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Abstract Our understanding of the molecular mechanisms underlying sleep homeostasis is
limited. We have taken a systematic approach to study neural signaling by the transmitter 5-
hydroxytryptamine (5-HT) in drosophila. We have generated knockout and knockin lines for Trh, the
5-HT synthesizing enzyme and all five 5-HT receptors, making it possible for us to determine their
expression patterns and to investigate their functional roles. Loss of the Trh, 5HT1a or 5HT2b gene
decreased sleep time whereas loss of the Trh or 5HT2b gene diminished sleep rebound after sleep
deprivation. 5HT2b expression in a small subset of, probably a single pair of, neurons in the dorsal
fan-shaped body (dFB) is functionally essential: elimination of the 5HT2b gene from these neurons
led to loss of sleep homeostasis. Genetic ablation of 5HT2b neurons in the dFB decreased sleep
and impaired sleep homeostasis. Our results have shown that serotonergic signaling in specific
neurons is required for the regulation of sleep homeostasis.

DOI: https://doi.org/10.7554/eLife.26519.001

Introduction

Most of us spend nearly a third of life in sleep, though the mechanisms underlying sleep remain
unclear. Circadian rhythm and homeostasis can separately and interactively regulate sleep and wake-
fulness (Borbély, 1982; Borbély and Achermann, 1999). Research in drosophila and other organ-
isms has revealed the molecular mechanisms of the circadian clock (reviewed in Panda et al. [2002]).
By contrast, less is known about the molecular mechanisms controlling sleep homeostasis.

The development of drosophila as a model animal to study sleep (Hendricks et al., 2000;
Shaw et al., 2000) has led to findings of multiple genes that are important for sleep (Afonso et al.,
2015; Bushey et al., 2009; Chung et al., 2009; Cirelli et al., 2005; Crocker and Sehgal, 2008;
Crocker et al., 2010; Donlea et al., 2014; Foltenyi et al., 2007, Guo et al., 2011; Koh et al.,
2008; Kume et al., 2005; Li et al., 2013; Liu et al., 2008, 2014; Metaxakis et al., 2014,
Naik et al., 2008; Parisky et al., 2008; Park et al., 2014; Shimizu et al., 2008; Soshnev et al.,
2011; Stavropoulos and Young, 2011; Takahama et al., 2012; Tomita et al., 2011; Ueno et al.,
2012; Yuan et al., 2006), whereas less is known about sleep homeostasis, operationally defined as
sleep rebound after deprivation. Molecular components that are implicated in sleep homeostasis
include cyclic AMP, CREB, sleepless, cyc, Hsp83, Cullin-3 and cyclin A (Cirelli et al., 2005;
Foltenyi et al., 2007, Koh et al., 2008; Rogulja and Young, 2012; Shaw et al., 2002;
Stavropoulos and Young, 2011; Vanderheyden et al., 2013). The ILNv and DN1 clock neurons are
important for circadian control of sleep (Agosto et al., 2008; Chung et al., 2009; Guo et al., 2016;
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Liu et al., 2014; Parisky et al., 2008) while the ellipsoid body (EB), the mushroom bodies (MB) and
the ExFI2 neurons projecting to dorsal fan-shaped body (dFB) are important for sleep homeostasis
(Donlea et al., 2014, Liu et al., 2016; Pimentel et al., 2016; Sitaraman et al., 2015). dFB neurons
alter their excitability in response to sleep deprivation, which is mediated by a specific Rho-GTPase-
activating protein (Rho-Gap), crossveinless-c (Donlea et al., 2014). R2 neurons in the EB act
upstream of dFB and specifically generate sleep drive (Liu et al., 2016). Neurotransmitters are
known to be involved in regulating sleep in mammals (Nall and Sehgal, 2014). In flies, thermoge-
netic activation of a small subset of cholinergic neurons promotes sleep and elicits sleep homeosta-
sis, whereas activation of octopaminergic neurons promotes sleep but suppresses sleep homeostasis
(Seidner et al., 2015).

Serotonin or 5-hydroxytryptamine (5-HT) is involved in multiple behaviors in drosophila, including
learning and memory, feeding, courtship and aggression (Becnel et al., 2011; Dierick, 2007,
Johnson et al., 2011; Liu et al., 2011; Sitaraman et al., 2008; Yuan et al., 2006). The 5HT1a recep-
tor is important for sleep: 5HT1a mutant flies had reduced and fragmented sleep (Yuan et al.,
2006). However, the involvement of 5-HT in sleep homeostasis is unclear.

Results

Investigation of the serotonergic system in drosophila

5-HT is synthesized in two steps: the conversion of tryptophan to 5-hydroxytryptophan (SHTP) by
tryptophan hydroxylase (Trh in flies and Tph in mammals) (Kuhn et al., 1979), followed by the con-
version of SHTP to 5-HT by aromatic amino acid decarboxylase (Figure 1A). We have generated
genetic tools that allow systematic studies of the serotonergic system. Four receptors were known
to be 5-HT receptors in drosophila when we started this project: 5HT1a, 5HT1b, 5HT2 and 5HT7
(Colas et al., 1995, Saudou et al., 1992; Witz et al., 1990). Our bioinformatics analysis had
revealed a new G-protein- coupled receptor (GPCR), annotated as CG42796 in the drosophila
genome, as a new 5-HT receptor which we named as 5HT2b, with the previously known 5HT2
becoming 5HT2a (Brody and Cravchik, 2000; Gasque et al., 2013). 5HT2b was predicted to be
coupled to Gqg protein and shown in our collaboration to mediate 5-HT responsiveness
(Gasque et al., 2013).

We constructed knockout and knockin lines for Trh and all the five receptors for 5HT in drosoph-
ila. The ends-out gene targeting strategy was used to generate null mutants (Huang et al., 2009;
Rong and Golic, 2000) (Strategy |) (Figure 1B, Figure 1—figure supplement 1A and B). To visual-
ize gene expression and to manipulate neuronal activity, we generated Gal4, LexA or Flp knock-in
lines for each of these genes using the CRISPR/CAS9 method, with Gal4, LexA or Flp introduced at
the starting sequence of the first exon (Strategy Il) or at the end of the open reading frame (Strategy
Ill) (Figure 1C and D, Figure 1—figure supplement 1C and D). Using Strategy Il, we obtained null
mutants with Gal4/Flp/LexA replacing the targeted gene, which provided strains that allowed us to
manipulate neurons in mutants lacking specific genes. Strategy lll enabled us to visualize the expres-
sion of specific genes faithfully and manipulated neurons without interrupting gene function and
expression. The genotypes of constructed lines were confirmed by polymerase chain reaction (PCR)
and sequencing (Figure 1—figure supplement 1).

