and the channel, favours the second
interpretation (Figure 5).

To test whether the pHluorin-tagged channel maintained its physiological function
in vivo, the sand-pHluorin inserts were subcloned into UAS vectors and injected to flies.
Because loss of Sandman in the dFB neurons causes flies to sleep more (Pimentel et al.,
2016), its overexpression is expected to decrease sleep. Indeed, in some cases a decrease
in the total amount of sleep is observed (Figure 6 and Figure 7). To correlate the
behavioural phenotype with the appropriate localisation of the channel, the dFB neurons
were stained with a GFP antibody to visualise the pHIluorin and a tdTomato plasma
membrane marker was co-expressed (Figure 6 and Figure 7). However, as in the HEK
cells, the channel was largely retained in the cell interior, or present in a small proportion at

the plasma membrane. The behavioural phenotype in many cases could therefore be
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attributed to improper folding of the channel and cytotoxic effects on dFB neurons. One
insertion that revealed fluorescence throughout the cell and was associated with a decrease
in sleep when expressed in the dFB neurons (UAS-sand:ECL2_5) was further chosen for
live imaging.

Dopamine injection at the dendrites of dFB neurons is hypothesised to promote the
channel’s exocytosis (Pimentel et al., 2016). Consequently, expression of Sandman at the
cell surface is expected to correlate with an increase in the pHIluorin signal due to exposure
of the fluorophore at a more basic pH. Following dopamine application, such an increase in
the pHluorin signal was not observed in either the dendrites, axons or somata of the dFB
neurons (Figure 9).

One explanation for the lack of changes in the pHIluorin signal, could be the time-
course of the experiment. Scans were acquired 5min following the application of the
neurotransmitter. The experimental design predicts that dopamine will cause the sustained
presence of the channel at the plasma membrane. However, dopamine’s inhibitory effects
on the dFB neurons can occur within seconds following its application (Pimentel et al.,
2016). Further the decay time of the pHIuorin signal (Sankaranarayanan & Ryan, 2000) and
the endocytosis rate of the channel may operate in very short timescales as well. Therefore,
changes in the pHluorin signal could be missed due to transient effects of dopamine, the
speed of the channel’'s endocytosis and/or the decay time of the pHluorin’s signal. Taking
these parameters into consideration, an ideal imaging setting would be time-lapse imaging
during dopamine stimulation. However, because dopamine delivery using a Picospritzer
introduces movement, it has not been possible to use this approach.

As the pHluorin is pH-sensitive, acidic treatment serves as a second way of
determining whether the channel resides at the surface (Sankaranarayanan et al., 2000).
Alternatively, treatment with ammonium chloride (NH4Cl) reveals the total fluorescence of
the pHluorin signal by elevating the vesicle pH (Sankaranarayanan et al., 2000). Given that
both manipulations did not correlate with any change in the fluorescence ratio (a decrease
or an increase respectively) it is most likely that the pHIuorin tagged channel is retained in

subcellular compartments of the cell (Figure 10). Another possibility is that the fluorophore
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is cleaved from the channel during post-translational modifications resulting in abnormal
fluorescence distribution (Ashby et al., 2004). If this is true, the unchanged fluorescence
ratio can be explained, as the fluorophore alone will not respond to the neurotransmitter.
To test for this possibility, a western blot can be used to detect the recombinant protein.

The sensitivity of the pHIuorin signal detection depends largely on two parameters:
the proportion of the channel at the plasma membrane and the pH of intracellular organelles
(Sankaranarayanan et al., 2000). Thus, optimum conditions for the imaging include a well-
acidified cell interior and a large proportion of Sandman at the plasma membrane. As the
pHIluorin signal from the flies imaged above (UAS-CD4-tdTomato;R23E10-GAL4/UAS-
sand:ECL2_5) is visible everywhere, and dopamine application does not induce a
significant increase in the pHluorin signal these conditions are not met. Therefore, even if
a change in the fluorescence signal occurs, it is challenging to detect.

An insertion which also led in a decrease in sleep when expressed in the dFB
neurons but where the pHIluorin signal was mainly observed intracellularly (UAS-sand:ECL
3 3) was also selected for imaging to test whether an increase in the exocytic
events/pHluorin signal would be easier to detect. However, also in this case, no increase
in the fluorescence ratio was observed (Figure 11). Finally, four additional constructs with
flexible linkers at each site before and after the tag insertion, were also generated but
presented the same morphology as the rest of the constructs.

Given the very small extracellular sites offered by the structure of the channel and
the large size of the pHIuorin protein, there is a high probability that insertion of the tag
impairs the correct folding and function of Sandman. An alternative way to live-image the
recycling of Sandman in the future could be with bio-orthogonal amino acid tagging. This
technology utilises tRNA/aminoacyl-tRNA synthetase (aaRS) pairs that facilitate the
incorporation of unnatural amino acids in the protein of interest (Wang et al., 2001). The
unnatural amino acids, often act as reporters of subcellular localisation and trafficking
events due to their specific properties (Wang et al., 2001). For example, properties such as
photo-responsiveness in the presence of the unnatural amino acid can be a valuable tool

for monitoring translocation events (Chatterjee et al., 2013). Using the UAS/GAL4 system
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in Drosophila these amino acid incorporations can be tissue-specific as well (Bianco et al.,
2012).

Due to the obstacles faced with the pHIuorin constructs, additional tools to study the
trafficking of the channel were generated: N-terminal GFP and Venus tags as well as an
untagged version. Flies overexpressing the channel do not show a decrease in their sleep
pattern (Figure 12). Thus, it is possible that overexpression overwhelms the physiological
regulation of the channel or that there is a saturation point whereby an increased number
of Sandman molecules will not affect the state of the dFB neurons and the sleep behaviour
of the insect. Staining of the N-terminal GFP-tagged flies showed that Sandman is
expressed ubiquitously in the dFB neurons but as in the case of Sand-pHluorin flies, it is
not clear what proportion of the channel is present at the membrane (Figure 13). Thus, it
cannot be concluded whether the lack of sleep phenotype relates to the correct localisation
of the channel. It is also noteworthy that auxiliary proteins such as 14-3-3, COP1 and pl11
mediate the trafficking of the channel by binding to the N- and C-termini of K2P channels
(Mathie et al., 2010). Therefore, tagging of the channel at these sites is not ideal either.

As an alternative way of investigating the trafficking of the channel, its interaction
with another protein previously implicated in regulating the excitability of dFB neurons was
studied. cv-c encodes a Rho-GAP protein whose mutation in the dFB neurons causes flies
to be insomniac by clamping the neurons in electrical quiescence (Donlea et al., 2014). It
is hypothesised that cv-c mutation likely causes surface expression of Sandman,
enhancing the leak currents that maintain the OFF state and causing the insomnia
observed in these flies. To test this possibility, flies with a sandman knockdown
(sandmanf™*) in the dFB neurons were recombined with flies carrying mutations in the cv-
c gene. Indeed, loss of Sandman in the cv-c mutant background rescues the sleep loss of
theses flies, possibly due to the channel’s internalisation switching the neurons to the ON
state (Figure 14). These experiments provide the first evidence that the two proteins may
interact in the same pathway. Future measurements of the electrophysiological properties

of the dFB neurons in flies carrying cv-c mutations and a sandman knockdown are
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essential to further support this finding; if cv-c mutation prevents the internalisation of
Sandman, an upregulation of the leak current in these flies is expected.

Lastly, as any tool, RNA interference suffers from certain limitations, most notably
unwanted off-target effects and insufficient knockdown of the target due to residual gene
expression (Svoboda, 2020). The type Il CRISPR/Cas9 technology overcomes these
limitations by reducing the amount of off-target effects and leading to permanent gene
disruption (Jinek et al., 2012; Ran et al., 2013). To achieve this, the Cas9 nuclease from
S. pyogenes is guided to the targeted genomic locus by a guide RNA sequence and induces
a double-stranded break (DSB) that is repaired by either the non-homologous end
joining (NHEJ) or the homology directed repair (HDR) pathways (Jinek et al., 2012). These
pathways are exploited to generate knockouts and to introduce precise repair templates
generating knock-ins. Coupled to the UAS/GAL4 and GAL80" systems in Drosophila, these
knockouts and knock-ins can be directed in a tissue-specific manner and switched on at
will (Port et al., 2020). Cell specific CRISPR KO versions of Sandman with two, three or
four gRNA sequences were therefore generated (Figure 15) but remain to be tested.

In conclusion, the work described in this chapter aimed to develop tools to visualise
and identify the trafficking pathway of the K2P channel Sandman and by extension its role
in pathways related to sleep and wakefulness. Overexpression of Sandman with different
fluorophores most likely interferes with the appropriate localisation and function of the
channel. However, preliminary genetic interaction experiments between Sandman and Cv-
C suggest that the two proteins act in the same pathway during the sleep-wake cycle of
Drosophila (Figure 16). Future studies involving candidate upstream or downstream
components of this pathway are critical in further characterising sleep mechanisms, as

discussed in the next chapter (Chapter 3).

~ 48 ~



OFF STATE

o
>

o
l Saf‘dm%n

—

»

ON STATE

Oop

Figure 16: Cv-c and Sandman are proposed to act in the same pathway during the sleep-wake cycle
of Drosophila. It is hypothesised that in cv-c mutants, the dFB neurons are locked in an electrically silent
state because the mutation of the Rho-GAP prevents the internalisation of Sandman. As a result expression
of Sandman at the plasma membrane retains electrical quiescence. Figure created with BioRender.com.
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Chapter 3

TOLL RECEPTORS AS REGULATORS OF SLEEP
PRESSURE

3.1 INTRODUCTION

The concept that sleep is regulated by somnogens dates to the early 20" century
and the experiments of Legendre and Pieron and of Ishimori; these investigators showed
that the infusion of cerebrospinal fluid from sleep-deprived dogs to non-deprived ones
would cause the latter group to fall asleep (Ishimori, 1909; Kubota, 1989; Legendre &
Piéron, 1907). An explanation for the phenomenon invoked the existence of endogenous
substances with hypnagogic effects. To date, many sleep-inducing molecules have been
identified, including growth factors (Brown et al., 2012).

