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The Drosophila dystonia gene homolog Neurocalcin facilitates sleep
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Abstract

Primary dystonia is a hyperkinetic movement disorder linked to altered dopaminergic
signaling and synaptic plasticity in regions of the brain involved in motor control.
Mutations in HPCA, encoding the neuronal calcium sensor Hippocalcin, are
associated with primary dystonia, suggesting a function for Hippocalcin in regulating
the initiation and/or maintenance of activity. However, such a role for Hippocalcin or
Hippocalcin homologs has yet to be demonstrated in vivo. Here we investigate the
cellular and organismal functions of the Drosophila Hippocalcin homolog
Neurocalcin (NCA), and define a role for NCA in promoting sleep by suppressing
nighttime hyperactivity. We show that NCA acts in a common pathway with the D1-
type Dop1R1 dopamine receptor and facilitates sleep by inhibiting neurotransmitter
release from a multi-component activity-promoting circuit. Our results suggest
conserved roles for Hippocalcin homologs in modulating motor control through
dopaminergic pathways, suppressing aberrant movements in humans and

inappropriate nighttime locomotion in Drosophila.
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Introduction

Primary dystonia is characterized by repetitive involuntary movements or sustained
abnormal postures, and represents the third most common movement disorder after
benign tremor and Parkinson’s disease (Fahn, 1988; Wenning et al., 2005). Dystonia
has been linked to altered neurotransmission and/or plasticity of circuits within the
basal ganglia, a group of nuclei involved in action initiation and maintenance, as well
as associated inputs/outputs (Calabresi et al., 2016; Karimi and Perlmutter, 2015;
Pappas et al., 2015; Weisheit and Dauer, 2015). However, the molecular pathways
underlying this disorder remain unclear.

Identifying genetic loci linked to hereditary forms of primary dystonia
represents a useful strategy to uncover such pathways. Mutations in GNAL, encoding
Goa,r, have been linked to primary dystonia (Fuchs et al., 2013), and since the Goe
G-protein a-subunit couples to D1-type dopamine receptors, this finding supports a
link between dystonia and altered dopaminergic signaling (Karimi and Perlmutter,
2015). Indeed, current models suggest that the basal ganglia regulate motor control
through two distinct circuits, the direct and indirect pathways, that are defined by
expression of D1- and D2-type type dopamine receptors respectively (Gerfen and
Surmeier, 2011; Tecuapetla et al., 2016). These pathways antagonistically influence
activity of large-scale brain networks (Lee et al., 2016), and an imbalance of direct
versus indirect pathway signaling has been proposed to cause dystonia (Breakefield et
al., 2008; Peterson et al., 2010; Tanabe et al., 2009; Yokoi et al., 2015). Mutations in
dTorsin, the Drosophila homolog of the dystonia gene TORIA, reduce dopamine
levels by suppressing expression of the dopamine synthesis factor GTP
cyclohydrolase (Wakabayashi-Ito et al., 2015; Wakabayashi-Ito et al., 2011), further

linking dystonia to altered dopamine signaling.
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Recent studies have identified an array of further loci linked to primary
dystonia, including THAP1, ANO3, KCTD17 and HPCA (Charlesworth et al., 2015;
Charlesworth et al., 2012; Fuchs et al., 2009; Mencacci et al., 2015). However, in
vivo data linking these genes to motor control and/or dopaminergic pathways is
limited. Interestingly, mutations in the Drosophila KCTD17 homologue insomniac
result in reduced sleep (i.e increased movement), a phenotype that can be rescued by
inhibiting dopamine synthesis (Pfeiffenberger and Allada, 2012; Stavropoulos and
Young, 2011). Thus, we sought to examine whether other dystonia gene homologs in
Drosophila also impacted sleep, beginning with the Drosophila HPCA homolog
Neurocalcin (Nca).

NCA and Hippocalcin (the HPCA gene product) act as neuronal calcium
sensors, cytoplasmic proteins that bind to calcium via EF hand domains and
translocate to lipid membranes through a calcium-dependent myristoylation switch
(Burgoyne and Haynes, 2012). This switch modulates interactions with membrane-
bound ion channels and receptors, altering target function or localization (Braunewell
and Klein-Szanto, 2009; Burgoyne and Haynes, 2012). Missense mutations in HPCA
have been linked to DYT2 primary isolated dystonia, which predominantly affects the
upper limbs, cervical and cranial regions (Charlesworth et al., 2015). The index N75K
mutation in HPCA alters a neutral asparagine residue in the second EF hand to a
positively charged lysine, likely interfering with calcium binding in a loss-of-function
manner.

Hippocalcin undertakes pleiotropic roles in mammalian neurons (Braunewell
and Klein-Szanto, 2009), including acting as a calcium sensor to gate the slow
afterhyperpolarisation (sAHP), a calcium-dependent potassium current, and

facilitating NMDA receptor endocytosis during LTD (Jo et al., 2010; Tzingounis et
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al., 2007). In Drosophila, NCA has previously been shown to be broadly expressed
throughout the adult nervous system (Teng et al., 1994), yet the neuronal and
organismal roles of NCA are unknown. Here we show that NCA is required to
promote sleep by suppressing locomotor activity during the night. We demonstrate
that NCA acts in a common pathway with the D1-type Dop1R1 dopamine receptor
and identify a multi-component wake-promoting neuronal network in which NCA
facilitates sleep by suppressing synaptic release. Thus, we propose that Hippocalcin

homologs play conserved roles in regulating aspects of motor control.
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Results

Generation of Nca knockout flies

The Drosophila genome contains a single HPCA homolog, Neurocalcin (Nca).
Hippocalcin and NCA share > 90% amino-acid identity (Figure 1 — figure supplement
1A), suggesting conservation of function. To investigate the neuronal and behavioral
roles of NCA we generated a Nca null allele by replacing the entire Nca locus
(including 5> and 3> UTRs) with a mini-white” marker sequence using ends-out
homologous recombination (Baena-Lopez et al., 2013) (Figure 1A, Figure 1 — figure
supplement 1B-C). The mini-white" sequence is flanked by loxP sites, allowing
removal by Cre recombinase and leaving single attP and loxP sites in place of the Nca
locus (Figure 1A). As expected, no Nca mRNA expression was detected in
homozygotes for the deleted Nca locus (Figure 1 — figure supplement 1D, E). Thus,

we term this allele Nea®® (Nea knockout).

Nca knockout flies exhibit reduced night sleep

Following outcrossing into an isogenic iso3/ control background, Nea*®
homozygotes were viable to the adult stage, allowing us to test whether NCA impacts
locomotor control. To do so, we first used a high-throughout yet low resolution
system, the Drosophila Activity Monitor (DAM) (Pfeiffenberger et al., 2010a), which
counts locomotor activity via perturbations of an infrared beam intersecting a glass
tube housing individual flies. Using this system, under 12 h light: 12 h dark
conditions (12L: 12D, 25°C) we found that Nca© males exhibited two distinct
locomotor phenotypes. Firstly, reduced maximal locomotor activity in response to
lights-off (also termed the startle response or masking) (Figure 1 — figure supplement

2A, B). Secondly, increased locomotor activity during the night but not the day
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(Figure 1 — figure supplement 2A, C, D). This later phenotype was suggestive of
reduced night sleep. We therefore quantified sleep levels in Nea®© males and controls
using a 5 min period of inactivity to define a sleep bout — the standard definition in
the field (Pfeiffenberger et al., 2010b). Indeed, Nea™® males exhibited reduced night
sleep but not day sleep relative to controls (Figure 1 — figure supplement 3).
Interestingly, the impact of removing NCA on night sleep appeared further enhanced
by shortening photoperiod, such that night (but not day) sleep was substantially
reduced in Nca™© males under 8L: 16D (Figure 1B-D). Similarly to 12L: 12D, peak
locomotor activity following lights-off was reduced in Nca*© males under 8L: 16D,
and the number of beam breaks during the normally quiescent period of the night was
increased (Figure 1 — figure supplement 4).