We also constructed an indel mutant for Trh (Trh®") with a guide RNA targeting the catalytic cen-
ter of the enzyme and deleting two basepairs (Figure 1—figure supplement 1E-F), which caused
an early translational stop (Figure 1—figure supplement 1G). No 5-HT was detected in the brains
of Trh®' or Trh®©mutants (generated by Strategy Il, Gal4 insertion and replacement of gene),
although it was detected in the brains of the wild type (wt) or Trh::Gal4 (generated by Strategy IlI)
flies (Figure 1—figure supplement 2A-D).

5-HT regulation of sleep through both the SHT2b and 5HT1a receptors

We analyzed the sleep patterns of Trh and 5-HT receptor mutants (Figure 1E). Trh, 5HT1a or 5HT2b
mutant flies were found to sleep less than the wt in both 12 hr (hr) light/12 hr dark (LD) cycles and in
constant darkness (DD) (Figure 1F-H, Figure 1—figure supplement 3A-C). These three mutants
exhibited reduced sleep bout duration during the day and night (Figure 1I), and also in DD phase
(Figure 1—figure supplement 3D and E). Trh, 5HT1a and 5HT2b mutants also displayed prolonged
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Figure 1. Sleep in Trh and 5-HT receptor mutants. (A) 5-HT synthesis in the brain. (B-D) Three strategies used in constructing drosophila lines. (B) The
end-out method. All five receptor mutants were constructed by this method. (C and D) The CRISPR/Cas9 system was used to delete target DNA and/or
to insert DNA. Gal4, Flp or LexA were introduced at specific locations, such as the beginning of the first exon (C), or the end of the open reading
frame (ORF) with the 2a peptide as linker (D). (E) Sleep profiles over four consecutive days, the first two days were in 12 hr light/12 hr dark (LD) cycle,

Figure 1 continued on next page
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Figure 1 continued

and last two days in constant darkness (DD). (F-H) Trh, 5HT1a and 5HT2b mutant flies slept less than wild type (wt) controls. Sleep bout durations in LD
are shown for: nighttime (F), daytime (G) and whole 24 hour day (H). (I) Sleep bout duration was reduced in Trh®", Trh®®, 5HT1a and 5HT2b mutants
during LD. (J) Latency after light-off was delayed in Trh®", Trh®%®, 5HT1a and 5HT2b mutants. (K) All mutants showed normal activity when awake, as
measured by locomoter distance per waking min. (B-K, mean + SEM, n = 48 for WT, n = 37 for 5HT1a mutants, n = 48 for 5HT1b mutants, n = 45 for
5HT2a mutants, n = 40 for 5HT2b mutants, n = 48 for 5SHT7 mutants, n = 43 for Trh®" mutants, and n = 48 for Trh®<® mutant).

DOI: https://doi.org/10.7554/eLife.26519.002

The following figure supplements are available for figure 1:

Figure supplement 1. Genotype confirmation for constructed lines.

DOI: https://doi.org/10.7554/eLife.26519.003

Figure supplement 2. 5HTP restored serotonin expression and behavioral defects in Trh mutant flies.
DOI: https://doi.org/10.7554/eLife.26519.004

Figure supplement 3. Sleep phenotype of female flies.

DOI: https://doi.org/10.7554/eLife.26519.005

Figure supplement 4. Sleep in Trh and 5-HT receptor male mutant flies.

DOI: https://doi.org/10.7554/eLife.26519.006

latency to sleep at night (Figure 1J). Trh, 5HT1a and 5HT2b mutants showed no change in the inten-
sity of locomotor activity when awake (Figure 1K). As reported previously, 5HT1a mutant flies had
reduced sleep (Yuan et al., 2006). The sleep phenotype of 5HT2b mutants was much more severe
than that of 5HT1a mutants, nearly equal to that of Trh mutants (Figure 1E and H). In DD, 5HT2b
mutants showed a large decrease in sleep duration and sleep bout duration in both the subjective
daytime and the subjective nighttime (Figure 1—figure supplement 3A-C). Results in males were
similar to those in females except that male 5HT1b mutants exhibited decreased sleep during the
daytime of LD but not during DD (Figure 1—figure supplement 4). These results indicated that
5HT2b functions to promote sleep. The difference between LD and DD was consistent with the
abnormal light sensitivity of 5HT1b mutants as reported previously (Yuan et al., 2005).

To test whether 5-HT functions directly in adult flies or indirectly during development, we
restored 5-HT level in Trh mutant flies by feeding adults with 5SHTP, which could circumvent the
requirement for Trh. Two mg/ml SHTP for 3 days restored SHT immunofluorescence in the brains of
Trh®' and Trh®<© flies (Figure 1—figure supplement 2E-H). 5-HTP feeding rescued both daytime
and nighttime sleep in 5HTP to Trh®" mutants (Figure 1—figure supplement 2| and J) and
in Trh®® mutants (data not shown) to about wt level, indicating that 5-HT promotes sleep in adult
flies.