In rats, the expression of brain-derived neurotrophic factor (BDNF), a growth factor
that is well-characterised to modulate activity-dependent plasticity is induced by
wakefulness or following sleep deprivation in several brain regions such as the cortex,
thalamus and the hippocampus (Cirelli & Tononi, 2000). Similarly, the levels of receptor
tyrosine kinase B (TrkB), through which BDNF exerts its effect, are elevated under the
same conditions (Cirelli & Tononi, 2000). Accordingly, injecting BDNF into the cortex of
rats increases slow-wave activity (SWA) during sleep - a marker commonly used to asses
sleep homeostasis (Faraguna et al., 2008). Conversely, blocking TrkB leads to the
opposite outcome, attenuating SWA compared to animals injected with vehicle (Faraguna
et al., 2008).

The amount of time rats engage in exploratory behaviour, is also proportional to the
induction of BDNF levels and SWA (Huber et al., 2007). The higher the BDNF inductions,
the stronger is SWA response in the subsequent sleep period (Huber et al., 2007). In
humans as well, a single polymorphism within the BDNF gene enhances cognitive
performance and accounts for differences in SWA (Bachmann et al., 2012). Individuals
with a Val/Val over a Val/Met substitution show better response accuracies in memory

tasks and higher activity in the delta range (Bachmann et al., 2012).
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Evidence for the existence of neurotrophin orthologs in Drosophila has been lacking
for many years. From early studies, Spatzle (Spz), a protein well characterized for its effects
in development and immunity through the Toll receptor, was identified to contain a cysteine-
knot domain comparable to nerve growth factor (NGF) (DelLotto & Delotto, 1998).
However, due to the domain similarity to the Horseshoe crab coagulogen (Mizuguchi et al.,
1998), a possible neutrotrophin role for this protein seemed unlikely. Initial BLAST searches
for neurotrophins revealed no clear orthologues of these trophic factors in Drosophila and
C. elegans (Rubin et al., 2000). Their absence was attributed to the small size of the insect
and worm brains that was assumed not to require plastic interactions to adjust cell number
and organ formation (Jaaro et al., 2001).

Eventually, two paralogues of the Spz family, spz2 and spz5 - renamed to
Drosophila neurotrophin 1 (DNT1) and Drosophila neurotrophin 2 (DNT2) respectively -
were the first proteins characterised in Drosophila to execute essential neurotrophic
functions: targeted innervation of neurons and regulation of neuronal survival and numbers
(Zhu et al., 2008). DNT1 and DNT2 are expressed in target cells during embryonic stages
and the central brain during the adult stage. Their loss of function is associated with
increased apoptosis and the axonal misrouting and mistargeting of neurons (Zhu et al.,
2008).

The receptors downstream of these secreted proteins belong to the Toll receptor
family and include Toll-6 and Toll-7 (Mcllroy et al., 2013). The two receptors exhibit
neurotrophic function as well by regulating neuronal survival and motor axon targeting
(Mcllroy et al., 2013). Genetic interaction studies showed that apoptosis caused by DNT1
mutants can be rescued by overexpressing the Toll-7 receptor while apoptosis caused by
DNT2 mutants is rescued when overexpressing the Toll-6 receptor (Mcllroy et al., 2013).
Thus, it is proposed that Toll-7 and Toll-6 are the downstream receptors for DNT1 and
DNT?2 respectively (Mcllroy et al., 2013). However, binding of the ligands to the receptors
is promiscuous; co-immunoprecipitation from S2 cells suggest that both receptors could

bind either ligand (Foldi et al., 2017).
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Neurotrophins often signal through small GTPases to exert their effects (Reichardt,
2006). An example involves the peripheral nervous system myelination, a process
dependent partly on Schwann cell migration. Neurotrophin 3 (NT3) acts through the
receptor tyrosine kinase C (TrkC), initiating a Racl and cdc42 cascade that activates the
c-Jun N-terminal pathway, stimulating Schwann cell migration (Yamauchi et al., 2003).
BDNF, on the other hand, acts on the p75N™® receptor to inhibit Schwann cell migration
through RhoA mediated-signalling (Yamauchi et al., 2004). Therefore, due to their multiple
targets, neurotrophins and downstream GTPases are strong candidates for the regulation
of several biological processes.

Importantly, Toll-6 and Toll-7 localise to layers of the fan-shaped body (Mcllroy et
al., 2013), a major sleep-promoting structure in the fly (Donlea et al., 2014; Donlea et al.,
2018; Donlea et al., 2011; Pimentel et al., 2016). cv-c is gene encoding for a Rho-GAP
whose mutation locks the dFB neurons into an electrically silent state and produces flies
with fragmented sleep patterns (Donlea et al., 2014). Switching or retaining the dFB
neurons to the OFF state, is hypothesised to require Sandman at the plasma membrane
(Pimentel et al., 2016). Genetic interaction experiments described in the previous chapter
provide preliminary evidence to support this theory. As neurotrophins are capable of
signalling through GTPases, a plausible hypothesis is that sleep pressure is reflected in the
activity-dependent release of neurotrophins and transduced in the fan-shaped body by Toll-
receptors upstream of Cv-c and Sandman. The aim of this chapter was to investigate if a
Toll receptor signals sleep pressure in the dFB neurons through the Cv-c-Sandman

pathway, inducing sleep.
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3.2 RESULTS

Sleep amount in flies with RNAi-mediated knockdown for Toll receptors in the
dFB neurons

To identify whether Toll receptors regulate sleep in the dFB, RNAI lines targeting
Toll genes were restricted to the dFB neurons using the R23E10-GAL4 line. The
knockdown of four receptors (Toll-8, Toll-2, Toll-5, and Toll-6) in the sleep promoting-circuit
causes a reduction in the total amount of sleep (Figure 17). Because Toll-6 is one of the
two receptors with established neurotrophic function and multiple RNAI lines directed
against the gene produce the same phenotype, subsequent experiments have focused on

this receptor.
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Figure 17: Sleep amount in flies with RNAI lines targeting Toll receptors in the dFB neurons using R23E10-GAL4.
RNAI lines targeting Toll receptors were driven in the dFB neurons by the R23E10-GAL4 line (pink). The UAS-Toll
receptor/+ and R23E10-GAL4/+ parental controls are shown in grey and dark grey respectively. Knockdown of Toll
receptors in the dFB causes a reduction in sleep compared to controls in the following cases; UAS-Toll-2RNA (965GD): F,
158) = 27.60, p<0.0001, UAS-Toll-2RNA1 (44387GD): F2, 161) = 22.69, p<0.0001, UAS-Toll-5RNA1 (839GD ): F(2, 157) = 5.874,
p=0.0035, UAS-Toll-5RNA (17903GD): F2, 156) =42.52, p<0.0001, UAS-Toll-6RNA (928GD): F(2, 158) = 34.00, p<0.0001, UAS-
Toll-6RNAI (108907KK): F2, 172) = 27.90, p<0.0001, UAS-Toll-6RNA (27102GD): F(2, 160) = 35.41, p<0.0001, UAS-Toll-8RNA
(13549GD): F, 155 = 31.80, p<0.0001 and UAS-Toll-8RNA (27099GD): F(2, 157) = 45.24, p<0.0001. One-way ANOVA with
Holm-Sidak's multiple comparisons test. Asterisks denote significant differences between dFB-driven RNAI lines for the
receptors and both parental controls. Mean + SEM, n = 42-71.
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Depletion of the Toll-6 receptor from dFB neurons decreases sleep

To further establish the effect of Toll-6 receptor knockdown in dFB neurons, two
GALA4 lines (R23E10-GAL4 and R84C10-GAL4) that label the dFB neurons and three RNAI
lines targeting the gene were used (Figure 18 and Figure 19). Expressing Toll-6""* under
the control of both dFB-specific GAL4 lines reduces the total amount of sleep of the flies
(Figure 18B and Figure 19B). Decreases in the sleep bout durations were observed with
one R23E10-GAL4-driven Toll-68™*' line (928GD) during day time (Figure 18D) and two
R23E10-GAL4-driven Toll-6™"" lines (928GD and 27102GD) during night-time (Figure
18E). Under the R84C10-GAL4 control, a decrease in sleep bout duration was observed
with all three RNAI lines targeting Toll-6 during the day (Figure 19D) and a tendency during
the night was also apparent (Figure 19E). Overall, these data suggest that flies with
reduced levels of the receptor are likely defective in maintaining their sleep. To exclude that
the observed decrease in sleep is due to hyperactivity, the activity of the flies during waking
periods was also assessed (Figure 18C and Figure 19C). As this parameter was not
significantly different in flies expressing Toll-6"*' driven with either GAL4 line and control
flies, the possibility was rejected. Flies with a R23E10-GAL4-driven Toll-6"" line (928GD)
also showed prolonged latency to sleep onset (Figure 18F).