To obtain a higher resolution analysis of locomotor patterns in Nea*© flies we
next utilized a video-tracking method - the DART (Drosophila ARousal Tracking)
system (Faville et al., 2015). Continual video-monitoring of Nea*® males and iso31
controls confirmed robust sleep loss in Nca*® males specifically during the night
(Figure 1E-G) accompanied by significantly shortened sleep bouts (Figure 1 — figure
supplement 5). By examining locomotor patterns in individual flies, we found that
Nca®© males consistently displayed prolonged activity relative to controls following
lights-off and frequent bouts of movement even in the middle of the night, a period of
quiescence in iso31 controls (Figure 1H, I). The velocity of locomotion in Nea®©
males was also significantly increased relative to moving controls in the normally
quiescent period of the night (4-12 h after lights-off), whereas peak velocity during
the startle response to lights-off was reduced (Figure 1 — figure supplement 6), in

agreement with data collected using the DAM system. Collectively, the above data
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131  suggest that complete loss of NCA results in both locomotor deficits and profound
132 nighttime hyperactivity, resulting in reduced peak levels of activity and night sleep.
133

134 NCA is required in neurons to promote night sleep

135  To identify the cellular substrates in which NCA acts to regulate locomotion and sleep
136  we performed cell-specific knockdown of Nca expression using transgenic RNA

137  interference (RNA1). NCA has been shown to be widely expressed in neuropil regions
138  throughout the Drosophila brain (Teng et al., 1994). Thus, we initially examined

139  neurons as a potential cellular candidate. We used three independent RNA1 lines

140  (kk108825, hmj21533 and jf03398, termed kk, hmj and jf respectively) to reduce Nca
141  expression in adult male neurons using the pan-neuronal elav-Gal4 driver. The kk and
142 jfdsRNAs target a partially overlapping sequence of Nca, whereas hmj targets a

143  distinct, non-overlapping upstream sequence (Figure 2 — figure supplement 1A). For
144  each RNAI line, we confirmed reduced Nca expression using qPCR (Figure 2 — figure
145  supplement 1B). Transcription of Nca occurs from promoter regions shared with the
146  downstream locus cg7646, yet cg7646 transcription was not affected by Nca RNA1
147  (Figure 2 — figure supplement 1C), nor were any common off-target mRNAs

148  predicted for the kk, hmj or jf dSRNA hairpins (data not shown). Importantly, under
149  8L: 16D conditions, pan-neuronal expression of all three Nca RNA1 lines specifically
150  reduced night sleep in males as measured by the DAM system (Figure 2A-C, Figure 2
151  —figure supplement 2). However, Nca knockdown did not result in a reduction in

152  peak locomotor activity as observed in Nca"© males (Figure 2 — figure supplement 3).
153  Thus, neuronal NCA predominantly impacts sleep/activity during the night, with

154  NCA potentially acting in other cell types to regulate peak locomotor levels. We
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therefore focused on elucidating the genetic pathways and neuronal circuits in which
NCA acts to promote night sleep.

To test whether sleep loss caused by neuronal Nca knockdown flies was due to
an indirect effect on the circadian clock, we examined whether Nca knockdown
altered circadian patterns of locomotor activity under constant dark conditions (Figure
2 — figure supplement 4A, B). Importantly, knockdown of Nca in neurons did not alter
circadian rhythmicity (Figure 2 — figure supplement 4A, B), nor did Nca expression
cycle in whole fly heads (Figure 2 — figure supplement C). Thus, it is unlikely that
sleep loss caused by neuronal Nca knockdown is due to circadian clock dysfunction.
We extended our initial findings in Nca knockdown males harbouring the pan-
neuronal elav-Gal4 driver and found that night sleep loss due to neuronal Nca
knockdown was also observed in adult virgin females (Figure 2 — figure supplement
5), and in male flies expressing the kk Nca RNA1 using distinct pan-neuronal (nsyb-
Gal4) or broadly expressed (insomniac-Gal4) drivers (Figure 3A). In contrast,
expression of the kk Nca RNA1 in muscle cells did not alter night sleep in adult males
(Figure 2 — figure supplement 6), supporting the premise that NCA acts in the nervous
system to regulate sleep. Video tracking further confirmed that neuronal expression of
kk Nca RNAT1 reduced night sleep (Figure 2D-F). Collectively, the above data
demonstrate that NCA acts in neurons to promote night sleep in Drosophila. For
simplicity, we use the kk Nca RNA1 for all subsequent experiments, and refer to flies
expressing kk Nca RNAi under elav-Gal4 as Nea®" (Nca knockdown). Given the
similar results obtained using the DAM and DART systems for both Nea"© and
Ned"P flies, we use DAM as a high-throughput method for all sleep measurements

detailed below, which are performed in 8L: 16D conditions at 25°C.
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180 NCA acts in a common pathway with the Dop1R1 dopamine receptor

181  In Drosophila, dopamine is a pro-arousal factor, with elevated dopaminergic

182  neurotransmission strongly reducing sleep (Kume et al., 2005). Recent studies have
183  shown that the pro-arousal effect of elevated dopamine is mediated by the D1-type
184  DoplR1 dopamine receptor (Liu et al., 2012; Ueno et al., 2012). Furthermore, both
185  hypo- and hyper-dopaminergic signalling within the human basal ganglia has been
186  proposed to underlie forms of primary dystonia (Breakefield et al., 2008). We

187  therefore tested whether Nca promotes sleep in a common pathway with genes

188  involved in dopaminergic signalling. Indeed, we found that heterozygosity for a null
189  or strongly hypomorphic allele of the DopIRI dopamine receptor (Dop IR 1™ %%
190  “FT2 a homozygous lethal MiMIC insertion) rescued night sleep loss in Nea™” flies
191  (Figure 2G, H). Importantly, in both elav-Gal4/+ and kk/+ control backgrounds,

192  heterozygosity for DoplRI1M %5512 4id not alter sleep levels (Figure 2G, H; p >
193  0.05, Kruskal-Wallis test with Dunn’s post-hoc test). A similar epistatic interaction
194  between Nca and DopIR1 was observed using a second, weaker DopIR1 allele

195  (DopIRIM**7) (Figure 2 — figure supplement 7).

196 Mammalian Hippocalcin regulates cell-surface levels of NMDA receptors
197  during LTD (Jo et al., 2010), and Drosophila nmda receptor 1 (dNR1) mutants exhibit
198  reduced sleep during the night (Tomita et al., 2015), similarly to Nca knockout and
199  knockdown flies. However, in contrast to DopIR1, we found no signatures of genetic
200 interaction between Nca and dNR1, suggesting that these loci act in distinct pathways
201  to promote sleep (Figure 2 — figure supplement 8).

202

203  NCA acts in two distinct circuits to promote night sleep
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We next sought to delineate the neural circuits in which NCA functions to promote
night sleep. Using transgenic RN A1, we performed an extensive screen of sleep
relevant circuits defined by numerous promoter-Gal4 driver lines (Figure 3A, Figure
3 — figure supplement 1). These include clock neurons, dopaminergic and other
neurotransmitter-specific subtypes, fan-shaped body neurons, mushroom body (MB),
and sensory neurons (Figure 3A) (Donlea et al., 2011; Joiner et al., 2006; Lamaze et
al., 2017; Liu et al., 2014; Pitman et al., 2006; Seidner et al., 2015; Sitaraman et al.,
2015). Given the genetic interaction between Nca and DopIR1, we also utilised
genomic enhancer elements in the Dop/R1 locus to drive Nca knockdown in subsets
of potential Dop1R1-expressing neurons (Figure 3A, Figure 3 — figure supplement 1)
(Jenett et al., 2012; Jiang et al., 2016). However, in contrast to broadly expressed
drivers (elav-, nsyb- and inc-Gal4), Nca knockdown in restricted neural subsets was
insufficient to significantly reduce night sleep (Figure 3A, Figure 3 — figure
supplement 1).

These results suggested a complex sleep-relevant circuit requirement for
NCA. We therefore reduced NCA levels in multiple sub-circuits to test for a
simultaneous role of NCA in distinct anatomical regions. Through this approach, we
found that Nca knockdown using two enhancer-Gal4 lines (R/4405 — an enhancer in
the single-minded locus, and R72C(01 — an enhancer in the DopIR1 locus; see Figure
3B for expression patterns) was sufficient to strongly phenocopy the effect of pan-
neuronal Nca knockdown on night sleep (Figure 3C, D; compare Figure 3C with
Figure 2A). For simplicity we refer to these drivers as 405 and CO/ respectively.