5-HT regulation of sleep recovery after deprivation through the SHT2b
receptor

The involvement of 5-HT in circadian rhythm has been reported previously (Nichols, 2007;
Page, 1987, Rea et al., 1994; Yuan et al., 2005). We first analyzed free-running locomotor rhythms
to distinguish between the roles of serotonin signaling in circadian and homeostatic sleep regulation.
We have not observed circadian period changes in any of our mutants when compared to the wt in
the same genetic background after entrainment to a 12 hr (hr) light/12 hr dark (LD) cycle for 3 days,
followed by analysis in constant darkness (DD) for 12 days (Figure 2—figure supplement 1). Next,
we investigated whether 5-HT regulated sleep homeostasis. We deprived flies of sleep for a whole
night with approximately 100% efficiency (Figure 2—figure supplement 2), and measured sleep
recovery over the ensuing 48 hr. Wt flies regained their lost sleep and completely recovered during
the first 24 hr (Figure 2—figure supplement 3C). Trh and 5HT2b mutants exhibited a significantly
lower percentage of sleep recovery rate than wt flies (Figure 2A and B). For weaker sleep depriva-
tion, these mutants also showed impaired sleep recovery (Figure 2—figure supplement 3). How-
ever, 5HT1a mutant flies, though defective in sleep, were similar to the wt and mutants of any other
serotonergic receptors in showing normal sleep recovery after sleep deprivation (Figure 2A and B),
further supporting the hypothesis that involvement in regulating total sleep time is separate from
involvement in regulating sleep recovery after deprivation. To test whether 5-HT functions to control
sleep homeostasis in adult flies and not through indirect actions during development, we fed 5-HTP
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Figure 2. Sleep homeostasis in Trh and 5-HT receptor mutants. (A) Trh and 5HT2b mutant flies regained a lower percentage of lost sleep time than wt
after 12-hr overnight sleep deprivation. Other receptor mutants showed normal recovery rate after sleep deprivation. (B) Statistical analysis of sleep
rebound after 24-hr recovery (mean + SEM, n = 39 for wt, n = 38 for 5HT1a mutants, n = 38 for 5HT1b mutants, n = 38 for 5HT2a mutants, n = 45 for
5HT2b mutants, n = 47 for 5HT7 mutants, n = 44 for Trh®" mutants, and n = 42 for Trh®® mutants, respectively). (C) Sleep recovery rate after sleep

Figure 2

continued on next page
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Figure 2 continued

deprivation. Three-day feeding of 2 mg/ml SHTP did not change sleep recovery in wt flies, but rescued sleep rebound in Trh®" and Trh®® flies. (D)
Statistical analysis (mean + SEM, n = 47 for wt with H,O, n = 34 for Trh®" with HyO, n = 34 for Trh®K® with H,O, n = 48 for wt with SHTP, n = 36 for Trh®"
with 5HTP, and n = 45 for Trh®<® with 5HTP). (E-G) Sleep profiles after thermogenetical activation of dopaminergic neurons in wt (E), Trh mutant (F), or
5HT2b mutant flies (G). (H) Sleep loss during neural activation. (I) Sleep gain over 24 hr after thermogenetically induced sleep deprivation. (J) Statistical
analysis of sleep rebound after 24-hr recovery. (E-J, n = 32-48 for each strain). One-way ANOVA was used to detect statistical difference between
different genotypes. *p<0.05, **p<0.01, ***p<0.001.

DOI: https://doi.org/10.7554/eLife.26519.007

The following figure supplements are available for figure 2:

Figure supplement 1. Circaidian rhythms in Trh and 5-HT receptor mutant flies.
DOI: https://doi.org/10.7554/eLife.26519.008

Figure supplement 2. Efficiency of sleep deprivation.

DOV https://doi.org/10.7554/eLife.26519.009

Figure supplement 3. Sleep homeostasis.

DOV https://doi.org/10.7554/eLife.26519.010

to adult flies. We found that 5HTP restored sleep homeostasis in Trh mutant flies to the normal level
(Figure 2C and D).

Previous studies have shown that the activation of specific neurons could cause sleep deprivation
(Dubowy et al., 2016; Seidner et al., 2015). We took advantage of this to induce sleep loss
thermogenetically by expressing transgenic TrpA1 channels (UAS-TrpA1) in dopaminergic neurons
(TH-Gal4). We measured the sleep loss, sleep gain and recovery rate in wt, Trh mutant and 5HT2b
mutant flies after sleep loss induced by activation of dopaminergic neurons. Trh and 5HT2b mutant
flies showed impaired sleep recovery when compared to wt flies (Figure 2E-J). Thus, our results
indicate that 5-HT and its 2b receptor regulate sleep homeostasis in adult flies, independent of the
methods of sleep deprivation.

Expression patterns of Trh and 5HT2b genes
To visualize the patterns of Trh or 5HT2b, we crossed flies carrying Trh::Gal4 and 5HT2b::Gal4 (both
generated by Strategy ) with flies carrying UAS-mCD8GFP for labeling of the cytoplasmic mem-
brane of cells expressing each gene (Figure 3A and E, Figure 3—figure supplement 1F and J),
UAS-stingerGFP for nuclear labeling (Figure 3B and F, Figure 3—figure supplement 1G and K),
UAS-DscamGFP for dendritic labeling (Figure 3C and G, Figure 3—figure supplement 1H and L)
or UAS-sytGFP for axonal labeling (Figure 3D and H, Figure 3—figure supplement 11 and M). Trh-
and 5HT2b-positive neurons were found in the brain and the ventral nerve cord (VNC). Trh::Gal4
labeled all of the previously reported 5-HT clusters in the adult brain: Anterior lateral
protocerebrum  (ALP), Anterior medial protocerebrum (AMP), Anterior dorsomedial
protocerebrum (ADMP), Lateral protocerebrum (LP), Lateral subesophageal ganglion (SEL) and
Medial subesophageal ganglion (SEM) anterior clusters; Posterior lateral protocerebrum (PLP), Pos-
terior medial protocerebrum, dorsal (PMPD), Posterior medial protocerebrum, medial (PMPM) and
Posterior medial protocerebrum, ventral (PMPV) posterior clusters (Alekseyenko et al., 2010;
Pooryasin and Fiala, 2015; Sitaraman et al., 2008 , 2012; Vallés and White, 1988) and showed
similar expression pattern when compared to reported transgenic strains (Alekseyenko et al.,
2010). The distribution of the axons and dendrites of neurons that were positive for Trh::Gal4 could
be found in the optic lobe, the olfactory lobe, the central complex and the mushroom bodies (MBs)
(Figure 3C and D, Video 1).