Due to the developmental roles that Toll receptors fulfil it was also essential to
exclude that the reduction in sleep in Toll-6 deficient flies is the result of developmental
defects. To this end, the R23E10-GAL4 line was combined with the temperature - sensitive
tubP-GAL80" repressor, which allows expression of the GAL4 (and therefore of the
transgene) only at the permissive temperature of 31°C (Figure 20). Compared to flies
raised at 18°C, adult-onset induction of Toll-6""' in the dFB neurons at 31°C, decreases
sleep suggesting that the phenotype observed under normal temperature conditions is not

due to developmental abnormalities (Figure 20A and Figure 20B).
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Figure 18: dFB-restricted interference with Toll-6 using R23E10-GAL4. (A) Sleep (minutes per 30 minutes)
of flies expressing R23E10-GAL4-driven RNAI lines targetingToll-6 (pink) and of UAS-Toll-68N4/+ and R23E10-
GAL4/+ parental controls, shown in grey and dark grey respectively. (B) Flies with R23E10-GAL4-driven Toll-
6RNAT have reduced sleep compared to parental controls; 928GD: F(2, 276) = 39.79, p<0.0001, 108907KK: F(2, 273)
=19.76, p<0.0001, and 27102GD: F(, 253) = 44.50, p<0.0001. (C) R23E10-GAL4-driven Toll-6”RNA flies are not
hyperactive compared to their parental controls. (D) The mean sleep bout duration of flies expressing R23E10-
GAL4-driven Toll-6”NA was reduced in one case during daytime; 27102GD: F, 253 = 20.37, p<0.0001 and (E)
in two cases during night-time; 928GD: F2, 276) = 6.803, p=0.0013) and 27102GD: F(2, 253) = 10.92, p<0.0001 (F)
The sleep latency of flies with R23E10-GAL4-driven Toll-6RNA' is also longer in the case of one RNAI line;
928GD: F2, 276) = 20.29, p<0.0001. (B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test.
Asterisks denote significant differences between R23E10-GAL4-driven RNAI lines for Toll-6 and both parental
controls. Mean + SEM, n=58-137.
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Figure 19: dFB-restricted interference with Toll-6 using R84C10-GAL4. (A) Sleep (minutes per 30 minutes)
of flies expressing R84C10-GAL4-driven RNAI lines targeting Toll-6 (pink) and of UAS-Toll-6RNA/+ and R84C10-
GAL4/+ parental controls, shown in grey and dark grey respectively. (B) Flies with R84C10-GAL4-driven Toll-
6RNA have reduced sleep compared to parental controls; 928GD: F(2, 293) = 27.04, p<0.0001, 108907KK: F(2, 282) =
71.66, p<0.0001, 27102GD: F(2, 246) = 50.02, p<0.0001. (C) Activity during waking periods does not differ between
R84C10-GAL4-driven Toll-6”NA flies and their parental controls. (D) During daytime, the mean sleep bout duration
of all R84C10-GAL4-driven Toll-6"NAi flies was reduced; 928GD: F(2, 203) = 7.645, p = 0.0006, 108907KK: F2, 262) =
26.19, p<0.0001 and 27102GD: F(2, 226) = 25.91, p<0.0001, while (E) no significant difference in the night-time
mean sleep bout durations was observed. (F) No differences in sleep latency were detected between genotypes.
(B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote significant differences
between R84C10-GAL4-driven RNA. lines for Toll-6 and both parental controls. Mean + SEM, n=41-145.
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Figure 20: Adult-onset induction of Toll-6RNAi in the dFB neurons using the temperature-sensitive GALS80'
repressor. (A) Sleep (minutes per 30 minutes) of flies expressing Toll-6RNA in the dFB neurons (pink) and of parental
controls, raised at 18°C or 31°C. The UAS-Toll-6RNA/+ and UAS-tubP-GALS80";R23E10-GAL4/+ parental controls are
shown in grey and dark grey respectively. (B) The total amount of sleep in flies with dFB-driven Toll-6RNAiis reduced only
at 31°C compared to parental controls. Two-way ANOVA with Holm-Sidak's multiple comparisons test, interaction of
genotype x temperature: F, 192) = 7.139, p = 0.0010. Mean + SEM, n=25-44.
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Toll-6 mutation reduces sleep

Mutants for Toll-6 (Toll-6™'°?'2") generated by a transposon insertion disrupting the
sequence of the gene were tested as well, in two genetic backgrounds: yellow-white (yw)
and Canton-Special (CS). The yw background is the genetic background of the mutants
and the CS background the commonly used wild-type (wt) background. Toll-6 homozygous
mutant flies (Toll-6M°?*27/Toll-6M%2127) exhibited a dramatic sleep loss (Figure 21B and
Figure 22B), decreased sleep bout durations that were more prominent during night-time
(Figure 21E and Figure 22E) and increased night-time sleep latencies (Figure 21F and
Figure 22F) compared to controls in both backgrounds. Compared to controls in the wt
background, the homozygous Toll-6 mutant flies were more active (Figure 22C); this might

be due to the genetic background differences.
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Figure 21: Sleep architecture of Toll-6M%2127 mutants in the yw background. (A) Sleep (minutes per 30
minutes) of Toll-6M'°2127 homozygous mutant flies (pink) and of heterozygous (Toll-6M'%2127/yw) and yw controls
shown in grey and dark grey respectively. (B) The total amount of sleep in Toll-6M92127 homozygous mutant
flies is reduced compared to controls: Fe, 199) = 94.62, p<0.0001. (C) Toll-6M'°2127 homozygous mutant flies are
equally active to the yw control flies but not the Toll-6M92127/yw heterozygous flies. (D) During daytime, both
Toll-6M92127 homozygous and heterozygous mutants tend to sleep less. (E) In contrast, during night-time, only
Toll-6M92127 homozygous mutants show a defect in maintaining their sleep: F, 199y = 11.12, p<0.0001. (F) The
night-time sleep latency was also increased in Toll-6M°2127 homozygous mutants: F, 199) = 23.83, p<0.0001.
(B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote significant differences
between Toll-6M%2127 homozygous mutants and both controls. Mean + SEM, n=38-64.
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Figure 22: Sleep architecture of Toll-6M°2227 mutants in the wt background (A) Sleep (minutes per 30
minutes) of Toll-6M'%2127 homozygous mutant flies (pink) and of heterozygous (Toll-6M!92127/+) and wt controls
shown in grey and dark grey respectively. (B) Toll-6M'92127 homozygous flies show a reduction in their total amount
of sleep compared to controls: F, 117) = 96.48, p<0.0001. (C) Toll-6M'°2227 homozygous mutants display a slight
hyperactivity compared to both parental controls in the wt background: F, 117) = 16.30, p<0.0001. (D) Significant
differences of the Toll-6M'°2127 homozygous mutants from both controls were not detected in the mean sleep bout
duration during daytime, but they were (E) during night-time: F, 117y = 9.767, p<0.0001. (F) Night-time sleep
latencies of Toll-6MI92127 homozygous flies were increased as well: Fe, 117) = 26.18, p<0.0001. (B-F) One-way
ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote significant differences between Toll-
6MI02127 homozygous mutants and both controls. Mean + SEM, n=37-44.
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Toll-6 receptor may act upstream of Cv-c during the sleep-wake cycle

The reduction in sleep in flies lacking the Toll-6 receptor is reminiscent of the
insomniac cv-c mutant phenotype in which the dFB neurons are clamped to the OFF state
(Donlea et al., 2014). It was therefore natural to ask if these two proteins act in the same
pathway. To test this hypothesis, cv-c/Toll-6 mutant flies were first generated, using two cv-
c alleles previously characterised for their effects on sleep (Donlea et al., 2014): cv-c©%**
and CV-CMBOS717.

cv-c/Toll-6 mutant flies (cv-c©*#/Toll-6M%%2" or cv-cMB%7Y7 Toll-6M02127) suffer a
severe disruption in their sleep pattern compared to heterozygous controls carrying only
one mutant allele (Figure 23 and Figure 24). More importantly, cv-c©**/Toll-6™°2*2
mutants sleep as little as the cv-c transheterozygotes (Figure 23B). cv-cMB%"Y7/Toll-gM02127
flies show a milder phenotype (Figure 24B); these results might arise due to differences in
the penetrance of the cv-c mutations. Accordingly, during both daytime and night-time,
sleep bout durations were equal in cv-c©%?*/Toll-6M"°??’ flies and Toll-6 homozygous or cv-
¢ mutants, and shorter than those of heterozygous controls (Figure 23C and Figure 23D).
Sleep bout durations were also equal in cv-cMB%"Y7/Toll-6M°2'27 and Toll-6 or cv-c mutants
and much shorter than heterozygous controls during night-time (Figure 24E).

Lastly, compared to the rest of the groups, Toll-6 homozygous mutants showed
increased locomotor activity during waking-periods (Figure 23C and Figure 24C).
However, because flies with dFB-driven Toll-6"A'" are not hyperactive (Figure 18C and
Figure 19C), such excess in locomotor activity may be attributed to the organism-wide

extent of the mutation.
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Figure 23: cv-c®5?4/Toll-6M%2127 flies are as insomniac as the cv-cMB%717/cy-cC524 mutants. (A) Sleep
(minutes per 30 minutes) of cv-c®%24/Toll-6M02127 mutant flies (orange), Toll-6M°2127 homozygous mutant flies
(pink), cv-cMBO3717/ cy-cC524 transheterozygous flies (red) and heterozygous controls (cv-c©524/+) (cv-cMBO3717/+)
(Toll-6MI92127/+) shown in grey. (B) Overall, cv-c524/Toll-6M%2127 flies sleep as much as the cv-cMBOS717/ cy-cC524
mutants, less than Toll-6M'92127 homozygous mutants and much less than heterozygous controls: Fs, 421) = 113.3,
p<0.0001. (C) The locomotor activity of cv-c524/Toll-6M!02127 flies is the same as all other genotypes, apart from
the Toll-6M'°2127 homozygous mutants that exhibit increased activity during waking periods: Fs, 421y = 37.60,
p<0.0001. (D) and (E) The mean sleep bout duration during daytime and night-time is no different in cv-
c524/Toll-6M92127 flies from cv-cMBO3717/ cy-cC524 or Toll-6M92127 mutant flies and is less than that of heterozygous
controls: Fs, 421y = 23.10, p<0.0001 and Fs, 421y = 25.71, p<0.0001. (F) Lastly, the night-time latency of cv-
c524/Toll-6M92127 flies is increased compared to the rest of the groups: F (s, 421y = 23.91, p<0.0001. (B-F)
Significant differences were detected by one-way ANOVA with Holm-Sidak's multiple comparisons test.
Asterisks denote where there are significant differences between cv-c©524/Toll-6M°2127 flies and any other group.
Mean + SEM, n=62-80.
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Figure 24: Sleep in cv-cMBO3717/To||-6M02127 flies is reduced. (A) Sleep (minutes per 30 minutes) of cv-cMBO3717/Toll-
6M102127 mytant flies (orange), Toll-6M'92127 homozygous flies (pink), cv-cMB3717/ cy-cC524 transheterozygous flies (red)
and heterozygous controls (cv-c®524/+) (cv-cMBOS717/+) (Toll-6M'92127/+) shown in grey. (B) cv-cMBO3717/To||-gMI02127
mutant flies sleep less than heterozygous controls but more than cv-cMB03717/ cy-c©524 or Toll-6M02127 mutant flies: Fs,
435y = 100.0, p<0.0001. (C) Locomaotion of cv-cMB03717/To|l-6M92127 flies does not differ from other genotypes, apart from
Toll-6M92127 homozygous mutants that are slightly hyperactive: F, 435) = 44.46, p<0.0001. (D) The mean sleep bout
duration during daytime is shorter in cv-cMB93717/Tol|-6M!02127 flies and equal to Toll-6M92127 mutants but more than that
of cv-cMBO3717/ cy-cC524 flies: Fs, 435) = 18.60, p<0.0001. (E) In contrast, the night-time sleep bout duration does not
differ in cv-cMBO3717/Tql|-6MI02127 = cy-cMBO371/ cy-cC524 or Toll-6M02127 mutant flies and is shorter than heterozygous
controls: Fs, 435 = 24.76, p<0.0001. (F) The night-time latency of cv-cMB93717/Toll-6M!02127 flies is not different to cv-
cMBO371/ cy-cC524 mutants and heterozygous controls but is shorter than that of Toll-6M92127 mutants: Fs, 435) = 15.82,
p<0.0001. (B-F) Significant differences were detected by one-way ANOVA with Holm-Sidak's multiple comparisons
test. Asterisks denote where there are significant differences between cv-cMB03717/Toll-6MI02127 flies and any other
group. Mean + SEM, n=62-80.
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DNT1 mutation decreases sleep whereas a mutation for DNT2 increases sleep