The 405 enhancer drives expression in approximately 70 neurons, as
quantified using a fluorescent nuclear marker (Figure 3 — figure supplement 2A, B)

that include a subset of MB neurons, a cluster of cell bodies adjacent to the anterior

10
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ventrolateral protocerebrum (AVP), and two visual sub-circuits: optic lobe (OL) and
anterior optic tubercle (AOTU) neurons (Figure 3B). C0O/ drives expression in
approximately 250 neurons (Figure 3 — figure supplement 2C, D) that include the
MBs, neurons projecting to the MB y-lobes, the antennal mechanosensory and motor
center (AMMC) (Figure 3B) and the superior medial protocerebrum (SMP). Both
drivers label additional cell bodies of unknown identity. The potential overlap of 405
and C0! in the MBs raised the possibility that sleep loss in 405/C0I1 > Nca RNA1
flies was due to strong NCA knockdown in neurons common to both the 405 and C01
enhancers. If so, driving Nca RNAi with two copies of either 405 or C0I should
mimic sleep loss in 405/C01 > Nca RNAL1 flies. However, this was not the case
(Figure 4 — figure supplement 3). Thus, NCA is simultaneously required in two non-
overlapping sub-circuits defined by the 405 and C0/ enhancers.

Given that C0! is a Dop1R1 enhancer element, that Nca and DopIR1
genetically interact to regulate sleep (Figure 2G, H), and that Dop1R1 is highly
expressed in the MBs (Lebestky et al., 2009), we tested whether the MBs were a
constituent of the C0/ expression domain by swapping C0/ for the MB-specific
driver ok107 and measuring sleep in flies expressing Nca RNAi in both 405 and MB
neurons. Indeed, knockdown of Nca in both 405 and MB neurons also specifically
reduced night sleep (Figure 3 — figure supplement 4), albeit to a weaker degree
compared to knockdown in 405 and C0I neurons (compare with Figure 3C, D). Thus,
we conclude that the MBs are a component of a complex network defined by C0/-
Gal4 with additional, as yet undefined, neurons acting within both the C07 and 405

domains to regulate night sleep.

11


https://doi.org/10.1101/159772
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/159772; this version posted November 13, 2017. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

available under aCC-BY-NC-ND 4.0 International license.

NCA promotes sleep by suppressing synaptic output from a wake-promoting
circuit

We next assessed how NCA impacts excitability of C0/ and 405 neurons. To do so,
we expressed a genetically-encoded fluorescent indicator of neurotransmitter release,
UAS-synaptopHluorin (spH) (Miesenbock, 2012), in C0I and 405 neurons of either
wild type or Nea®P males. spH is localised to presynaptic neurotransmitter-containing
vesicles and increases in fluorescence in a pH-dependent manner upon fusion of
synaptic vesicles with the presynaptic membrane, providing an optical read-out of
neurotransmitter release (Miesenbock, 2012). Intriguingly, we found that Nca
knockdown significantly enhanced spH fluorescence in the MB o/f-lobes and the
AMMC but not in the MB y-lobe region or the SMP (Figure 4).

Since neurotransmitter release is enhanced in subsets of C0/ and A05 neurons
following Nca knockdown, this suggested that NCA normally acts to inhibit synaptic
output in these circuits. If sleep loss in Nca knockdown flies directly results from a
loss of such inhibition in COI and A05 neurons (thus enhancing neurotransmitter
release), we predicted the following: firstly, that artificial activation of CO/ and 405
neurons should be sufficient to promote locomotor activity (and thus sleep loss), and
secondly, that silencing C0/ and 405 neurons should suppress sleep loss in Nca
knockdown flies. To test our first prediction, we enhanced the excitability of CO/ and
A05 neurons by expressing the temperature-sensitive channel TrpAl in either
neuronal subset or both and shifting flies from a non-activating temperature (22°C) to
an activating temperature (27°C) sufficient to cause neural excitation through TrpAl-
mediated cation influx (Hamada et al., 2008) (Figure 5A). At the non-activating
temperature, over-expression of TrpAl in either circuit or both did not alter sleep

levels (Figure 5B). At the activating temperature, excitation of 405 neurons did not

12
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alter night sleep levels relative to controls (Figure 5C, D). In contrast, excitation of
C01 neurons profoundly reduced night sleep (Figure 5C, D) as well as day sleep
(Figure 5C). Interestingly, simultaneous activation of CO/ and 405 neurons further
reduced night sleep but not day sleep relative to activation of C0/ neurons alone
despite the lack of effect of 405 neuron activation on sleep (Figure 5C, D).

To test our second prediction, we over-expressed a non-inactivating outward
rectifying potassium channel (dlORKAC?2) in C0/ and A05 neurons with and without
Nca knockdown via RNAi. Here, expression of dORKAC?2 is predicted to suppress
neuronal firing by hyperpolarizing the resting membrane potential (Nitabach et al.,
2002; Park and Griffith, 2006). Silencing C0/ and 405 neurons with dORKAC?2 in an
otherwise wild type background did not alter day or night sleep levels (Figure SE, F).
However, consistent with our above prediction, dORKAC2 expression significantly
suppressed night sleep loss due to Nca knockdown in C0I and A05 neurons (Figure
SE, F). Thus, we propose that NCA promotes night sleep by limiting synaptic output
from a multi-component activity-promoting circuit coordinately defined by subsets of
the C0OI- and A05-Gal4 expression domains. Our results further suggest that the C0/
and 405 circuits interact to suppress sleep, with C0/ neurons acting as a predominant
pro-arousal circuit and 405 neurons acting in a modulatory manner to enhance the

impact of C0OI activation on night sleep.
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Discussion

Previous work has demonstrated that Drosophila Neurocalcin (NCA), a member of
the neuronal calcium sensor family, is widely expressed throughout the fly brain and
localizes to synaptic regions (Teng et al., 1994). However, the neurobiological
functions of NCA have remained unclear. Here we define a role for NCA in
promoting night sleep and show that NCA acts via inhibiting synaptic output from a
complex movement-promoting circuit.

Previous genetic screens have identified an array of sleep-promoting factors in
Drosophila (Tomita et al., 2017). However, despite extensive circuit analyses, the
activity of such proteins does not fully map onto known sleep-regulatory neurons, and
the complete neural substrates in which these factors act have yet to be determined
(Afonso et al., 2015; Rogulja and Young, 2012; Shi et al., 2014; Stavropoulos and
Young, 2011; Tomita et al., 2015; Wu et al., 2014). Our results are consistent with
these findings and offer a tentative explanation for the difficulties in defining circuit
requirements for sleep-relevant proteins. We show that NCA activity is not required
within a single cell-type or neuropil region to promote sleep. Instead, sleep-relevant
NCA activity can largely be localised to two distinct domains of the Drosophila
nervous system defined by the 405- and C0/-Gal4 drivers. One relevant cell-type
within these domains is the mushroom bodies (MBs), a known sleep-regulatory center
(Joiner et al., 2006; Pitman et al., 2006; Sitaraman et al., 2015). However, the MBs
only partially contribute to one of the two sleep-relevant domains, indicating that
NCA acts in a dispersed network that likely incorporates several non-overlapping
wake-promoting circuits.

Interestingly, whereas activation of C0/ neurons is sufficient to suppress

sleep, activation of 405 neurons reduces night but not day sleep only in the context of
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C01 neuron activation. We note that activation of C0/ neurons profoundly reduces
sleep during both day and night periods, whereas only night sleep is impaired in flies
with reduced NCA expression in C0/ and 405 neurons. Based on these findings, we
hypothesize that reduction of NCA in C0/ and 405 neurons causes mild
hyperexcitation, which in COI neurons alone is insufficient to modulate sleep but in
both C0/ and 405 neurons simultaneously causes an increase in network excitability
sufficient to reduce night sleep. A selective inhibition of neurotransmitter release by
NCA in subsets of C0/ and 405 neurons is supported by our in vivo imaging data
showing that Nca knockdown increases synaptic output in the MB a/f-lobes and
AMMC but not the MB y-lobe region or the SMP. Since NCA is only partly required
in the MBs, we consider it unlikely that increased synaptic output within the MBs and
AMMC alone is sufficient to drive sleep loss in Nca knockdown flies. Rather, we
propose that coincident hyperactivity of several sub-circuits within the CO/ and 405
domains collectively drives night sleep loss. Temporal information encoded by light-
sensing or circadian pathways may further demarcate the period in which NCA
promotes sleep (i.e the night), with such inputs likely to be bypassed by ectopic
activation of C0/ neurons, resulting in sleep loss across 24 h.