5HT2b::Gal4 labeled more than 500 neurons in the brain (Figure 3E and F). The axons and den-
drites were found in the central complex, the olfactory lobe, the optic lobe, the subesophageal gan-
glion and the ventrolateral protocerebrum, but not the MBs (Figure 3G and H, Video 2). A recent
study of 5HT2b expression using the MiMIC system labeled the same brain regions and showed
a similar expression pattern (Gnerer et al., 2015). We also examined the expression patterns of
Trh®K®, 5HT2bSKC (generated by Strategy Il, Gal4 insertion and replacement) and 5HT2b-LexA (gen-
erated by Strategy Il, LexA insertion and replacement), and found patterns of expression similar to
that of the Gal4 line generated by Strategy Ill (Figure 3—figure supplement 1A-E).
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A DscamGFPR G DscamGFP

Figure 3. Expression patterns of Trh and 5HT2b genes in the brain. (A-D) Brains of UAS-mCD8GFP; Trh::Gal4 (A), UAS-stingerGFP; Trh::Gal4 (B), UAS-
DscamGFP; Trh::Gal4 (C) and UAS-sytGFP; Trh::Gal4 (D) flies immunostained with the anti-GFP antibody (green) and the neuropil marker nc82 antibody
(red). (E-H) Brains of UAS-mCD8GFP; 5HT2b::Gal4 (E), UAS-stingerGFP; 5HT2b::Gal4 (F), UAS-DscamGFP; 5HT2b::Gal4 (G) and UAS-sytGFP; 5HT2b::
Gal4 (H), immunostained with anti-GFP antibody (green) and nc82 antibody (red).

DOI: https://doi.org/10.7554/eLife.26519.011

The following figure supplement is available for figure 3:

Figure supplement 1. Expression patterns of different Trh and 5HT2b strains.
DOI: https://doi.org/10.7554/eLife.26519.012

Expression of 5HT2b in a pair of dFB neurons

Previous studies have implicated different brain regions, such as the MB (Joiner et al., 2006;
Pitman et al., 2006; Sitaraman et al., 2015), the dFB (Donlea et al., 2011, 2014; Liu et al., 2012;
Pimentel et al., 2016; Ueno et al., 2012), large ventral lateral clock neurons (ILNv) (Chung et al.,
2009), dorsal neurons (DN1) (Guo et al., 2016; Kunst et al., 2014), the ellipsoid body (EB)
(Liu et al., 2016), and the pars intercerebralis (Pl) (Crocker et al., 2010) in controlling sleep duration
and homeostasis (Figure 4A). We used the intersectional strategy to examine whether 5HT2b was
expressed in any of these regions. Sparse expression was found in the MB and extensive expression
in the dFB when 5HT2b-LexA strains were combined with LexAop-Flp, UAS-FRT-stop-FRT-
mCD8GFP and different region-specific Gal4 lines (Figure 4—figure supplement 1B). To further
confirm the functional roles of the 5HT2b gene, we expressed 5HT2b RNA interference (RNAJ) in

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 7 of 27
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5HT2b neurons and different brain regions. RNAi
efficiency was validated by gqRT-PCR (Figure 4—
figure supplement 1A). RNAi-mediated knock-
down of either 5HT2b or dFB neurons reduced
sleep relative to controls, whereas knockdown of
5HT2b in other regions had no significant effect
(Figure 4A). 23E10-GAL4 and 23E10-LexA lines
labeled approximately 40 neurons projecting
their axons to the dFB (Figure 4B and C)
(Donlea et al., 2014; Manning et al., 2012). Two
to four dFB neurons were labeled on each side of
the adult fly with intersection of 5HT2b and
23E10 (Figure 4D and E, Video 3). We also used

Video 1. Expression pattern of the Trh gene. About
200 neurons were labeled in the brain. The neural

projections were found in optic lobes, olfactory lobes 23E10-Gal4 and 5HT2b-LexA to drive the expres-
central complex, subesophageal ganglion and sion of  UAS-StingerGFP  and  LexAop-

mushroom bodies.
DOI: https://doi.org/10.7554/eLife.26519.013

tdTomato separately (Figure 4F). Only a single
dFB neuron on each side of the adult fly was pos-
itive for both green fluorescent protein (GFP) and
red fluorescent protein (RFP) (Figure 4G and H).
They constitute a single pair of 5HT2b-positive

neurons in the dFB.

To visualize 5SHT2b protein expression, we constructed a 5HT2b protein-trap knockin strain by
fusing a superfolder GFP to the carboxyl terminus of 5HT2b protein (Pédelacq et al., 2006). We
found the pattern of protein expression to be similar to that of 5HT2b gene expression (Figure 3E
and Figure 4J). We also found both strong anti-serotonin immunofluorescence and 5HT2b** P stain-
ing signal in the dorsal FB region (Figure 4I-K). To determine whether the ExFI2 neurons contribute
to the 5HT2b**®F" staining signal in the dorsal FB region, we crossed UAS-5HT2b®F" to 23E10-
Gal4, and found strong GFP in the presynaptic region of ExFI2 neurons, but not in the postsynaptic
region nor in the cell body (Figure 4L-N). These results suggest that the 5HT2b receptor is located
presynaptically in ExFI2 neurons.

Manipulation of 5HT2b and dFB intersectional neurons regulates sleep
duration and homeostasis
Artificial activation of dFB neurons induces sleep (Donlea et al., 2011; Ueno et al., 2012), whereas
silencing of them reduces sleep (Kottler et al., 2013; Liu et al., 2012). We confirmed these results
by activating 23E10-labeled dFB neurons with UAS-Nachbach (Luan et al., 2006), which used a bac-
terial sodium channel to increase neuronal excit-
ability (Figure 5—figure supplement 1A and B).
We crossed 23E10-Gal4 with UAS-head involu-
tion defective (UAS-Hid), expressing a protein
causing cell death (Zhou et al., 1997), to ablate
the 23E10 neurons (Figure 5—figure supple-
ment 1C and D). Sleep duration was reduced in
flies in which 23E10 neurons were ablated (Fig-
ure 5—figure supplement 1E and F). Flies with-
out 23E10 neurons lost sleep homeostasis:
showing no sleep rebound after 12-hr overnight
sleep deprivation (Figure 5—figure supplement
1G and H).

We next tested the roles of 5HT2b- and dFB-

Video 2. Expression pattern of the 5HT2b gene. More

than 500 neurons were labeled in the brain. The neural

projections were found in the central complex, the
olfactory lobe, the optic lobe, the subesophageal
ganglion and the ventrolateral protocerebrum, but not
in the MBs.