Based on the findings above, it was important to next test if and how ligands of Toll-
6 receptor affect sleep. Previous studies implicated the spéatzle proteins DNT1 and DNT2
as potential ligands for the receptor (Foldi et al., 2017; Mcllroy et al., 2013). To identify
whether one or the other acts upstream of Toll-6, mutants for the two genes were tested
(Figure 25 and Figure 26). DNT1* mutants were generated by homologous recombination
(Zhu et al., 2008) and DNT2°%*%*4 mutants by a transposable element insertion.

Notably, mutations in the two ligands had opposing effects on sleep: DNT1
homozygous mutants sleep less, while DNT2 homozygous mutants sleep more compared
to heterozygous and wt controls (Figure 25 and Figure 26). The reduction in sleep in DNT1
mutants (Figure 25B) is associated with shorter sleep bout durations during daytime
(Figure 25D). In contrast, no differences in the sleep bout duration during daytime (Figure
26D) or night-time (Figure 26E) were observed in DNT2 mutants, possibly due to
saturation. DNT1 mutants also take longer to fall asleep as indicated by the prolonged night-
time latencies (Figure 25F), a finding that was reversed in DNT2 mutants with short
latencies (Figure 26F). Thus, an insomniac phenotype is revealed for flies bearing the
DNT1 mutation and a hypersomniac phenotype for flies with the DNT2 mutation.

In both cases, DNT1 and DNT2 homozygous mutants are more active than their
respective controls during wakefulness (Figure 25 and Figure 26); therefore, the decrease
in sleep observed in DNT1 mutants might not necessarily be due to a hyper-active

phenotype, but rather due to deficits caused by the mutation.
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Figure 25: Sleep architecture of DNT14' mutants. (A) Sleep (minutes per 30 minutes) of DNT1#
homozygous mutant flies (blue) and of heterozygous (DNT14%/+) and wt (+/+) controls shown in grey and dark
grey respectively. (B) The total amount of sleep in DNT1*! homozygous mutant flies is reduced compared to
controls: F, 230) = 46.70, p<0.0001. (C) DNT14! mutant flies are more active during wakefulness compared to
control flies: F, 230 = 29.80, p<0.0001. (D) The duration of sleep bouts is shorter in DNT14! homozygous
mutants during daytime (F, 230) = 10.03, p<0.0001) while there is no difference during (E) night-time. (F)
DNT14! mutantflies also take longer to fall asleep as indicated by the longer sleep latencies of these flies: Fz,
230) = 7.582, p=0.0006. (B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote
differences between DNT1 homozygous mutants and both controls. Mean + SEM, n=61-87.
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Figure 26: Sleep architecture of DNT2%%444 mutants. (A) Sleep (minutes per 30 minutes) of DNT2603444
homozygous mutant flies (blue) and of heterozygous (DNT2¢03444/+) and wt (+/+) controls shown in grey and dark
grey respectively. (B) DNT2803444 homozygous mutants sleep more compared to controls: (Fe, 203) = 22.42,
p<0.0001). (C) When awake, DNT2¢%3444 mutants are more active than controls: F, 203 = 14.15, p<0.0001. (D)
and (E) Sleep bout durations during daytime and night-time are the same among the three genotypes while (F)
DNT2¢03444 homozygous mutants have much shorter night-time latencies compared to controls: F, 203) = 34.14,
p<0.0001. (B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote differences
between DNT2 homozygous mutants and both controls. Mean + SEM, n=61-78.
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Depletion of DNT1 from the R5 neurons decreases sleep

An attractive source of neurotrophin release to the dFB neurons is inevitably the R5
neurons of the ellipsoid body (EB), as it is a circuit known to generate sleep pressure that
is sensed and discharged by dFB neurons (Liu et al., 2016). The mode of communication
between R5 and dFB neurons is unknown and may involve neurotrophins and their
receptors. To test this hypothesis, RNAI lines for DNT1 and DNT2 were driven in the R5
neurons with a restricted split GAL4 line (R58H05-DBD, RG30G03-AD) (Figure 27). Two
RNAI lines targeting DNT1 in the R5 neurons cause flies to sleep less; this result matches
the DNT1 mutant phenotype and the Toll-6 deficient phenotype. Subsequent experiments
have therefore focused on DNT1. Other than the total amount of sleep, the sleep bout
durations (Figure 28D and Figure 28E) and latencies (Figure 28F) are not different in R5-
driven DNT1RM flies compared to their parental controls. When DNT1 is targeted with the
26115GD RNAi line, flies show an increase in their activity compared to one of their parental
controls, the R58H05-DBD, RG30G03-AD/+ (Figure 28C). For this reason, the 26116GD

line was used for further experiments.
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Figure 27: Sleep amount in flies with RNAi lines targeting DNT1 and DNT2 in the R5 neurons using
R58H05-DBD, RG30G03-AD split-GAL4. RNAI lines targeting DNT1 and DNT2 were driven in the R5 neurons
by the R58H05-DBD, RG30G03-AD split GAL4 line (blue). The UAS-DNT neurotrophin/+ and R58H05-DBD,
RG30G03-AD /+ parental controls are shown in grey and dark grey respectively. Flies with RNAI lines targeting
DNT1 in the R5 neurons have reduced amount of sleep compared to parental controls; UAS-DNT1RNA (26115GD):
F2, 126) = 13.00, p<0.0001 and UAS-DNT1RNA (26116GD): F2, 1268) = 4.547, p=0.0124. One-way ANOVA with Holm-
Sidak's multiple comparisons test. Asterisks denote significant differences from both parental controls. Mean +
SEM, n = 27-70. ~ 66 ~
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Figure 28: R5-restricted interference with DNT1 using R58H05-DBD, RG30G03-AD split GAL4. (A) Sleep (minutes
per 30 minutes) of flies expressing R5-driven RNAI lines targeting DNT1 (blue) and of UAS-DNT1 RNA/+ and R58H05-
DBD, RG30G03-AD /+ parental controls, shown in grey and dark grey respectively. (B) The total amount of sleep in
flies expressing R5-driven DNT1RNA is decreased compared to controls; 26115GD: F, 126y = 13.00, p<0.0001 and
26116GD: F(2,128) = 4.547, p=0.0124. (C) In flies that DNT1 knockdown in the R5 neurons was targeted by the 26116GD
RNAI line, no differences in activity were detected between driven and undriven controls. However, flies in which DNT1
knockdown is targeted by the 26115GD RNAI line have increased locomotor activity compared to the R58H05-DBD,
RG30G03-AD/+ control flies. No significant differences were detected in the mean sleep bouts duration during (D)
daytime or (E) night-time and (F) in the sleep latency between flies expressing R5-driven DNT1RNA' and parental
controls. (B-F) One-way ANOVA with Holm-Sidak's multiple comparisons test. Asterisks denote significant differences
between R5-driven RNAI lines for DNT1 and both parental controls. Mean + SEM, n = 27-70.
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As in the case of the Toll-6 receptor, expression of the RNAi was restricted in adult
flies using the tubP-GAL80" suppressor, to exclude that developmental defects in flies with
DNT1 knockdown affect sleep measurements (Figure 29). Flies with DNT1 knockdown in
the R5 neurons sleep as much as the R58H05-DBD, RG30G03-AD/+ control flies at 18°C
and much less than both parental when expression of the RNAi was restricted to adulthood
(31°C) (Figure 29A and Figure 29B). The decrease in sleep in DNT1 deficient flies is thus

not likely to be due to developmental abnormalities.
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Figure 29: Adult-onset induction of DNT1RNAI in the R5 neurons using the temperature-sensitive GALS80'
repressor. (A) Sleep (minutes per 30 minutes) of flies expressing DNT1RNA in the R5 neurons (blue) and parental
controls, raised at 18°C or 31°C. The UAS-DNT1RNA/+ and UAS-tubP-GAL80';R58H05-GAL4/+ are shown in grey and
dark grey respectively. (B) Flies with the R5-driven DNT1 knockdown sleep less than both parental controls at 31°C. At
18°C they sleep equally to the UAS-tubP-GAL80';R58H05-GAL4/+ control flies but less than the UAS-26116GDRNA/+
control flies. Two-way ANOVA, interaction of genotype x temperature: F(, 23s) = 6.102, p= 0.0026. Mean + SEM, n=38-44.
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Sleep-need encoded by R5 neurons is likely to require DNT1