Since silencing of C0/ and 405 neurons does not alter basal sleep, we suggest
that these circuits are normally activated by an ethological stimulus absent during our
experimental conditions. We further postulate that modulatory dopamine signalling
through Dop1R1 promotes neural activity in wake-promoting C0/ neurons. These
neurons are defined by a DopIR1 enhancer element, and thus it is likely that at least a
subset of C0I neurons express DoplR1. Indeed, dopamine signalling via Dop1R1 has
been shown to enhance synaptic transmission between antennal lobe projection

neurons and MB neurons (Ueno et al., 2013). This model is attractive since reducing
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such input could balance the increased synaptic release caused by Nca knockdown,
providing an explanatory basis for the genetic interaction between Nca and DopIR].

How might NCA inhibit synaptic output from C0/ and 405 neurons? The
mammalian NCA homolog Hippocalcin acts pleiotropically in several pathways that
control neuronal excitability and plasticity, facilitating NMDA receptor endocytosis
during LTD and gating the slow afterhyperpolarisation, a calcium-activated potassium
current controlling spike frequency adaptation that is thought to be mediated by a
complex array of potassium channels (Andrade et al., 2012; Jo et al., 2010;
Tzingounis et al., 2007). Recent data suggest that Hippocalcin also negatively
regulates calcium influx through N-type voltage-gated calcium channels (Helassa et
al., 2017). Given the strong homology between Hippocalcin and NCA, it is possible
that NCA suppresses neurotransmitter release through similar pathways in Drosophila
neurons, although the lack of genetic interaction between Nca and the dNR1 NMDA
receptor suggests that an enhancement of NMDA receptor levels is unlikely to
significantly contribute to sleep loss in Nca knockout/knockdown flies.

Mutations in Hippocalcin also cause the movement disorder DY T2 primary
isolated dystonia (Charlesworth et al., 2015). What is the common neurobiological
link between dystonic movements in humans and sleep loss in Drosophila? We
suggest that both phenotypes fundamentally reflect a dysregulation of motor control
1.e when activity is initiated, and for how long such activity is maintained.
Hippocalcin/Neurocalcin homologs have the potential to act as molecular toggle
switches, inhibiting sustained rapid-firing and neurotransmitter release in activity-
promoting neurons via simultaneous modulation of potassium and calcium channel
function (Helassa et al., 2017; Tzingounis et al., 2007). Mutations in these calcium

sensors may thus result in prolonged bouts of synaptic output and corresponding
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motor activity. We note that insomniac, another sleep-promoting gene in Drosophila,
1s homologous to the myoclonus dystonia-gene KCTD17 (as well the paralogs KCTD?2
and KCTDS5) (Li et al., 2017; Mencacci et al., 2015; Stavropoulos and Young, 2011).
It will thus be intriguing to test if other dystonia gene homologs also promote sleep in
Drosophila, and whether human dystonia and Drosophila sleep loss can thus be
considered homologous phenotypes (or phenologs) linked to mutations in a conserved
genetic network that functions to suppress inappropriate activity in both humans and

flies (Lehner, 2013; McGary et al., 2010).
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Materials and Methods

Fly husbandry

Flies were maintained on standard fly food at constant temperature 25°C under 12 h:
12 h light-dark cycles (12L: 12D). The following strains were obtained from the
Bloomington and VDRC stock centers: kk108825 (v100625), hmj21533 (54814),
03398 (29461), Dop1RIMP®>GFSTE2(59802), DopIRIM™*¥7(43773), ple-Gal4
(8848), Chat-Gal4 (6798), vGlut-Gal4 (26160), GAD-Gal4 (51630), Ddc-Gal4(7010),
GMR-Gal4 (1104), Trh.1-Gal4 (38388), Tdc2-Gal4(9313), C5-Gal4 (30839), ok107-
Gal4 (854) and 4502 (16130). The remaining lines obtained from the Bloomington
stock center are part of the Janelia Flylight collection with identifiable prefixes:
R23E10-Gal4, R55B01-Gal4, R52H12-Gal4, Hdc-Gal4 (R17F12-Gal4), R14A05-
Gal4, R72B05-Gal4, R72B07-Gal4, R72B08-Gal4, R72B11-Gal4, R72C01-Gal4, and
R72C02-Gal4. The following lines were gifts from laboratories of Kyunghee Koh:
elav-Gal4, nsyb-Gal4, tim-Gal4 and TUG-Gal4; Joerg Albert: nompC-Gal4
(Kamikouchi et al., 2009) and Nicolas Stavropouplos: inc-Gal4:2 (Stavropoulos and
Young, 2011). ppk-Gal4 and TrpA41-CD-Gal4 were described previously (Zhong et
al., 2012). GMR-hid, tim*° and ¢ry”? were previously described in (Lamaze et al.,
2017). Except for Ddc-Gal4, Trh.1-Gal4, Tdc2-Gal4, nompC-Gal4 and Hdc-Gal4, all
Drosophila strains above were either outcrossed five times into an isogenic control
background (iso31) or insertion-free chromosomes were exchanged with the iso31/
line (hmj21533, jf03398, DopIRI""**C Dop1RI™***” and NMDARI™"'"*®) before
testing for sleep-wake activity behaviour. Note: R14A05-Gal4 was initially
mislabelled as R21G01-Gal4 in Bloomington shipment. The clear mismatch between
the image of R21G01>GFP in FlyLight database and our immunostaining data (A0S,

Fig3B) led us to clarify the identity of the line, as R14A05-Gal4, by sequencing
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409  genomic PCR product using primers pair: pBPGw_ampF: agggttattgtctcatgagcgg and
410 pBPGw_Gal4R: ggcgcacttcggtttttett.

411  Generation of the Nca™ line

412  Null alleles of Nca were generated using homologous recombination as described
413  previously (Baena-Lopez et al., 2013). Briefly, genomic DNA was extracted from 20
414  wild type flies (Canton S) using the BDGP buffer A-LiCI/KAc precipitation protocol
415  (http://www.fruitfly.org/about/methods/inverse.pcr.html). The 5° (Arm 1) and 3’

416  (Arm 2) genomic regions flanking the Nca coding sequence were PCR amplified via
417  high fidelity DNA polymerase (Q5 high-fidelity 2X master mix, M0492S, NEB) with
418 the following primers: Notl Arm1F1:gcggccgctaatttgcagetctgeateg,

419 Notl ArmlRI1:gcggccgeatggtaagaagcacgcaacc,

420  Ascl Arm2F1:ggcgcgccttatgaccgttccaaaacace,

421  Avrll Arm2R1:cctaggggctaaatacgttgaccaage. The corresponding Arm1 and Arm2
422  fragments (~2.5kb) were gel purified (Wizard® SV Gel and PCR Clean-Up System,
423  A9281, Promega) and cloned into pCR-Blunt II-TOPO vector (Zero Blunt® TOPO®
424  PCR Cloning Kit, 450245, ThermoFisher Scientific), and subsequently sub-cloned via
425  Notl (R3189S, NEB) and Ascl/Avrll digestion (R0558S and R0174S, NEB) and T4
426  ligation (M0202S, NEB) into pTV vector, a P-element construct containing the mini-
427  white" marker and UAS-reaper flanked by FRT and I-Scel sites (Baena-Lopez et al.,
428  2013). The sequence identifies of Arm 1 and Arm 2 fragments within the pTV vector
429  were verified via Sanger sequencing using the following primers: ncal f:

430 cagctctgcatcgctttttgt, ncal 3 f: ccctcgegeatggtacttta, ncal r: agcgtcacataagttctceca,
431 ncal 4 f:tggacgaaaataacgatggtca, ncal 5 f: agactacttagccatgttttcatact, ncal 2 f:

432  tgacgaagccacaattaaagagtg, ncal 1 f: gcaaccctgttcecctttca,
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433 nca2 f: gaccgttccaaaacaccca, nca2 3 f: ttgttgtgecgccacgtttte, nca2 r:

434  acgtatgctccatgattectet

435 nca2 4 f:tgcaggtcggttaatcaatge, nca2 5 f: tcaatcgatttggggccagg, nca2 2 f:

436 ccttctccaggcetcagecaaa, nca2 1 f: actctgcatttcgataagattagee. Donor lines containing
437  pTV vector with Arm1 and Arm2 homologous fragments (pTV_ncal+2) were then
438  generated via embryonic injection and random P-element mediated genomic

439 insertions (Bestgene, inc.). To initiate homologous recombination between

440 pTV ncal+2 and the endogenous Nca locus, donor lines were crossed to yw; hs-flp,
441  hs-1-Scel/CyO and the resulting larvae were heat shocked at 48 h and 72 h after egg
442  laying for 1 h at 37°C. Around 200 female offspring with mottled/mosaic red eyes
443  were crossed in pools of three to ubiquitin-Gal4[3xP3-GFP] males to remove

444  nonspecific recombination events (via UAS-reaper-mediated apoptotic activity). The
445  crossings were flipped once over and the progeny (~12000 adults) was screened for
446  the presence of red-eyed and GFP-positive flies. Three independent GFP' red-eyed
447  lines (kol, ko2, and ko3) were identified. The exchange of endogenous Nca locus with
448 pTV ncal+2 fragments was confirmed by detecting a 2.6 kb PCR product (Figure 1
449  figure supplement 1C) in the genomic DNA samples of the above three lines (pre-
450  digested by EcoRI/Notl) using the following primer pairs: ncaKO-F2:

451  tgggaattgactgatacagect; ncaKO-R2: ggcactacggtacctgeat. ncaKO-F2 matches to the
452  region between 24 bp and 2 bp upstream of Arm1 and ncaKO-R2 overlaps with attP
453  site (Figure 1A). The absence of endogenous Nca mRNA in kol flies was confirmed
454 by standard and quantitative RT-PCR (Figure 1 figure supplement 1D; see also the
455  below RNA section). The min-white' cassette and majority of pTV vector sequences
456  were further removed from the ko/ genome via Cre-loxP recombination (Figure 1A).