DOI: https://doi.org/10.7554/eLife.26519.014

intersectional neurons. We used Gal80 driven by
the Tublin promoter to suppress 23E10-Gal4-
driven expression of UAS-mCD8GFP, or
of effectors such as Nachbach and Hid, with the
Gal80 gene flanked by FRT recombination sites
(FLP-out Gal80; Tub-FRT-Gal80-FRT). Gal80
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Figure 4. A single pair of dFB neurons expressing 5HT2b. (A) Schematic illustration of different brain regions regulating sleep (above). dFB, dorsal fan-
shaped body; DN1, dorsal neurons 1; [LNv, large ventral lateral clock neurons; MB, mushroom body; Pl, pars intercerebralis. Sleep in flies expressing
different Gald-driven 5HT2b RNAI lines (below). (B) Brain of UAS-mCD8GFP; 23E10-Gal4 flies, immunostained with the anti-GFP antibody (green) and
the nc82 antibody (red). (C) Brain of UAS-DenMark,UAS-sytGFP; 23E10-Gal4 fly, immunostained with the anti-GFP antibody (green), the anti-RFP
antibody (red) and the neuropil marker nc82 antibody (blue). (D and E) Intersectional neurons of 23E10 and 5HT2b. Brain of 23E10-LexA/UAS-FRT-
mCD8GFP-FRT; LexAop-Flp/Trh::Gal4 fly, immunostained with the anti-GFP antibody (green) and the neuropil marker nc82 antibody (red). Two
intersectional neurons were labeled (E). (F-H) One pair of 5HT2b and 23E10 co-stained neurons. 5HT2b-LexA driven LexAop-tdTomato labelled 5HT2b
neurons after anti-RFP immunostaining, and 23E10-Gal4 driven UAS-stingerGFP labelled 23E10 neurons after anti-GFP immunostaining. (F1, G1, and
H1) Whole-mount staining. (F2, G2, and H2) Cell bodies of two co-stained neurons. NC82 fluorescences blue. Arrows indicate the cell bodies of co-
stained neurons. (I-K) Immunostainings of 5HT2b*C"P and serotonin. 5HT2b% |abelled green, 5-HT labelled red and NC82 labelled blue as
background. (11, J1, and K1) Whole-mount staining. (12, J2, and K2) Slice of FB region staining. (L-N) Immunostaining of 5HT2bC" at dFB and
serotonin. UAS-5HT2b% ™ driven by 23E10 labelled green, 5HT labelled red and NC82 labelled blue as background. (L1, M1, and N1) Whole-mount
staining. (L2, M2, and N2) Slice of FB region.

DOI: https://doi.org/10.7554/eLife.26519.015

The following figure supplement is available for figure 4:

Figure supplement 1. Intersections of 5HT2b neurons with different brain regions.
Figure 4 continued on next page
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could efficiently suppress Gal4 expression (Figure é6—figure supplement 1C). When combined
5HT2b-LexA was used to drive the expression of LexAop-Flp, FLP-mediated recombination caused
GALB8O to be flipped out, resulting in Gal4 expression in Flp-containing 5HT2b neurons. Conse-
quently, GAL4 was effective exclusively in 5HT2b and 23E10 intersectional neurons (Figure 6—fig-
ure supplement 1A and B) (Gordon and Scott, 2009). Sleep was greatly increased after 23E10 and
5HT2b intersectional neurons were activated (Figure 5A-C). Sleep was reduced in flies in which
23E10 and 5HT2b intersectional neurons were ablated (Figure 5A-C). Sleep homeostasis was
impaired after ablation of 23E10 and 5HT2b intersectional neurons (Figure 5D-F).

Sufficiency of 5HT2b gene in dFB neurons for sleep homeostasis

To examine whether the 5HT2b receptor functions in dFB neurons, we restored 5HT2b cDNA to
5HT2b knockout mutant flies by UAS-5HT2b (Figure 6A). 5HT2b%? is a Gal4 K line generated by
Strategy Il which was used to drive the expression of 5HT2b cDNA in all 5HT2b neurons, whereas
23E10 Gal4 was used to drive 5HT2b expression in dFB neurons (Figure 6A). Both significantly
increased sleep duration at nighttime but neither affected daytime sleep (Figure 6B and C), indicat-
ing that 5HT2b in dFB neurons is sufficient to promote nighttime sleep. Sleep recovery after 12-hr
deprivation in 5HT2b mutant flies was rescued by either 5HT2b expression in all 5HT2b positive neu-
rons or 5HT2b expression in 23E10 neurons (Figure 6D and E). We also used RNAi knockdown of
the 5HT2b gene in dFB neurons to test the necessity of 5HT2b. A dFB gene knockdown strain
showed shortened sleep duration and impaired sleep homeostasis (Figure 6K-0). These results indi-
cate that 5HT2b in dFB neurons is sufficient to regulate sleep homeostasis.

Requirement for 5HT2b gene in a pair of dFB neurons for sleep
homeostasis

To determine whether a single pair of dFB neurons that were positive for the 5HT2b receptor were
necessary for sleep homeostasis, we used 5SHT2b%° to drive the expression of 5HT2b cDNA in all
5HT2b neurons, but with 23E10-LexA to drive the expression of LexAop-Gal80, thus suppressing
5HT2b expression in only one pair of dFB neurons (Figure 6F). Dual reporters for 23E10 and 5HT2b
were used to test the efficiency of Gal80 suppression, which revealed a single pair of neurons
that were positive for both 23E10 and 5HT2b (Figure 6—figure supplement 1D and E), but no dou-
ble-positive neurons in the presence of LexAop-Gal80 (Figure 6—figure supplement 1F and G),
indicating that the Gal4 was efficiently suppressed in the dFB by LexA-Gal80. This allowed us to
express 5HT2b in all 5HT2b-positive neurons except this single pair of dFB neurons. The sleep dura-
tion of flies in which 5HT2b®® drove the expression of 5HT2b cDNA in all 5HT2b
neurons. except one pair of dFB neurons, in the
5HT2b knockout background was significantly
decreased, to a level similar to that of the 5HT2b
knockout mutants (Figure 6G and H). Further-