While thermogenetic activation of dFB neurons acutely induces sleep, activation of
R5 neurons increases sleep after a lag which reflects an increase in the sleep need of the
flies (Liu et al., 2016). To test whether DNT1 is required for the generation of sleep drive
within the circuit, the R5 neurons were thermogenetically activated using the Transient
receptor potential cation channel (TrpA) in a DNT1 knockdown (DNT1RNA) background.
Following 24h of thermogenetic induction, flies with TrpA-activated R5 neurons slept more,
in agreement with previous findings (Liu et al., 2016). In contrast, loss of DNT1 abolishes
“rebound” sleep, implying that this molecule might be important for encoding sleep need in

the R5 neurons (Figure 30).
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Figure 30: Thermogenetic activation of R5 neurons depleted from DNT1. (A) Sleep (minutes per 30 minutes) of
the flies over the time-course of the experiment: baseline, thermogenetic induction, and recovery days. Flies with the
TrpA-activated R5 neurons are indicated in black while flies expressing DNT1RNA'in TrpA-activated R5 neurons are
shown in blue. Parental controls (R58H05-GAL4/+)(UAS-TrpA/+) (UAS-TrpA;UAS-DNT1RNA/+) are shown in grey
(B) The total amount of sleep in R58H05-GAL4>UAS-TrpA flies increases compared to baseline and induction days.
However, the amount of sleep in flies that the R5 neurons are activated but lack DNTL1 is the same on the recovery
and baseline days, and is also much less than that of R58H05-GAL4>UAS-TrpA flies during the recovery day. Two-
way repeated measures ANOVA, interaction of genotype x temperature: Fs, 702) = 11.87, p<0.0001. Mean + SEM, n
=47-104.
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3.4 DISCUSSION

Neurotrophic factors have been conjectured to represent a signal of heightened
sleep pressure (Brown et al., 2012; Tononi & Cirelli, 2014). In Drosophila, two receptors
(Toll-6 and Toll-7) with neurotrophic function belong to the Toll family and localise to the
fan-shaped body (Mcllroy et al., 2013). Given that Cv-c is a Rho-GAP and small GTPases
are known to be mediated by the action of neurotrophins, it is conceivable that these
receptors act upstream of Cv-c and Sandman to convey sleep pressure in the dFB neurons
in an activity-dependent manner.

RNAi-mediated knockdown of Toll receptors in the fan-shaped body revealed that
interfering with the function of four receptors (Toll-2, Toll-5 and Toll-6 and Toll-8) reduces
the total amount of sleep of flies (Figure 17). Because Toll-6 is one of the receptors with
neurotrophic function (Mcllroy et al., 2013), subsequent studies focused on this receptor.
This does not exclude, however, that the other three receptors are also important for sleep
regulation or that a synergistic action between the receptors exists. For example, Toll-6
along with Toll-2 and Toll-8 are expressed in a striped fashion in the embryonic epidermis
and are the targets of Eve and Runt during convergent extension (Paré et al., 2014). The
combined actions of the receptors direct cell intercalation and planar polarity while their
disruptions lead to ectopic stripe expression and defects in these procedures (Paré et al.,
2014). Alternatively, Toll-6 also forms a dimer with Kek-6, a member of the tyrosine-kinase
less receptor family, encoded by the Kekkon family of receptors in Drosophila (Ulian-
Benitez et al., 2017). Together the dimer binds DNT2 to modulate neuromuscular junction
growth (Ulian-Benitez et al., 2017). It will also be interesting to explore in the future whether
such synergistic functions exist in sleep-wake regulation.

For further validation that loss of Toll-6 receptor causes a reduction in sleep,
experiments with Toll-6%"*' lines were repeated using the R23E10-GAL4 line and an
additional GAL4 line (R84C10-GAL4) that also labels the dFB neurons (Figure 18 and
Figure 19). A decrease in the total amount of sleep of flies with dFB-driven Toll-6""A was
prominent with both GAL4 lines used (Figure 18B and Figure 19B). Due to the crucial role

of Toll receptors in development, the expression of the RNAi was restricted in adult flies
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using the tubP-GALS80" repressor where a reduction in sleep prevailed in the permissive
temperature (Figure 20A and Figure 20B). Toll-6 mutant flies showed an even more
pronounced fragmented sleep pattern (Figure 21 and Figure 22). The sleep loss of Toll-6
mutant flies was substantial (Figure 21B and Figure 22B) and was accompanied by
decreased sleep bout durations (Figure 21E and Figure 22E) and increased sleep
latencies (Figure 21F and Figure 22F) during night-time. Together, the results of Toll-6
knockdown in the dFB and Toll-6 mutation suggest the importance of the receptor for a
normal sleep-wake cycle. In future experiments, rescuing the sleep loss of Toll-6
homozygous mutants by overexpressing the receptor in the dFB neurons, will further
establish these neurons as the site of action of Toll-6.

To investigate whether the receptor acts upstream of Cv-c, mutants bearing a copy

C524 MB03717

of the Toll-6M%%'?" allele and a copy of either cv-c*** or cv-c alleles were generated.
The dFB neurons in cv-c mutants display reduced excitability which impairs the sleep
homeostat and results in an insomniac phenotype (Donlea et al., 2014). cv-c“*** /Toll-
6M92127 mutants display comparable amounts of sleep loss to the cv-c mutants, suggesting
that Toll-6 is likely to feed into the same pathway. (Figure 23). cv-cM8%"7 /Toll-6M02127
mutants also sleep less than heterozygous controls but a reduction in sleep is not as

MBO03717 aIIeIe

pronounced as in the cv-c®®#/Toll-6M°?'2" mutants which may be due to cv-c
causing a less severe insomniac phenotype (Figure 24). Further to these genetic
interaction experiments, as there is preliminary evidence that Cv-c and Sandman act in the
same pathway (Chapter 2-Figure 14), introducing a dFB-specific Sandman knockdown in
a Toll-6M°%?" mutant background will also decipher whether these components act in
concert in the same pathway.

To identify the ligand of the Toll-6 receptor, DNT1 and DNT2 mutants were tested
first. The mutants showed opposing phenotypes: DNT1 mutants exhibit a substantial
reduction in sleep whereas DNT2 mutants showed a gain in sleep (Figure 25 and Figure
26). To localise the source of neurotrophin release, expression of RNAI lines targeting

DNT1 and DNT2 was restricted in the R5 neurons of the EB. Previous experiments have

shown that the sleep drive encoded by these neurons is conveyed to the dFB neurons; this
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led to the hypothesis of a homeostatic operator where R5 neurons constitute the “sensor
circuit” and dFB neurons the “effector” circuit (Liu et al., 2016). Because RNAi-mediated
interference of DNT1 in the R5 neurons also reduces sleep (Figure 27 and Figure 28),
which resembles the DNT1 mutant and Toll-6 deficient phenotypes, subsequent
experiments focused on this ligand.

To assess the importance of DNT1 for the generation of sleep drive in the R5
neurons, these were thermogenetically activated while simultaneously knocking down
DNT1. DNT1 depletion from the circuit abolishes the increase in sleep normally observed
on the recovery day of the experiment (Liu et al., 2016), suggesting the involvement of the
neurotrophin in the encoding of sleep need by the R5 neurons (Figure 30A and Figure
30B). To exclude the effect of temperature fluctuations in the experiment due to the
thermogenetic activation of the neurons, these results will be further validated using an
optogenetic approach. To identify whether DNT1 is secreted in response to rising sleep
pressure, it will also be important that levels of DNT1 are assessed following baseline sleep
and sleep deprivation conditions; it is expected that following the latter, levels of DNT1 will
be elevated.

It is, however, possible that neurotrophins are also secreted from other sources. For
instance, a recent study linked neuron-glia communication to the signalling of sleep need
(Blum et al., 2021). The authors show that secretion of Spz from astroglia is essential for
the signalling of sleep need to the R5 neurons through the Toll receptor (Blum et al., 2021).
Thus, exploring the differential actions of neurotrophins secreted from various sources
could provide critical insights into sleep-related mechanisms. As an additional tool to RNAI,
cell-specific CRISPR KO versions of Toll-6 and DNT1, were generated in the same manner
described in chapter 2 (Chapter 2-Figure 15).

To conclude, the results of these experiments set the background for a mechanism
whereby sleep pressure accumulates through the activity of R5 neurons, which secrete a
DNT1 signal that is conveyed to the effector circuit, the dFB neurons, through the Toll-6
receptor (Figure 31). Toll-6 may feed into a small GTPase signalling cascade that

enhances the internalisation of Sandman and terminates with the state switching of the dFB
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neurons to the ON state promoting sleep. Further elucidating the molecular components of

this cascade will be essential to gain an integrated picture of the homeostatic sleep switch.
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Figure 31: Proposed mechanism by which the dFB neurons promote sleep. During wakefulness, it is
hypothesised that generation of sleep pressure within the R5 neurons, elevates DNT1 levels leading to the
secretion of the protein. The sleep pressure is relieved by Toll-6 in the dFB neurons whose activation likely
employs a downstream pathway that is hypothesised to involve Cv-c and the internalisation of Sandman,
switching the neurons ON. Figure created with BioRender.com.
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General conclusion

Despite centuries of reseach, the physiological function of sleep remains largely
unknown. It has been proposed that sleep enhances the clearance of metabolic products
from the brain, the accumulation of which would be toxic (Hablitz et al., 2019; Xie et al.,
2013), serves a synaptic homeostasis role (Tononi & Cirelli, 2014, 2020) and is inextricably
linked to immunity (Besedovsky et al., 2019).