457  This “Cre-out” strain was then backcrossed five times to a Nca™ " line (where 4502
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is a P-element insertion 2 kbp upstream of the Nca CDS) that was outcrossed
previously into the iso37 background (see Fly husbandry section). Before testing for
changes in sleep/wake behaviour, the resulted line, termed Nca knockout (Nea®©),
was lastly verified by sequencing a 576 bp genomic PCR product (using primer pair:
ncal 5 fandnca2 r), confirming the absence of Nca CDS sequence and the insertion
an attP site in the Nca locus.

RNA extraction and Quantitative PCR

For RNA extractions, 10-20 fly heads per genotype were collected with liquid
nitrogen and dry ice. Total RNA was extracted using TRIzol™ reagent following
manufacturer’s manual (Thermo Fisher Scientific). cDNA was reverse transcribed
from 250 or 500 ng of DNase I (M0303S, NEB) treated RNA via MMLV RT
(M170A, Promega). A set of five or six standards across 3125-fold dilution was
prepared from the equally pooled cDNA of all genotypes in each experiment.
Triplicated PCR reactions were prepared in 96-well or 384-well plates for standards
and the cDNA sample of each genotype (20 to 40 fold dilution) by mixing in Power
SYBR Green Master Mix (Thermo Fisher Scientific) and the following primer sets:
ncaqF2: acagagttcacagacgctgag, ncaqR2: ttgctagegtcaccatatggg; cg7646F:
gcctttcgaatgtacgatgteg, cg7646R: cctagcatgtcataaattgectgaac or
rp49F:cgatatgctaagctgtcgcaca, rp49R: cgettgttcgatccgtaace. PCR reactions were
performed in Applied Biosystems StepOne (96-wells module) or QuantStudio 6Flex
instruments (384 wells module) using standard thermocycle protocols. Melting curve
analysis was also performed to evaluate the quality of the PCR product and avoid
contamination. The Ct values were exported as csv files and a standard curve between
Ct values and logarithm of dilution was calculated using the liner regression function

in Graphpad. The relative expression level for Nca, cg7646 and rp49 of each sample
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were estimated by interpolation and anti-logarithm. The expression levels of Nca and
cg7646 for each genotype were further normalized to their respective average rp49
expression level. Statistical differences between the normalized expressions levels of
each genotype were determined by Mann-Whitney test or Kruskal-Wallis test with
Dunn’s post-hoc test using Graphpad software.

Sleep-wake behavioral analysis

Three to five days old male or virgin female flies were collected and loaded into glass
tubes containing 4% sucrose and 2% agar (w/v). Sleep-wake behavior was recorded
using the Drosophila Activity Monitor (DAM, TriKinetics, inc.) system or
Drosophila ARousal Tracking (DART, BFKIlab) system for 3 days in the designated
LD regime (L12: D12 or L8: D16) at 25°C. Behavioral recordings from the third day
of the given LD regime were then analyzed. All flies were entrained to 12L: 12D
prior to entering designated LD regimes. For ectopic activation experiments involving
UAS-TrpAl, flies were cultured in 18°C during development and then entrained to
L8: D16 at 22°C before entering L8: D16 condition at 27°C. Drosophila activity (or
wake) is measured by infra-red beam crosses in DAM or by direct movement tracking
in DART. Sleep is defined by 5 minutes of inactivity (where inactivity is defined as
no beam crosses during 1 min in the DAM or less than 3 mm movement in 5 s in
DART). The csv output files with beam crosses (DAM) or velocity data (DART)
were processed by a customized Excel calculators (Supplementary file 1) and R-
scripts (https://github.com/PatrickKratsch/DAM _analysR) to calculate the following
parameters for individual flies: Onset and offset of each sleep bout, sleep bout length,
day and night sleep minutes, daily total sleep minutes, and daily sleep profile (30
minutes interval). An established MATLAB® based tool, Flytoolbox, was used for

circadian rhythmicity analysis (Levine et al., 2002a, b). Briefly, the strength of
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rhythmicity (RI) was estimated using the height of the third peak coefficient in the
auto-correlogram calculated for the activity time series of each fly. Rhythmic
Statistics values were then obtained from the ratio of the RI value to the 95%
confidence interval for the correlogram (2/AN, where N is the number of
observations, which correlatively increase with the sampling frequency), in order to
determine statistical significance of any identified period (RS is > 1)
Immunohistochemistry and confocal microscopy

Adult male R72C01 > CD8::GFP and R21GO01 > CD4::tdTomato flies were
anesthetized in 70% ethanol before brains were dissected in PBT (0.1M phosphate
buffer with 0.3% TritonX100) and collected in 4% paraformaldehyde/PBT on ice.
The fixation was then performed at room temperature for 15 min before washing 3
times with PBT. The brain samples were blocked using 5% goat serum/PBT for 1 h at
room temperature before incubation with primary antibodies. The samples were
washed 6 times with PBT before incubated with Alexa Fluor secondary antibodies in
5% goat serum/PBT at 4°C over 24 h. After washing 6 times with PBT, the samples
were mounted in SlowFade Gold antifade reagent (S36936, Thermo Fisher Scientific)
on microscope slides and stored at 4°C until imaged using an inverted confocal
microscope Zeiss LSM 710. Primary antibody concentrations were as follows: mouse
anti-nc82 (Developmental Studies Hybridoma Bank) - 1:200; rabbit anti-GFP
(Invitrogen) - 1:1000; rabbit anti-dsRED (Clontech) - 1:2000. Alexa Fluor
secondaries (Invitrogen) were used as follows: Alexa Fluor 647 goat anti-mouse IgG -
1:500, Alexa Fluor 488 goat anti-rabbit IgG - 1:2000, Alexa Fluor 555 goat anti-rabbit
IgG - 1:2000. For quantification of nuclei number in C0/ > red-stinger and A05 >
red-stinger brains, unstained Red-Stinger fluorescence was captured via confocal

microscopy. DAPI (Sigma Aldrich) was used to counterstain nuclei (at a dilution of
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1:5000). The number of Red-Stinger-positive nuclei in each brain was subsequently
quantified using the ImagelJ 3D Objects Counter tool, with a variable threshold used
to incorporate all of the visible Red-Stinger-positive nuclei.

Synapto-pHluorin imaging

Synaptic activity of CO1/A05 neurons was monitored in ex vivo fly brains using UAS-
super-eclipse-synaptopHluorin construct (UAS-spH) (Miesenbock, 2012). Adult male
C01/405 > UAS-spH or C01/4A05 > UAS-spH, kk flies were housed in normal
behaviour tubes (see behaviour analysis section) and entrained for 3 days in L8: D16
condition at 25°C. Individual flies of either genotype were carefully captured between
ZT9 and ZT11 and fly brains were immediately dissected in HL3 Drosophila saline
(70 mM NacCl, 5 mM KCI, 1.5 mM CacCl,, 20 mM MgCl,, 10 mM NaHCOs3, 5 mM
Trehalose, 115 mM Sucrose and 5 mM HEPES, pH 7.2) at room temperature. Fly
brains were transferred into 200 ul HL3 in a poly-lysine treated glass bottom dish (35
mm, 627860, Greiner Bio-One) before imaging using an inverted confocal Zeiss LSM
710 microscope (20x objective with maximum pinhole). Three to five image stacks
(16 bits) were taken within two minutes to minimise tissue degradation and to cover
the depth of all spH-positive anatomical regions. Z-projections of the image stacks of
each brain were generated by ImageJ software before the fluorescent intensity of the
indicated neuropil centres was quantified using free drawn ROIs. Background
fluorescence measured by the same ROIs from areas with no brain tissue was then
subtracted to obtain the final fluorescent value. Mean fluorescent values of the
indicated neuropil regions in each hemisphere were calculated and compared between
genotypes. The statistical difference was determined by Mann-Whitney U-test using
Graphpad software.