more, flies lacking 5HT2b receptor in dFB neu-
rons had no sleep recovery after 12-hr
deprivation (Figure 61 and J). In addition, we
rescued the expression of 5HT2b with Gal80 in
dFB neurons in the background of 5HT2b knock-
down to test the sufficiency of 5HT2b. Both
sleep duration and homeostasis were restored in
this strain (Figure 6K-0). These results indicate
that 5HT2b in a small subset, probably a single Video 3. 23E10 and 5HT2b intersectional neurons. Two
pair, of dFB neurons is necessary for pairs of 23810 and SHT2b intersectional neurons in the

the regulation of sleep homeostasis. brain.
DOI: https://doi.org/10.7554/eLife.26519.017
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Figure 5. Effect of manipulating SHT2b and dFB intersectional neurons on sleep. (A) Schematic illustration of the genetic manipulation of 5HT2b and
dFB neurons for sleep analysis. (B-C) Activation of 5SHT2b and 23E10 intersectional neurons increased sleep, and ablation of these neurons reduced
sleep. Sleep profiles for flies with 23E10 neuron activation and control flies for 24 hr (B). Flies with neural activation slept more whereas those with
ablation slept less . (C). Mean = SEM, n = 48 for |, n = 48 for Il, n = 48 for lll, n = 48 for IV, n = 47 for V and n = 41 for VI flies. (D) Schematic illustration
of genetic manipulation of 5HT2b and dFB neurons for sleep homeostasis analysis. (E-F) Ablation of 23E10 neurons impaired sleep rebound. Flies with
5HT2b and 23E10 intersectional neuron ablation had abnormal recovery rate after 12-hr sleep deprivation (mean = SEM, n = 32 for |, n = 35 for I,

n =44 for lll, and n = 40 for IV). Statistical analysis was performed with one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001.
DOI: https://doi.org/10.7554/elife.26519.018
The following figure supplement is available for figure 5:

Figure supplement 1. Effect of manipulating 5HT2b and dFB intersectional neurons on sleep.
DOI: https://doi.org/10.7554/elife.26519.019

Discussion

Our results indicate that the 5HT2b receptor is required in one pair of dFB neurons to regulate sleep
homeostasis. Our finding of the differential roles of the receptors in promoting sleep and in regulat-
ing sleep recovery clearly show that the total amount of sleep and sleep recovery after deprivation
may involve different mechanisms. dFB neurons have been shown to be important in sleep
(Donlea et al., 2014). Our results not only reveal that serotonergic signaling is crucial but also show
that the expression of 5HT2b in a very small subset of dFB neurons is necessary and sufficient and
explain the function of the 5HT2b receptor in sleep regulation. The intersectional strategy has shown
2-4 pairs of neurons that are positive for both 5HT2b and 23E10 but only one pair is shown with the
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Figure 6. Regulation of sleep and sleep homeostasis by the 5HT2b gene in one pair of dFB neurons. (A) Schematic illustration of genetic rescue with
5HT2b cDNA in 5HT2b mutants. (B) Sleep profile for 5SHT2b homozygous heterzygous mutants and genetic rescue lines with SHT2b%© or 23E10-Gal4.
(C) 5HT2b mutants slept less than wt or genetic rescue stains with 5HT2b%KC or 23E10-Gal4 (mean = SEM, n = 48 for I, n = 48 for Il, n = 48 for Ill,

n =848 for IV, n = 32 for V and n = 48 for VI). (D and E) Heterozygous mutants and flies with 5HT2b cDNA restored in 5HT2b or 23E10 neurons

Figure 6 continued on next page
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Figure 6 continued

had normal recovery rate after 12-hr sleep deprivation (D). (E) Statistical analysis (mean + SEM, n = 43 for |, n = 47 for I, n = 36 for Ill, n = 25 for IV,

n = 31 for V and n = 33 for VI). (F) Schematic illustration of genetic rescue in 5HT2b but not 23E10 neurons. (G) Sleep profile for the 5HT2b homozygous
mutant and genetic rescue in 5HT2b neurons and genetic rescue lines in all 5SHT2b neurons but not in 23E10 neurons. SHT2b mutant flies and flies with
5HT2b rescue in all 5HT2b neurons but not in 23E10 neurons were similar in sleep duration during both days and nights, but slept less than genetic
rescue strains with 5SHT2bGKO in night-time sleep (G). (H) Statistical analysis (mean = SEM, n = 48 for |, 48 for II, and 46 for Ill, respectively). (I-J) 5HT2b
mutant flies and flies with 5HT2b rescue in all 5SHT2b neurons but not 23E10 neurons showed impaired sleep homeostasis (I). (J) Statistical analysis
(mean + SEM, n = 41 for |, n = 40 for Il, and n = 43 for lll). (K) Schematic illustration of 5HT2b gene knockdown in 23E10 neurons or in all 5HT2b neurons
but not 23E10 neurons. (L) Sleep profile for strains of 5HT2b gene knockdown 23E10 neurons and Gal80 rescue in 23E10 neurons. Gene knockdown in
dFB neurons showed shortened sleep duration (Il), and the Gal80 rescued strain (V) showed normal sleep duration. (M) Statistical analysis (mean + SEM,
n=46forl, n=42forll,n=43forlll, n =48 for IV and n = 44 for V). (N-O) Gene knockdown in dFB neurons showed abnormal sleep homeostasis, and
the Gal80 rescued strain (V) was able to restore the sleep homeostasis. (O) Statistical analysis (mean + SEM, n = 43 for |, n = 30 for II, n = 37 for lll,

n =48 for IV and n = 35 for V). One-way ANOVA was used to detect statistical difference between different genotypes. *p<0.05, **p<0.01, ***p<0.001.
DOI: https://doi.org/10.7554/eLife.26519.020

The following figure supplement is available for figure 6:

Figure supplement 1. Appoaches for neural manipulation and genetic rescue.
DOI: https://doi.org/10.7554/eLife.26519.021

non-intersectional strategy. This could be due to the possibility that the intersectional strategy may
involve protein expression at an immature developmental stage, whereas the drivers in the non-
intersectional strategy directly showed expression in mature neurons. Other brain regions and neu-
rotransmitters have been implicated in sleep regulation. Sleep is also regulated by dopamine and its
G-protein-coupled receptor DopR in PPL1 and PPM3 clusters (Liu et al., 2012; Ueno et al., 2012). It
will be interesting to investigate whether and how dopaminergic and serotonergic systems interact
to regulate sleep or sleep homeostasis in drosophila. Two separate excitatory synaptic microcircuits
oppositely regulate sleep, and the activity of the sleep-promoting microcircuit in the MB is increased
after sleep deprivation (Aso et al., 2014; Sitaraman et al., 2015). A subset of EB neurons encode
sleep drive by modulating calcium level and synaptic strength (Liu et al., 2016). It will also be inter-
esting to investigate how different regions in the brain work with each other to regulate sleep.