In the present study, it is proposed that a neurotrophin signal is sleep-inducing
(Chapter 3-Figure 15). However, whether this signal is secreted in response to activity-
dependent plasticity or drives plastic changes in sleep promoting circuits leading to sleep
induction was not identified. It was previously shown that sleep loss is associated with an
upregulation of Ca?*, active zones and an NDMAR subunit in the R5 neurons (Liu et al.,
2016). Future studies addressing whether DNTL1 is required for the upregulation of these
plasticity components could aid delineating the mechanism leading to its secretion and
sleep. In turn, visualising whether structural plasticity changes occur in the dFB neurons
following DNT1 secretion will also provide significant insights on the nature of the beneficial
effects arising from the neutorophin-induced sleep.

Due to the cell-restricted manipulations used in this study, it is also predicted that
the neurotrophin is secreted from a sleep-promoting population to another rather than its
global upregulation. However, it cannot be excluded that the same or other neurotrophins
exert somnogenic effects elsewhere in the brain and that perhaps their secretion is context-
specific. Interestingly, dFB neurons alter their physiological properties in response to
different upstream signals but also in response to their own recent experiences affected by
environmental demands (Dissel et al., 2021). Thus, it is evident that tight spatiotemporal
control of sleep- and wake-promoting signals within diffrent cell populations is crucial in
mediating the differential aspects of sleep. Further uncovering the link between
neurotrophism and sleep may illuminate at least one of these apsects and contribute to the

understanding of the vital function of sleep.
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Chapter 4

METHODS

4.1 CLONING

Generation of sand-pHIluorin constructs

For the generation of sand-pHIuorin constructs, overlap extension polymerase chain
reaction (OE-PCR) was used (Nelson & Fitch, 2012). In the first step, three fragments were
amplified with overlapping ends: the initial part of the sandman sequence, the pHluorin
sequence, and the terminal part of the sandman sequence. The sandman fragment was
obtained from the RE21922 cDNA clone (DGRC #8293) and the pHIluorin sequence from
the pGM87 vector (GenBank accession number #AY533296). For the second step of OE-
PCR, DNA was extracted from the amplified sequences using the QIAquick Gel Extraction
Kit (QIAGEN #28706X4) and the overlapping fragments were fused together in a second
PCR reaction. The final inserts were amplified into the pJFRC28-10XUAS vector (Addgene
#36431) for fly experiments and the pCDH-CMV4 vector (Addgene #72284) for mammalian
cell culture experiments.

For insertion into the pJFRC28-10XUAS vector, the restriction site Acc651 (NEB
#R0599) was attached to the forward primer and Xbal (NEB #R0145) to the reverse primer.
For insertion into the pCDH-CMV4 vector, the Xbal site was attached to the forward primer
while the Acc65I to the reverse primer. The inserts and the empty vectors were digested
and ligated with T4 DNA ligase (NEB #M0202) according to NEB protocols. One Shot™
TOP10 Chemically Competent E. coli (ThermoFisher #C404006) cells were
transformed with the ligation reactions according to the instructions and colonies were
allowed to grow overnight at 37°C degrees in plates with Luria broth (LB) medium
supplemented with carbenicillin. DNA was isolated and purified from the colonies

using the Macherey-Nagel DNA purification kit (MN #740952.50).
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Generation of overexpressing untagged, N-terminal GFP and N-terminal
venus tagged sandman

The N-terminal GFP and N-terminal venus tags were generated using Gateway
cloning with the pENTR™ Directional TOPO® cloning kit (ThermoFisher #K2400-20). The
sandman sequence was amplified from the RE21299 cDNA clone (DGRC #8293) and the
CACC sequence was added to the 5" end of the forward primer. The gateway is based on
a site-specific recombination strategy and includes two reactions. In the first reaction
(TOPO® Cloning reaction), the sandman sequence is amplified in an entry clone. Once in
the entry clone, the LR Recombination Reaction was used to recombine they entry clone
with the pUASt-GFP (DGRC #1075) and pUASt-Venus (DGRC #1091) destination vectors
to create N-terminal tagged versions of sandman.

The untagged overexpressing version of sandman was generated by amplifying the
coding region of sandman from the RE21922 cDNA clone with primers carrying the Acc65I
and Xbal restriction sites to the forward and reverse primers respectively. The amplified
fragment was digested and ligated into the pJFRC-MUH vector (Addgene #26213) as

described above.

Generation of cell-specific sandman, Toll-6, and DNT1 CRISPR knockouts

CRISPR knockouts were generated according to the protocol developed by (Port &

Bullock, 2016) at www.CRISPRIflydesign.org. gRNA sequences for sandman, Toll-6 and

DNT1 were selected using the CHOPCHOP website (chopchop.cbu.uib.no). Using

standard primers (www.CRISPRflydesign.org) overlapping fragments between the pCFD6

vector (Addgene #73915) and tRNA-flanked gRNAs, were amplified using a high-fidelity
Phusion polymerase (NEB #M0531). The amplified sequences were extracted using the
Macherey Nagel gel extraction kit (MN #740609). Following extraction, the fragments, were
mixed together with a Bbsl-digested (NEB #R3539) pCFD6 vector in a Gibson assembly
reaction (NEB #E5510). According to the protocol a two-fold molar excess was inserted for

every fragment (www.CRISPRflydesign.org). The assembly reactions were subsequently

transformed into One Shot™ TOP10 Chemically Competent E. coli (ThermoFisher
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#C404006) cells and incubated overnight at 37°C in carbenicillin-containing LB
plates. DNA was isolated using the Macherey-Nagel DNA purification kit (MN
#740952.50) and a colony PCR was used to screen for fragments of the correct size.

Subsequently, those with the correct size were purified and verified by sequencing.

Verification and injection

All primers used in this study are listed in table 2. Final constructs were verified by
Sanger sequencing (Source Bioscience) and sent for injection at Bestgene (BestGene Inc).
sand-pHluorin plasmids were injected at the attP40 landing site on the 2" chromosome
using the PhiC31 site-specific integration system (Bischof et al., 2007). gRNA-containing
vectors for sandman, Toll-6 and DNT1 as well as the untagged, overexpressing version of
sandman were injected at the attP40 and attP2 landing sites on the 2" and 3"
chromosomes, respectively. Finally, the gateway N-terminal GFP and venus tagged
sandman plasmids were injected on the 2" and 3 chromosomes using P-element

insertion.

4.2 CELL CULTURE

HEK-293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), streptomycin (10 000 ug/ul) and L-
glutamine and were maintained in a humidified incubator at 37°C and 5% CO.,. All
constructs were transfected at the recommended concentrations using the Lipofectamine™
3000 transfection reagent kit (ThermoFisher #L.3000001). Before transfection, the DMEM
medium was replaced with the Opti-MEM™ | Reduced Serum Medium. The cells were

allowed to grow on coverslips overnight before staining and imaging.
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4.3 IMMUNOSTAINING

For live imaging, HEK-293 cells were incubated for 1min with 0.1X of the CellMask
Deep Red plasma membrane stain solution (ThermoFisher #C10046) and imaged in Opti-
MEM™ | medium under the 25X objective using confocal imaging. For the KDEL staining,
cells were fixed in 100% ice-cold methanol for 5min at 4°C. Permeabilization was achieved
with 0.1% Triton X-100 incubation for 10min and blocking with 10% normal goat serum
(NGS) for 1h. Cells were incubated with the primary antibody (Anti-KDEL- Alexa fluor®647
conjugated) (Abcam #214714) at a 1:1000 dilution overnight at 4°C. The following day, cells
were washed with phosphate bovine serum (PBS) and mounted with Vectashield (Vector
Labs #H-1000-10). For DAPI staining, cells were incubated with 300nM of DAPI staining
solution (Merck #D9542) for 5min, washed with PBS and mounted with Vectashield.

For dFB neuron staining, brains were dissected in phosphate buffered saline (PBS)
and fixed in 4% paraformaldehyde in PBS for 20min at room temperature. Following
fixation, the brains were permeabilised with 0.3% Triton X-100 in PBS and incubated in
blocking solution, 10% NGS in 0.3% Triton X-100, for several hours. For immunostaining,
brains were incubated with the primary antibody for 48h (1:1,000 rabbit anti-GFP,
ThermoFisher #A6455). Following washes with 0.3% Triton X-100 in PBS, the secondary
antibody was added for 24h (1:500 goat anti-rabbit antibody conjugated to Alexa Fluor 488;
ThermoFisher #A11034). Samples were mounted in Vectashield and imaged on a Leica
TCS SP5 confocal microscope using the water immersion (25x) and oil immersion (40x)

objectives.
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4.4 TWO-PHOTON MICROSCOPY

For two-photon microscopy, flies were head-fixed into a custom mount and a dorsal
cranial window was excised for imaging. The brains were superfused continuously with
extracellular solution (103 mM NaCl, 3 mM KCI, 5 mM TES, 8 mM trehalose, 10 mM
glucose, 7 mM sucrose, 26 mM NaHCOs, 1 mM NaH2PO., 1.5 mM CaClz, 4 mM MgCly,
pH 7.3) that was equilibrated with carbogen (95% O>-5% CO- ). Fluorescence was excited
with a Ti:Sapphire laser tuned to 920nm (Coherent, Chameleon Ultra Il), coupled into a
galvo scanning two-photon microscope (Sutter, MOMScope) controlled by Scanimage
(Vidrio Technologies), with a water immersion, 20X objective (Zeiss #421452-9800-000).
The laser power was set to a maximum of ~ 70 mW measured at the specimen plane.
Fluorescence emitted by tdTomato and pHIluorin was split into red and green channels
using a dichroic beam splitter (Semrock FF562-Di03) and band pass filters (Semrock
BrightLine FF02-628/40 (red) and FF01-520/60 (green). GaAsP PMTs (Hamamatsu
Photonics H10770-40 SEL) were used for detection.

Images were acquired as Z-stacks (z-step size = 1uym) using a piezoelectric
positioner (Physik Instrumente LTD), and with a resolution of 512 x 512 pixels. For the
ratiometric analysis, regions of interests (ROIs) were drawn for the somata, dendrites and
axons using Fiji software. For both green and red channels, an area of the image where no
fluorescence was detected was designated as the background. For each ROI, the max
fluroscence value from each stack was selected and the background was substracted from
it. The ratio was computed by dividing the remaining values of the red by the green channel.