Bioinformatics
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558  Conservation of amino acid residues between Drosophila Neurocalcin and human
559  Hippocalcin was determined using Clustal W2 software for multiple sequence
560 alignment. Amino-acid identity and similarity was visualised using BOXSHADE.
561

562

563
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575  Figure 1. Neurocalcin (Nca) knockout flies exhibit enhanced night activity and

576  reduced sleep. (A) Schematic illustration of the procedure used to generate a Nca
577  knockout allele. Homologous arms upstream (Arm 1) and downstream (Arm 2) of the
578  Nca locus are indicated. Following homologous recombination, the endogenous Nca
579  locus is replaced by a cassette containing the mini-white selection marker (red bar),
580 and attP (blue bar) and loxP sites (yellow bars). The mini-white cassette was

581  subsequently removed via Cre-loxP recombination. (B) Mean sleep levels in 8L: 16D
582  conditions for Nca®® adult males and iso3/ controls measured using the Drosophila
583  Activity Monitor (DAM). (C-D) Median day (C) and night (D) sleep levels in the
584  above genotypes. (E) Mean sleep levels in 8L: 16D conditions for Nea“® adult males
585 and iso3! controls measured by the video-based Drosophila ARousal Tracking

586  system (DART). (F-G) Median day (F) and night (G) sleep levels in the above

587  genotypes. Data are presented as Tukey box plots. The 25", Median, and 750

588 percentiles are shown. Whiskers represent 1.5 x the interquartile range. Identical

589  representations are used in all subsequent box plots. B-D: n = 32 per genotype; E-G: n
590 = 16. (H-I) The longitudinal movement for individual iso3/ (H) and Nea®® (1) flies
591 are shown as rows of traces plotting vertical position (Y-axis) over 24 h (X-axis)

592  under 8L: 16D condition. ***p < 0.001, ns - p > 0.05, Mann-Whitney U-test.

593

594
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Figure 1 figure supplement 1
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Figure 1 supplemental figure 1. Generation of the Nca knockout allele. (A)
Hippocalcin and Neurocalcin are highly conserved neuronal calcium sensors. Amino-
acid alignment of human (Hs) Hippocalcin (HPCA) and Drosophila (Dm)
Neurocalcin (NCA). Identical amino-acids are shaded in black, with functionally
similar amino-acids shaded in grey. Total homology between Hippocalcin and
Neurocalcin is > 90%. (B-C) PCR validation of homologous recombination events.
Correct recombination was verified using primers designed to the attP site and
upstream of the neighbouring locus cg7646 (B), which will only generate a ~ 3 kb
product following homologous recombination between the targeting vector and the
Nca locus (C). Three independent targeting events (ko1-3) are shown in (C), one of
which was selected for mini-white removal as described in Figure 1. WT: wild-type
genome lacking an attP site neighbouring the cg7646 locus. (D-E) No Nca mRNA
was detected in Nea®© using either standard RT-PCR (D) or quantitative RT-PCR (E;

n =3 qPCR reactions for iso3/ control and Nea“ flies).
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Figure 1 figure supplement 2
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614  Figure 1 supplemental figure 2. Reduced startle response and elevated night time
615  locomotor activity in Nea®® flies. (A) Mean level of locomotor activity (beam

616  crosses) for iso31 control and Nca®© males under 12L: 12D conditions. (B) Median
617  beam breaks during the hour immediately following lights-off (ZT12-13). The rapid
618 light-dark transition initiates a startle response and thus elevated locomotor activity,
619  the degree of which is reduced in Nea®© males. (C-D) Median total beam crosses

620  during the day (C) and night (D) periods. Locomotor activity is significantly increased
621  in Nea®© males during the night but not the day. n = 32 per genotype. **p < 0.01,

622  ***p <(.001, ns — p > 0.05, Mann-Whitney U-test.
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Figure 1 figure supplement 3

A B Day C Night
30 7204 __MS 720, @ —2E*
2 600 - T 600 T
E 204 2 480 2 4801
3 g £
® . = 360 = 360
o — iso31 a g
o 10+ Ko O 240 o 240
% — Nca 1) 7}
120 120
0 T . o
zTo ZT12 ZT24 KOS &
) éorb ° eofb
624
625

626  Figure 1 supplemental figure 3. Night time sleep loss in Nea“© flies. (A) Mean sleep
627  level of iso31 control and Nea®® flies under 12L: 12D conditions. (B-C) Median total
628  day (B) and night (C) sleep in iso3/ control and Nea®® flies. Night sleep is

629  significantly reduced in Nea®© flies compared to controls. n = 32 per genotype.

630 *#%p <0.001, ns — p > 0.05, Mann-Whitney U-test.
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Figure 1 figure supplement 4
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634  Figure 1 supplemental figure 4. Reduced startle response and elevated night time
635  locomotor activity in Nea®® flies under 8L: 16D conditions. (A) Mean level of

636  locomotor activity (beam crosses) for iso31 control and Nea*® males. (B) Median
637  beam breaks during the hour immediately following lights-off (ZT8-9). (C-D) Median
638  total beam crosses during the normally quiescent period of the night (ZT12-20). n =
639 16 per genotype. ***p < 0.001, Mann-Whitney U-test.
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Figure 1 figure supplement 5
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Figure 1 supplemental figure 5. Reduced long sleep bouts in Nea“© flies.

(A) Following detailed fly movement detection using the DART system, individual
sleep bout durations were further estimated using a custom-made R program and
visualised by plotting sleep bout offset against onset for night sleep bouts in control
is031 and Nca"© adult males under 8L: 16D conditions. In control flies, longer sleep
bouts initiated early during the night (note the black dots deviating from the
diagonal), which are largely absent in Nca"© adult males (red dots). n = 16 for each
genotype. (B) Distribution of sleep bout lengths in Nea© and control adult males.
Note the significant shift towards shorter sleep bout lengths in Nea®© flies (Nea®© vs.

iso31 control: 7, df 85.59, 4, p < 0.001).
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Figure 1 figure supplement 6
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Figure 1 supplemental figure 6. Detailed tracking reveals increased locomotor
velocity during the night and reduced velocity during the startle response to lights-off
in Nea®© flies. (A) Mean waking locomotor velocity in iso3/ control and Nea®® adult
males under L8: 16D condition. (B) Locomotor velocity is significantly reduced in
Nca®® flies following the startle response to lights-off (ZT8-ZT9). (C) Nea®© flies
exhibit a significant increase in locomotor velocity between ZT12-ZT20 compared to
controls — a normally quiescent period. n = 16 per genotype. **p < 0.01, ***p <

0.001, Mann-Whitney U-test.
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Figure 2. Nca and DopIR1 act in a common pathway to regulate night sleep. (A)
Mean sleep levels measured using the DAM system under 8L: 16D conditions for
pan-neuronal Nca knockdown (Nca®P) male adult flies (elav > kk) and associated
controls (elav-Gal4 driver or kk RNAI transgene heterozygotes). (B-C) Median day
and night sleep levels in the above genotypes. n = 54-55. (D) Mean sleep levels

measured using DART system in 8L: 16D conditions for above genotypes. (E-F)
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Median day and night sleep levels in the above genotypes. n = 20 per genotype. (G-H)

heterozygosity for the null or strongly hypomorphic Dop1R1 allele DopR 1™

GFST2 (D1/+) suppressed sleep loss in Nea®P adult males, but did not alter sleep in
control males (p > 0.05, between +/+ and D1/+ backgrounds for elav > + or + > kk
flies). Mean sleep patterns in 8L: 16D conditions are shown in (G). Median total night
sleep levels are shown in (H). elav > kk, DI1/+:n=32; elav > +, DI/+:n=15; + >

kk, D1/+:n=232; elav > kk: n =48, elav > +: n=47; + > kk: n =48. **p <0.01,

**%p <0.001, ns — p <0.05, Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 2 figure supplement 1
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690  Figure 2 supplemental figure 1. Robust knockdown of Nca using independent elav-
691  Gal4-driven Nca RNAI lines. (A) Schematic showing the Nca locus alongside the
692  neighbouring cg7646 locus, which shares a common promoter region with Nca.