Mutants exhibited normal circadian periods, but we could not rule out other circadian rhythm
defects, such as circadian entrainment. It has been reported that 5HT1a mutants have slight reduced
recovery sleep after 6 hr of sleep deprivation (Yuan et al., 2006). In this study, however, we found
normal sleep rebound after 12-hr sleep deprivation. One possibility that might explain this discrep-
ancy is that we used different 5HT 7a mutants. In the sleep-recovery experiment, we observed no sig-
nificant difference between wt flies fed with mock or 5HTP, which indicated that wt 5-HT level was
probably saturated for sleep recovery. Although the daytime sleep of mutant flies with 5HTP rescue
was higher than that of the wt, there was still room for increase if the recovery ability of the flies is
restored. Therefore sleep rebound could be dissociated from the baseline sleep. In mammals, the
role of 5-HT in sleep is controversial. Early results from lesion and neuropharmacological studies had
implicated 5-HT in the initiation and maintenance of slow wave sleep (SWS) (Jouvet, 1972) , but
other reports challenged the serotonergic hypothesis of sleep promotion (Monti, 2011). Recent
papers claimed that the observed changes in sleep were indirect as resulted from 5-HT involvement
in thermoregulation when all serotonergic neurons were genetically deleted in mice (Buchanan and
Richerson, 2010; Hodges et al., 2008). Our unpublished data revealed that sleep was decreased in
Tph2”- mice, in which serotonin could not be synthesized in the brain but with normal thermoregu-
lation (Yan HM and YR). However, it has not been studied whether 5-HT is important for sleep
rebound after deprivation in mammals.

The ventrolateral preoptic nucleus (VLPO) is thought to be important for sleep control in mam-
mals. Its activity correlates with the sleep/wake cycle (Chou et al., 2002, Gaus et al., 2002;
Ko et al., 2003; Lu et al., 2000; Sherin et al., 1998; Sherin et al., 1996). Interestingly, both the
mammalian VLPO and the drosophila dFB are sensitive to isoflurane, a general hypnotic anesthetic,
with the dFB known to show higher sensitivity to isoflurane after sleep deprivation (Kottler et al.,
2013; Lu et al., 2008; Moore et al., 2012; Nelson et al., 2002). Both the VLPO and the dFB
increase their firing rates in response to sleep deprivation (Alam et al., 2014; Donlea et al., 2014).
Furthermore, the VLPO contains a subset of sleep-promoting neurons that are excitable by 5-HT,
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and another subset of neurons that are inhibitable by 5-HT (Gallopin et al., 2005). It is not known
which 5-HT receptors in the VLPO mediated these responses. In mice, SHT2A and 5HT2C receptors
are homologs of the drosophila 5SHT2b receptor. Like drosophila 5HT2b mutants, SHT2C receptor
knock-out mice had more wakefulness and abnormalities in rapid eye movement (REM) sleep
(Frank et al., 2002). 5HT2A mutant mice exhibited increased wakefulness and reduced non-rapid
eye movement (NREM) sleep (Popa et al., 2005). It will be interesting to examine the VLPO distribu-
tions of 5HT2C and 5HT2A receptors in mammals and to investigate their roles in sleep
homeostasis.

Our results provided genetic and neural illustrations of how serotonin affects sleep regulation.
Further studies are required to elucidate the neurochemistry and physiology of dFB neurons in sleep
regulation and to refine the downstream effectors of dFB neurons. It will be of great interest to
determine whether the serotonin in dFB that regulates sleep also influences memory formation.

Materials and methods

Drosophila stocks and culture

Flies were reared at 25°C and 60% humidity and were kept in a 12-hr light-12-hr dark cycle (or
in constant darkness when specified). For thermogenetic activation of neurons, flies were raised and
loaded into the visual-recording system at 22°C. Temperature was changed to 28°C when neural
activation to place. Flies were backcrossed into a Canton S for at least five generations. UAS-Hid,
Dilp2-Gal4, Pdf-Gal4 and MB247-Gal4 were generously provided by Aike Guo (Institute of Biophys-
ics, CAS). Tub > Gal80 > was provided by Jing Wang (UCSD). UAS-StingerGFP and LexAop-tdTo-
mato were gifts from Barry Dickson (Janelia Research Campus, HHMI). UAS-TrpA1 was provided by
Paul Garrity (Brandeis University). UAS-mCD8GFP, UAS-StingerGFP, UAS-DscamGFP, UAS-sytGFP,
UAS-DenMark, UAS-NachBach, UAS-FRT-stop-FRT-mCD8GFP, 23E10-Gal4, 23E10-LexA, 69F08-
Gal4, 18H11-Gal4, LexAop-Gal80, TH-Gal4 and LexAop-Flp were obtained from the Bloomington
Stock Center. UAS-5HT2b-RNAi (KK102356) was obtained from the Vienna Drosophila Resource
Center (VDRC). Table 1 contains the complete genotypes used in the figures.

Pharmacological treatment of flies with 5-HTP

5-HTP was obtained from Sigma. Wt or Trh mutant flies were raised with normal food during
the larval stage and immediately transfered to SHTP food (5% sucrose, 2% agar and 2 mg/ml 5HTP)
after eclosion. For immunostaining analysis, after three days of feeding with 5HTP-containing food,
flies were dissected for immunohistochemistry. For behavioral analysis, flies were fed with 5HTP
food after eclosion (usually 3-5 days), then transferred to glass tubes with 5HTP food for sleep
analysis.