For dopamine delivery, a glass electrode containing 10mM dopamine in
extracellular soluction was positioned at the centre of one of the dFB dentritic tufts. The
neurotransmitter was applied in 50ms pulses at 10Hz for 5min using a Picospritzer
(Picospritzer 1l1). For testing acidic pH, the normal extracellular solution was replaced in a
serial manner with MES-based acidic solutions (pKa = 6.1) (Sankaranarayanan et al., 2000)
of pH 5.5 for 10min and of pH 3.5 for another 10min. Once the lower pH solutions were

tested, the brains were superfused again with normal extracellular solution of pH 7.4.
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Ammonium chloride solution was prepared by substituting 50 mM NacCl in the extracellular

solution with NH4CI.

4.5 SLEEP MEASUREMENTS

Female flies (3-5 days old) were individually inserted into 65 mm glass tubes sealed
with food on one side and cotton on the other. The tubes were loaded into the
TriKinetics Drosophila Activity Monitors (DAM) (Trikinetics Inc; Waltham MA, USA) to
record the activity of the flies. Immobility lasting for five minutes or longer is classified as
sleep (Hendricks et al., 2000; Shaw et al., 2000). The monitors were housed in incubators
under 12-hour light/12-hour dark conditions. Trikinetics activity records were analysed using

the Sleep and Circadian Analysis MATLAB Program (S.C.A.M.P.) scripts.

4.6 STATISTICAL ANALYSIS

Data were analysed with Prism 6 (GraphPad). For sleep measurements, group
means were compared by one- or two-way ANOVA, using repeated measures where
appropriate. The Holm-Sidék’s multiple comparisons test followed where difference was
significant. For two-photon imaging, paired t-test and one-way ANOVA were used where

appropriate.

4.7 DROSOPHILA STRAINS AND CULTURE

Fly strains were cultivated on standard cornmeal agar and maintained under a 12 h
light:12 h dark cycle at 25 °C except for flies expressing tubP-GAL80"; those were raised
at 18°C. Crosses for thermogenetic experiments were housed at 21°C. Fly stocks were
obtained from the Centre for Neural Circuits and Behaviour (CNCB) stock collection, the
Vienna Drosophila Resource Centre (VDRC) or the Bloomington Drosophila Stock Centre
(BDSC). DNT1* and DNT2°%**** mutants were a gift from Alicia Hidalgo’s lab while the
R58H05-DBD, R30G03-AD split GAL4 line a gift from Mark Wu’s lab. Strains used in this

study are listed in Table 1.
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Table 1

Drosophila Strains

Source

spz2 (DNT1)RNA

VDRC # 26115 GD

spz2 (DNT1)RNAI

VDRC # 26116 GD

spz5 (DNT2)RNA

VDRC # 102389 KK

Toll (THRVA

VDRC # 100078 KK

Toll-2 (18-wheeler)RNA

VDRC # 965 GD

Toll-2 (18-wheeler)RNA

VDRC # 44386 GD

Toll-2 (18-wheeler)RNA

VDRC # 44387 GD

Toll-3 (Mst-Prox)RNA

VDRC # 108034KK

Toll-4RVA

VDRC # 102642 KK

Toll-5 (Tehag)RNAI

VDRC # 839 GD

Toll-5 (Tehag)RNAI

VDRC # 17903 GD

Toll-5 (Tehao)RNAI

VDRC # 109705 KK

Toll-6RNA VDRC # 928 GD

Toll-6RNA VDRC # 27102 GD
Toll-6RNA VDRC # 108907 KK
Toll-7RNA VDRC # 39176 GD

Toll-8(Tollo)RNA

VDRC # 9431 GD

Toll-8(TolloRNA

VDRC # 13549 GD

Toll-8(Tollo)RNA

VDRC # 27099 GD

Toll-9RNA VDRC # 924 GD
Toll-9RNA VDRC # 36308 GD
Toll-9RNA VDRC # 109635 KK
sandmanRNA | VDRC # 47977 GD

UAS-sand:ECL1 1

Generated in this study- Injected at BestGene

UAS-sand:ECL1 2

Generated in this study- Injected at BestGene

UAS-sand:ECL1 3

Generated in this study- Injected at BestGene

UAS-sand:ECL1 4

Generated in this study- Injected at BestGene

UAS-sand:ECL2 1

Generated in this study- Injected at BestGene

UAS-sand:ECL2 2

Generated in this study- Injected at BestGene

UAS-sand:ECL2 3

Generated in this study- Injected at BestGene

UAS-sand:ECL2 4

Generated in this study- Injected at BestGene

UAS-sand:ECL2 5

Generated in this study- Injected at BestGene

UAS-sand:ECL3 1

Generated in this study- Injected at BestGene

UAS-sand:ECL3 3

Generated in this study- Injected at BestGene

UAS-sand:ECL3 4

Generated in this study- Injected at BestGene

UAS-sand:ECL3 6

Generated in this study- Injected at BestGene

UAS-sand:ECL4 1

Generated in this study- Injected at BestGene

UAS-sand:ECL4 2

Generated in this study- Injected at BestGene

UAS-sand:ECL4 3

Generated in this study- Injected at BestGene

UAS-sand:ECL4 4

Generated in this study- Injected at BestGene

UAS-sand:ECL4 5

Generated in this study- Injected at BestGene

UAS-sand

Generated in this study- Injected at BestGene

UAS-crp sand

Generated in this study- Injected at BestGene

UAS-venus sand

Generated in this study- Injected at BestGene

DNT14 Gift from Hidalgo lab
DNT 2603444 Gift from Hidalgo lab
Toll-6MI02127 BDSC # 34467

CV_CMBO3717

BDSC # 24085

cv-cC524 CNCB stock collection
cv-ct CNCB stock collection
R23E10-GAL4 BDSC # 49032
R84C10-GAL4 BDSC # 48378
R58H05-GAL4 BDSC # 39198

R58H05-DBD,R30G03-AD split GAL4

Gift from Wu lab

UAS-TrpAl

CNCB stock collection

UAS-mCD8:.GFP

CNCB stock collection

UAS-CD4-tdTomato

CNCB stock collection

UAS-tubP-GAL80'

CNCB stock collection

yellow-white (yw)

CNCB stock collection

Canton-S (CS)

CNCB stock collection
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Table 2

List of Primers

Primers used to generate UAS- and CMV-sand-pHluorin constructs using OE-PCR

The primers listed below (FP1-RP1, FP2-RP2, FP3-RP3) were used for the first step of OE-PCR

FP1 and RP3 primers were used in combination with all RP1 and FP3 primers and contain parts of the initial and
terminal parts of the sandman sequence

FP1

ATGTCCTCCCGACGCAGCT

RP3

CTAGGAGGTGCGGCACCG

RP1,FP2,RP2 and FP3 primers contain overlapping sequences between sandman and pHluorin. The pHluorin
sequence is indicated in blue colour

ECL1 p1l
RP1 = GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GATGCTCTGGAATATGAACGC
FP2 GGAGCGTTCATATTCCAGAGCATC AGTAAAGGAGAAGAACTTTTCACTGGAGT
RP2 GAGCCGCTCGTACTCGAAAATCTC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GAGATTTTCGAGTACGAGCGG
ECL1 p2

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GAAAATCTCGATGCTCTGGAA
FP2 CGTTCATATTCCAGAGCATCGAGATTTTC AGTAAAGGAGAAGAACTTTTCACTGGAGT
RP2 CCGACTTGAGCCGCTCGTACTC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GAGTACGAGCGGCTCAAGTC
ECL1 p3

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT AGCTGCTTTTTCACTATGGC

FP2 AGGGCCATAGTGAAAAAGCAGCT AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 GCTCCACGTCGGGTCCCTT TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA AAGGGACCCGACGTGG

ECL1 p4

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GTCGGGTCCCTTCAGCT

FP2 AAGCAGCTGAAGGGACCCGAC AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 CGGAGAAGCTCCACTGCTCCAC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GTGGAGCAGTGGAGCTTCTC
ECL2 p1l

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACTAATGTTGGACAGGTAGAGCAAGAA
FP2 GCTGTTCTTGCTCTACCTGTCCAACATTAGTAAAGGAGAAGAACTTTTCACTGGAGT
RP2 AGGACTTGGCCAGGACGTCTCC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GGAGACGTCCTGGCCAAGTC
ECL2 _p2

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACTGTCTCCAATGTTGGACAGGTAGAGCA
FP2 TGCTCTACCTGTCCAACATTGGAGAC AGTAAAGGAGAAGAACTTTTCACTGGAGT
RP2 CACTTGAAGGACTTGGCCAGGAC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GTCCTGGCCAAGTCCTTCAAGTG
ECL2_p3

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT CAGGACGTCTCCAATGTTGG

FP2

CTGTCCAACATTGGAGACGTCCTG AGTAAAGGAGAAGAACTTTTCACTGGAGT
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RP2 CTTCGAGTATATCCACTTGAAGGACTTGGC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAAGCCAAGTCCTTCAAGTGGATATACTC
G

ECL2 p4

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT CTTGGCCAGGACGTCTCCAAT

FP2 ATTGGAGACGTCCTGGCCAAG AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 AGGCACACCTTCGAGTATATCCACTTG TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA
TCCTTCAAGTGGATATACTCGAAGGTGTG

ECL2_p5

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GAAGGACTTGGCCAGGACGTC

FP2 GAGACGTCCTGGCCAAGTCCTTC AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 GACATAGGCACACCTTCGAGTATATCCACTT TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA
AAGTGGATATACTCGAAGGTGTGCCTAT

ECL3_pl

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT ACCGAAGAGCAGCGCACC

FP2 GGTGCGCTGCTCTTCGGT AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 CAGATAGTTCCAGTCCTCCCAACG TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA CGTTGGGAGGACTGGAACTATCTG