693  Regions of the Nca transcript targeted by the kk108825, hmj21533 and jf03398 RNAI
694 lines (termed kk, hmj and jf respectively) are depicted by red bars. (B) gPCR

695  verification of Nca knockdown by kk, hmj and jf. RNAI. Transgene insertions lacking
696 the elav-Gal4 driver were used as controls. (C) Knockdown of Nca had no effect on
697  transcription of the neighbouring cg7646 locus. Expression levels of Nca or cg7646
698  were normalised to the 7p49 control transcript and are displayed as the ratio to the

699  mean level of the respective RNAi alone controls (+ > kk, + > hmj or + > jf). n = 6 for
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700  all gPCRs (two independent biological repetitions of RNA extraction with triplicated
701  gPCR reactions for each genotype). **p < 0.01, ns — p > 0.05, Mann-Whitney U-test.

702
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Figure 2 figure supplement 2
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Figure 2 supplemental figure 2. Robust night sleep loss in adult male flies
expressing two independent Nca RNAI lines driven by elav-Gal4. (A-B) Mean sleep
profiles under 8L: 16D conditions for elav-gal4 drive, himj (A) or jf (B) Nca RNA..
(C) Median night sleep amounts for genotypes shown in (A-B). elav > +:n=32; + >
hmj: n=26; elav > hmj: n=17; + > jfin=32; elav > jf: n = 32. **p < 0.01, ***p <
0.001 as compared to driver and RNAi alone controls, Kruskal-Wallis test with

Dunn’s post-hoc test.
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Figure 2 figure supplement 3
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Figure 2 supplemental figure 3. Elevated night time locomotor activity in Nca""

flies under 8L: 16D conditions, but no alteration in peak locomotor activity. (A) Mean
level of locomotor activity (beam crosses) for Nea"" males (elav > kk) and associated
controls. (B) Median beam breaks during the hour immediately following lights-off
(ZT8-9) in the above genotypes. (C) Median total beam crosses during the normally
quiescent period of the night (ZT12-20) in the above genotypes. n = 54-55 per

genotype. ***p <0.001, ns — p > 0.05, Mann-Whitney U-test.
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Figure 2 supplemental figure 4. Nca knockdown does not alter circadian

rhythmicity. (A) Actograms showing representative individual patterns of locomotor

activity across two weeks under constant dark conditions. (B) Quantification of

locomotor rhythm strength. Robust circadian patterns of locomotor activity were still

observed following in adult males expressing Nca RNA1 (kk) under elav-Gal4 relative

to controls. 15 >n > 14. (C) qPCR analysis of wild type (Canton-S) head Nca

expression across a 24 h period. No evidence of circadian oscillations in Nca

expression was observed. n =3 (triplicated qPCR reactions for each time point).

Expression levels were normalised to the »p49 control transcript. ns —p > 0.05,

Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 2 figure supplement 5
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Figure 2 supplemental figure 5. Neuronal Nca knockdown results in reduced night
sleep in adult virgin female Drosophila. (A) Mean sleep patterns of neuronal Nca
knockdown females (elav > kk) and associated controls under 8L:16D conditions. (B-
C) Median day sleep is unaffected relative to controls (B), whereas median night
sleep is significantly reduced (C). n = 16 per genotype. *p < 0.05, **p < 0.01,

Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 2 figure supplement 6
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Figure 2 supplemental figure 6. Nca knockdown in muscle cells does not affect
sleep in Drosophila. (A) Mean sleep patterns of adult male flies with muscle-specific
Nca knockdown via mef2-Gal4 (mef2 > kk) and associated controls under 8L: 16D.
(B-C) Median day (B) and night (C) sleep levels are unaffected relative to controls. n

= 16 per genotype. ns — p > 0.05, Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 2 figure supplement 7
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757
758  Figure 2 supplemental figure 7. Genetic interaction between Nca and a second
759  independent DopIRI allele. (A) Mean sleep patterns of Nca"" males (elav > kk) and a

M104437 allele

760  heterozygous kk alone control with and without one copy of the DopIR1
761  under 8L: 16D conditions. DopIRI™****7 is a hypomorphic allele of Dop1R1 that is
762  homozygous viable, and is therefore weaker compared to the homozygous lethal

763 DoplRIM®%GFST2 insertion. (B) Median night sleep levels during ZT8-16 are

764  shown. Heterozygosity for DopIRI™%**" had no impact on sleep in kk heterozygote
765  controls but partially rescued night sleep during ZT8-16 in Nca"" males. elav > kk: n
766 = 64;+> kk: n= 64; elav > kk; DopIRI™**7/+: n=39; + > kk; DopIRI™***7/+: n =
767  45.*%p <0.05, ***p <0.001, Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 2 figure supplement 8
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Figure 2 supplemental figure 8. NCA regulate sleeps in a distinct pathway to the
dNR1 NMDA receptor. (A) Mean sleep patterns of Nca"" males (elav > kk) and
heterozygous controls with and without one copy of the dNRI™" 7 (dNR1/+) allele
in 8L: 16D conditions are shown. (B) Median night sleep levels in the above

genotypes. Heterozygosity for dNR1™"'7%

resulted in sleep loss in elav-Gal4 driver
controls, and reduced sleep further in an additive manner in elav > kk Nea®P males,
suggesting that NCA and dNR1 act in separate pathways to promote night sleep. Elav
> kk; dNRI/+:n=32; elav > +; dNRI/+:n=26; + > kk; dNR1/+: n = 38; elav > kk:
n=232;elav> +:n=30; + > kk: n=34.ns —p > 0.05, *p <0.05, **p <0.01, ***p <

0.001, Kruskal-Wallis test with Dunn’s post-hoc test.
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785
786  Figure 3. NCA acts in a two distinct neural networks to regulate night sleep. (A)

787  Transgenic RNAi-based mini-screen to identify key NCA-expressing neurons. NCA
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788  knockdown with broadly expressed drivers resulted in reduced night sleep in adult
789  males under 8L: 16D conditions. In contrast, NCA knockdown in previously defined
790  sleep-regulatory centers, clock neurons, the visual system or subsets of Dop1R1-

791  expressing neurons did not impact night sleep. FSB: fan-shaped body. MB:

792  mushroom body. Grey and blue box plots: control lines. Red box plots: experimental
793  lines showing reduced night sleep relative to controls. Green box plots: experimental
794 lines failing to show reduced night sleep relative to one or both controls. See Figure 3
795  figure supplement 1 for n-values and statistical comparisons. (B) Confocal z-stacks of
796  adult male brains expressing genetically-encoded fluorophores under the 405 or C01-
797  Gal4 drivers. Neuropil regions are labelled with anti-Bruchpilot (BRP). Scale bar =
798 100 pm. Arrows point to neuropil centers. AOTU: anterior optic tubercle. MBNs:
799  mushroom body neurons. OL: optic lobe. AMMC: antennal mechanosensory and
800  motor center. AVP: anterior ventrallateral protocerebrum. SMP: supra-medial

801 protocerebrum. (C-D) Nca knockdown in both 405 and C0I-neurons recapitulates the
802 effect of pan-neuronal Nca knockdown, whereas Nca knockdown in either neuronal
803  subpopulation alone did not reduce sleep relative to controls. Mean sleep patterns in
804  8L: 16D conditions are shown in (C). Median night sleep levels are shown in (D). +>
805 kk:n=280;C0Il>+:n=64, COI > kk:n=80; A05>+:n=31; A05 > kk:n=31;
806  C01/405>+:n=42; C01/A05 > kk:n="T1. *p <0.05, **p <0.01, ***p <0.001, ns
807 —p>0.05 compared to driver and RNA1 alone controls, Kruskal-Wallis test with

808  Dunn’s post-hoc test.

809
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Figure 3 figure supplement 1. Night sleep levels in flies with kk Nca RNAi driven by

neuron sub-type-specific Gal4 drivers.

Genotype n-values 25% Percentile Median 75% Percentile ~ Mean Std. Deviation Dunn’s test
(min) (min) (min) (min) (min) vs +>kk  vs Gal4 >+

+>kk 275 602 671 742 668 110 - -
elav>+ 86 518 633 698 604 133 - -
elav>kk 99 306 428 530 413 168 ok ok
nsyb>+ 40 491 576 654 565 121 - -
nsyb>kk 39 248 409 490 388 196 ok *
inc>+ 14 655 684 705 688 56 - -
inc>kk 30 460 521 637 534 128 HxE **
tim>+ 16 577 607 707 636 91 - -
tim>kk 16 668 709 767 707 80 ns ns
tug>+ 16 590 658 688 650 117 - -
tug>kk 15 580 701 805 670 134 ns ns
ple>+ 32 556 663 718 634 132 - -
ple>kk 30 545 670 718 642 101 ns ns
Ddc>+ 16 616 658 721 662 63 - -
Ddc>kk 16 538 608 667 610 84 ns ns
Chat>+ 16 601 656 758 677 111 - -
Chat>kk 14 607 704 766 672 140 ns ns
vGlut>+ 16 536 632 660 607 91 - -
vGlut>kk 24 495 594 679 586 111 ns ns
GAD>+ 16 662 703 752 689 82 - -
GAD>kk 16 705 758 817 739 100 ns ns
Trh.1>+ 16 598 635 696 640 83 - -
Trh.1>kk 16 617 649 720 668 71 ns ns
Tde2>+ 16 659 715 742 682 105 - -
Tdc2>kk 15 657 733 794 695 128 ns ns
C5>+ 40 509 568 648 583 103 - -
C5>kk 49 513 567 665 581 107 ok ns
R23E10>+ 16 651 670 705 680 48 - -
R23E10>kk 16 535 632 712 621 122 ns ns
R55B0O1>+ 16 621 653 714 652 107 - -
R55B01>kk 16 618 670 721 680 80 ns ns

OK107>+ 23 644 702 771 695 94 - -
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OK107>kk 32 601 668 751 664 106 ns ns
nompC>+ 16 708 769 842 768 76 - -
nompC>kk 16 638 753 804 725 92 ns ns
ppk>+ 16 661 701 742 706 62 - -
ppk>kk 16 712 766 798 760 78 ns ns
trpACD>+ 16 586 639 677 630 62 - -
trpACD>kk 15 702 764 825 758 75 ns *
R52H12>+ 16 536 654 689 629 92 - -
R52H12>kk 32 525 603 684 581 155 ns ns
GMR>+ 16 582 649 685 640 73 - -
GMR>kk 14 592 656 714 652 79 ns ns
Hdc>+ 16 527 599 694 575 145 - -
Hde>kk 16 566 641 686 624 86 ns ns
R21GO1>+ 15 584 646 694 631 75 - -
R21G01>kk 16 440 489 598 519 109 ok ns
R72B05>+ 15 341 388 502 397 146 - -
R72B05>kk 16 611 706 795 710 107 ns ok
R72B07>+ 13 570 668 697 645 66 - -
R72B07>kk 14 492 541 585 545 69 ok ns
R72B08>+ 16 452 595 643 561 129 - -
R72B08>kk 32 348 436 591 474 159 ok ns
R72B11>+ 16 403 515 651 513 123 - -
R72B11>kk 15 512 580 645 583 88 ns ns
R72C01>+ 48 528 590 662 591 84 - -
R72C01>kk 64 496 582 639 569 104 ok ns
R72C02>+ 16 500 551 595 544 62 - -
R72C02>kk 16 591 627 694 643 60 ns ns

- Not significant, ns-p>0.05, *p < 0.05, **p <0.01, ***p <0.001, Kruskal-Wallis test with Dunn’s

post-hoc test.
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Figure 3 figure supplement 2
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819  Figure 3 supplemental figure 2. C0/-Gal4 and 405-Gal4 label small subsets of

820  neurons in the adult fly brain. (A, C) Representative confocal z-stacks of adult male
821  brains expressing nuclear RFP marker (Red-stinger) under 405-Gal4 (A) or C0I-Gal4
822  driver (C). DAPI-staining labels nuclei within the Drosophila brain. (B, D) Number
823  of cells expressing Red-stinger driven by 405- (B) or C0/-Gal4 (D). n =3 for each
824  genotype. Scale bar =100 um.
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Figure 3 figure supplement 3
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Figure 3 supplemental figure 3. (A) Mean sleep patterns of adult males homozygous
for the C07-Gal4 driver with and without the kk Nca RNA1 insertion. (B) Mean sleep
patterns of adult males homozygous for the 405-Gal4 driver with and without the kk
Nca RNAI insertion. (C) Median night sleep levels for heterozygous RNA1 transgene
and homozygous driver controls, and males expressing Nca RNA1 with two Gal4
driver copies. No night sleep loss was observed using two copies of either driver
relative to controls. + > kk: n = 80 (the same population was used in Figure 3C, as the
experiments were performed side by side), C0I/C0I > +:n =24, COI/C0I > kk: n=
39; A05/405 > :n =22, A05/A05 > kk: n = 23. ns —p > 0.05, Kruskal-Wallis test with

Dunn’s post-hoc test.
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Figure 3 figure supplement 4
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842  Figure 3 supplemental figure 4. Knockdown of Nca in mushroom body and 405-
843  neurons results in partial night sleep loss. (A-B) Nca knockdown in both 405 and
844  MB-neurons (defined by 0k107-Gal4; ok107) results in reduced night sleep (also see
845  Figure 3A showing 0kl07 > kk alone does not cause night sleep loss). Mean sleep
846  patterns in 8L: 16D conditions are shown in (A). Median night sleep levels are shown
847 in(B). +>kk:n=31; 405/0k107 > +: n=33; A05/0k107 > kk: n = 42. *p <0.05, **p
848 < 0.01, Kruskal-Wallis test with Dunn’s post-hoc test.
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Figure 4. NCA inhibits synaptic release in subsets of C01/405 neurons. Expression of
a fluorescent marker for synaptic release (synapto-pHluorin, spH) in C0/- and 405-
positive neurons in control (C01/A05 > spH) or Nca knockdown (C01/405 > spH, kk)
backgrounds. Adult brains were dissected and imaged between ZT9-ZT11, when
robust sleep loss occurs in C01/405 > kk flies (see Figure 3C). (A, C, E, Q)
Representative pseudo-coloured images for o/3 mushroom body lobe Kenyon cells
(o/p MB, A; a/f lobes are outlined in white), the MB y-lobe region (C), AMMC (E)
and SMP (G) regions in each genotype. Fluorescent intensity range is shown in the
horizontal bar, illustrating minimum to maximum spectrum. Scale bars = 10 um. (B,
D, F, H) Mean fluorescent intensity for individual hemispheres in the above regions. n

=22-24. *p <0.05, ***p <0.001, Mann-Whitney U-test.
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867  Figure 5. Sleep loss in Nca knockdown flies is caused by enhanced excitability of
868  (C01/405 neurons. (A) Experimental paradigm for acute activation of 405 or C0I-
869  neurons. 22°C: non-activating temperature for TrpAl. 27°C: activating temperature.
870  Sleep measurements were measured over two days in 8L: 16D conditions. (B-C)
871  Mean sleep levels across 8L: 16D following expression of TrpA1l in 405-, COI- or
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A05- and COI-neurons (and associated controls) at 22°C (B) or 27°C (C). (D) Median
change in night sleep levels (A night sleep) following the shift from 22°C on day 1 to
27°Conday 2. +> TrpAl: n=53; A05 > +:n=23; 405 > TrpAl: n=68; COl > +:n
=24; C0I1 > TrpAl:n=40; C01/A05 > +:n=33; C01/A05 > TrpAIl: n = 40. ***p <
0.001, ns —p > 0.05, as compared to 7rpA1 or driver alone controls by Kruskal-Wallis
test with Dunn’s post-hoc test (for C01, A05 or CO1/ A05 > TrpAI compared to
controls) or Mann-Whitney U-test (for C01/405 > TrpAI compared to COI > TrpAl).
(E-F) Inhibition of C01/405 neurons by expressing dORKAC?2 rescues sleep loss due
to Nca knockdown in C01/405 neurons, while expression of dORKAC2 does not
change base line sleep. Mean sleep patterns in 8L: 16D conditions are shown in (E).
Median night sleep levels are shown in (F). +> kk: n =47, C01/405 >+:n =47,
CO01/405 > kk: n= 62, C01/405 > dORKAC?2, kk: n =50, C01/A05 > dORKAC2: n =
39, + > dORKAC2: n =30. *p < 0.05, ***p <0.001, ns — p > 0.05, Kruskal-Wallis

test with Dunn’s post-hoc test.
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