ECL3 p3

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GTCCTCCCAACGACCGAAGAG

FP2 CTCTTCGGTCGTTGGGAGGAC AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 AGAAGTAGCTCCCATCCAGATAGTTCCA TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA
TGGAACTATCTGGATGGGAGCTACTTCT

ECL3 p4

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GTTCCAGTCCTCCCAACGACC

FP2 GGTCGTTGGGAGGACTGGAAC AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 ATAAGGCAGAAGTAGCTCCCATCCAGATA TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA
TATCTGGATGGGAGCTACTTCTGCCTTAT

ECL3_p6

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT CCCATCCAGATAGTTCCAGTCCTCC

FP2 GGAGGACTGGAACTATCTGGATGGG AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 TGCTGAGCGATATAAGGCAGAAGTAGCT TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA
AGCTACTTCTGCCTTATATCGCTCAGCA

ECL4 pl

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT CAGATCGCCAAATCCAATGCTG

FP2 CAGCATTGGATTTGGCGATCTG AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 TATCACACGATCGCCTGGCAC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GTGCCAGGCGATCGTGTGATA

ECL4_p2

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT TGGCACCAGATCGCCAAATC

FP2 GATTTGGCGATCTGGTGCCA AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2

GGCAGTTATCACACGATCGCC TTTGTATAGTTCATCCATGCCATGT
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FP3 GGATTACACATGGCATGGATGAACTATACAAA GGCGATCGTGTGATAACTGCC
ECL4 p3

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT ATCGCCTGGCACCAGATCG
FP2 CGATCTGGTGCCAGGCGAT AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 CCCTGTCGGCAGTTATCACACG TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA CGTGTGATAACTGCCGACAGGG
ECL4 p4

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT CACACGATCGCCTGGCAC

FP2 GTGCCAGGCGATCGTGTG AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 CCACCTTATCCCTGTCGGCAGTTAT TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA ATAACTGCCGACAGGGATAAGGTGG
ECL4 p5

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT AGTTATCACACGATCGCCTGGC
FP2 GCCAGGCGATCGTGTGATAACT AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 CTCCACCTTATCCCTGTCGGC TTTGTATAGTTCATCCATGCCATGT

FP3 GGATTACACATGGCATGGATGAACTATACAAA GCCGACAGGGATAAGGTGGAG
ECL4 p6

RP1 GACAACTCCAGTGAAAAGTTCTTCTCCTTTACT GTCGGCAGTTATCACACGATCG
FP2 CGATCGTGTGATAACTGCCGAC AGTAAAGGAGAAGAACTTTTCACTGGAGT

RP2 GAATGAAGCTAACCTCCACCTTATCCCT TTTGTATAGTTCATCCATGCCATGT
FP3 GGATTACACATGGCATGGATGAACTATACAAA

AGGGATAAGGTGGAGGTTAGCTTCATTC

Primers used for amplific

ation of the OE-PCR final insert (fused fragment) into the pJFRC28-10XUAS vector

FP

CGGGGTACCATGTCCTCCCGACGCAGCT (Acc65l restriction site)

RP

CTAGTCTAGACTAGGAGGTGCGGCACCG (Xbal restriction site)

Primers used for amplific

ation of the OE-PCR final insert (fused fragment) into the pCDH-CMV4 vector

FP

CTAG TCTAGACAAAATGTCCTCCCGACGCAGCT (Xbal restriction site)

RP

CGG GGTACC CTAGGAGGTGCGGCACCG (Acc65I restriction site)

Primers for amplification

of sandman cDNA in the pENTR™ TOPO vector (Gateway cloning)

FP

CACC ATGTCCTCCCGACGCAGCT

RP

CTAGGAGGTGCGGCACCG

Primers for amplification

of the untagged sandman fragment into the pJFRC-MUH vector

FP

CGGGGTACCATGTCCTCCCGACGCAGCT (Acc65l restriction site)

RP

CTAGTCTAGACTAGGAGGTGCGGCACCG (Xbal restriction site)

Primers for incorporation of 2,3 or 4 gRNAs into the pCFD6 vector for the generation of cell-specific CRISPR
KO of sandman, Toll-6 and DNT1. gRNA sequences are indicated in blue colour

sandman

CG8713 4X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGACAGGTAGAGCAAGAACAGGTTTCAGA
GCTATGCTGGAAAC

CG8713 4X R1

CTCGATATCCGAATCAGACTTGCACCAGCCGGGAATCGAACC

CG8713_4X_F2

AGTCTGATTCGGATATCGAGGTTTCAGAGCTATGCTGGAAAC

CG8713 4X _R2

CCGTCAACTCCCATATGCGGTGCACCAGCCGGGAATCGAACC

CG8713_4X_F3

CCGCATATGGGAGTTGACGGGTTTCAGAGCTATGCTGGAAAC
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CG8713_4X_R3

ATTTTAACTTGCTATTTCTAGCTCTAAAACCACAGGATATACCTTTATTTTGCACCAGCC
GGGAATCGAACC

CG8713 3X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGACAGGTAGAGCAAGAACAGGTTTCAGA
GCTATGCTGGAAAC

CG8713 3X_R1

CTCGATATCCGAATCAGACTTGCACCAGCCGGGAATCGAACC

CG8713 3X_F2

AGTCTGATTCGGATATCGAGGTTTCAGAGCTATGCTGGAAAC

CG8713 3X_R2

ATTTTAACTTGCTATTTCTAGCTCTAAAACCCGTCAACTCCCATATGCGGTGCACCAGC
CGGGAATCGAACC

CG8713 2X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGACAGGTAGAGCAAGAACAGGTTTCAGA
GCTATGCTGGAAAC

CG8713 2X R1

ATTTTAACTTGCTATTTCTAGCTCTAAAACCGTGGATATTCAGTACACCGTGCACCAGC
CGGGAATCGAACC

Toll-6

CG7250 4X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGGTGTTCTTATCGATCCAGGGTTTCAGA
GCTATGCTGGAAAC

CG7250 4X_R1

CCGTGAATATGTACGCCACATGCACCAGCCGGGAATCGAACC

CG7250_4X_F2

TGTGGCGTACATATTCACGGGTTTCAGAGCTATGCTGGAAAC

CG7250 4X_R2

CGATGAATAATCTGCACACGTGCACCAGCCGGGAATCGAACC

CG7250_4X_F3

CGTGTGCAGATTATTCATCGGTTTCAGAGCTATGCTGGAAAC

CG7250 4X_R3

ATTTTAACTTGCTATTTCTAGCTCTAAAACCCCGGGTCAGATTGGTTTTGTGCACCAGC
CGGGAATCGAACC

CG7250 3X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGGTGTTCTTATCGATCCAGGGTTTCAGA
GCTATGCTGGAAAC

CG7250 3X_R1

CCGTGAATATGTACGCCACATGCACCAGCCGGGAATCGAACC

CG7250_3X_F2

TGTGGCGTACATATTCACGGGTTTCAGAGCTATGCTGGAAAC

CG7250 3X_R2

ATTTTAACTTGCTATTTCTAGCTCTAAAACCCCGGGTCAGATTGGTTTTGTGCACCAGC
CGGGAATCGAACC

CG7250_2X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAGGTGTTCTTATCGATCCAGGGTTTCAGA
GCTATGCTGGAAAC

CG7250_2X_R1

ATTTTAACTTGCTATTTCTAGCTCTAAAACCCCGGGTCAGATTGGTTTTGTGCACCAGC
CGGGAATCGAACC

DNT1
CGGCCCGGGTTCGATTCCCGGCCGATGCAAAAGTCCATCAGCTCATCGTGTTTCAGA

CG42576_F1 GCTATGCTGGAAAC

CG42576 R1 CAGTAGAGACCTTTTTTGGC TGCACCAGCCGGGAATCGAACC

CG42576 F2 GCCAAAAAAGGTCTCTACTG GTTTCAGAGCTATGCTGGAAAC

CG42576 R2 CCCAAAAGTTGCTGCTCGGT TGCACCAGCCGGGAATCGAACC

CGA42576 F3 ACCGAGCAGCAACTTTTGGG GTTTCAGAGCTATGCTGGAAAC
ATTTTAACTTGCTATTTCTAGCTCTAAAAC CGGCGCTGTTTCTTTGCAGA

CG42576_R3 TGCACCAGCCGGGAATCGAACC

CG42576_3X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAAAAGTCCATCAGCTCATCGTGTTTCAGA
GCTATGCTGGAAAC

CG42576_3X_R1

CAGTAGAGACCTTTTTTGGC TGCACCAGCCGGGAATCGAACC

CG42576_3X_F2

GCCAAAAAAGGTCTCTACTGGTTTCAGAGCTATGCTGGAAAC

CG42576_3X_R2

ATTTTAACTTGCTATTTCTAGCTCTAAAAC CGGCGCTGTTTCTTTGCAGA
TGCACCAGCCGGGAATCGAACC

CG42576_2X_F1

CGGCCCGGGTTCGATTCCCGGCCGATGCAAAAGTCCATCAGCTCATCGTGTTTCAGA
GCTATGCTGGAAAC

CG42576_2X_R1

ATTTTAACTTGCTATTTCTAGCTCTAAAAC
CCCAAAAGTTGCTGCTCGGTTGCACCAGCCGGGAATCGAACC
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Primers for verification of transgenes by sequencing

sandman_seq 1 ATGTCCTCCCGACGC
sandman_seq 2 ACTGCCGACAGGGAT
pHIluorin_seq AGTAAAGGAGAAGAACTT
GFP_seq GGAGTACAACTACACAGCC
Venus_seq GTGAGCAAGGGCGAGGAGC
pUASt_seq CGAAAGAACCTGGTACATC
pJFRC28-10XUAS_seq | CGAAAGAACCTGGTACATC
pJFRC-MUH CGAAAGAACCTGGTACATC
CMV_seq CAGGAAACAGCTATGACC

pCFD6_seq

GTAGACATCAAGCATCGGTGG
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