Construction of transgenic, knockout and knockin lines of drosophila

The UAS-5HT2b DNA construct was generated by subcloning 5HT2b cDNA into the pACU2 vector,
with the 5HT2b cDNA from the Vosshall lab at Rockefeller University and the pACU2 vector from the
Jan Lab at UCSF (Gasque et al., 2013; Han et al., 2011). Superfoder GFP cDNA was subcloned
from the Addgene plasmid (No.60904).

The end-out method was used to generate mutant lines (Huang et al., 2009). Gal4 was intro-
duced to replace the gene by homologous recombination. In each of the targeting constructs, the
entire first exon with the first ATG codon of the gene (or the entire gene) was deleted. At least the
first transmembrane domains of the seven transmembrane domains in a receptor were also deleted
to ensure null mutants. The 5’ homologous arms (~5 KB) and the 3’ homologous arm (~3 KB) were
inserted into pGX2 vectors by homologous recombination repair. We named the receptor mutants
using Strategy | as 5SHT1a%%, 5HT1b%2*, 5HT2a%* 5HT2b%?* and 5HT7%24. We also introduced
loxp and attp sites along with Gal4, which enabled us to flip out the introduced sequence when
crossing with a cre strain, leaving a functional attp site in the gene targeted region (Figure 1B). We
named the 5HT2b mutant with introduced sequence flipped out 5HT2b?"" (Figure 2G-H and
Figure 6A-J).

The Crispr/Cas9 system was used to generate Trh indel mutant flies. The gRNA and Cas? mRNA
were designed and generated as described previously (Yu et al., 2013). The gRNA targeted the
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Table 1. Complete genotypes used in the figures.

This table contains the genotypes of flies used in imaging and behavioral analysis.

Figure 1

Neuroscience

E-J

Iso-CS

w+;5HT 1%+

wH;5HT 1%+

w+;+;5HT2a%2"

w+;+;5HT2b%"

w;+;5HT76"

wH;+;Trh"!

Figure 2

wH;+;TrhS©

AB

Iso-CS

w+;5HT 125"+

wH5HT 165+

wH;+:5HT2a%21

w+;+;5HT 20 %!

w+;5HT7G!

wH;+;Trh"

wH;+;Trh®<©

CD

Iso-CS(Mock)

I1so-CS(5HTP)

w:+:Trh% (Mock)

w;+Trh” (SHTP)

w+:+:TrhSC(Mock)

w+;+;TrhS<C(5HTP)

w—;+;UAS-TrpA1/+

w-—;+;TH-Gal4/+

w—;+;UAS-TrpA1/TH-Gal4

F, H-J

w—;+;UAS-TrpAT, Trh®'/Trh®'

w—;+;TH-Gal4, Trh®"/Trh®!

w—;+;UAS-TrpA1,Trh%"/TH-Gal4, Trh®"

w—;+;UAS-TrpA1,5HT2b"/5HT 26"

w—;+;TH-Gal4,5HT2b>"P/5HT2b>"*

w—;+;UAS-TrpA1,5HT2b*"?/TH-Gal4,5HT2b*"?

Figure 3

w—;UAS-mCD8GFP/+;Trh::Gal4/+
w—;UAS-stingerGFP/+;Trh::Gal4/+

w—;UAS-DscamGFP/+;Trh::Gal4/+

w—;UAS-sytGFP/+;Trh::Gal4/+

w—;UAS-mCD8GFP/+;5HT2b::Gald/+

w—;UAS-stingerGFP/+;5HT2b::Gal4/+

w—;UAS-DscamGFP/+;5HT2b::Gal4/+

I | Mmoo O|®m >

Figure 4

w—;UAS-sytGFP/+;5HT2b::Gal4/+

A

w—;+;UAS-5HT2b-RNAI/+

Table 1 continued on next page
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Table 1 continued

Neuroscience

Figure 1
w—;+;5HT2b::Gal4/+
w—;+;5HT2b::Gald/UAS-5HT2b-RNAI
w—;+:MB247-Gal4/+
w—;+;MB247-Gal4/UAS-5HT2b-RNAI
w—;+;R69F08-Gal4/+
w—;+;R69F08-Gald/UAS-5HT2b-RNAI
w—;+;pdf-Gald/+
w—;+;pdf-Gal4/UAS-5HT2b-RNAI
w—;+;dilp2-Gald/+
w—;+;dilp2-Gald/UAS-5HT2b-RNAI
w—;+;R18H11-Gald/+
w—;+;R18H11-Gal4/UAS-5HT2b-RNAi
w—;+;R23E10-Gald/+
w—;+;R23E10-Gal4/UAS-5HT2b-RNAI

B w—;UAS-mCD8GFP/+;23E10-Gal4/+

C w—;UAS-DenMark,UAS-sytGFP/+;23E10-Gal4/+

D,E w—;UAS-FRT-stop-FRT-mCD8GFP/+,
5HT2b-LexA,23E10-Gal4/LexAop-Flp

F-H w—;UAS-stingerGFP,LexAop-TdTomato/+;5HT2b-
LexA,23E10-Gal4/+

I-K w—+;5HT2b5 /4

L-N w—;UAS-5HT2b"6F/+;23E10-Gald/+

Figure 5

B-C(l) w—; +;5HT2b-LexA,23E10-Gald/+

B-C (Il) w—;Tub > Gal80>/+;LexAop-Flp/+

B-C (Il w—;UAS-Nachbach/+;+

B-C (IV) w—;UAS-Hid/+;+

B-C (V) w—;Tub > Gal80>,UAS-Nachbach/+;5HT2b-
LexA,23E10-Gal4/LexAop-Flp

B-C (VI w—;Tub > Gal80>,UAS-Hid/+;5HT2b-LexA,23E10-
Gal4/LexAop-Flp

E-F() w—;+;5HT2b-LexA,23E10-Gald/+

E—F(I) w—;+;Tub > Gal80>/+;Lexop-Flp/+

E-F(IIl) w—;UAS-Hid/+;+

E-F(IV) w—;Tub > Gal80>,UAS-Hid/+;5HT2b-LexA,23E10-
Gal4/LexAop-Flp

Figure 6

B-E(l) wH;+;+

B-E(Il) w—;+;5HT2bGKO/5HT2battp

B-E(llN) w—;UAS-5HT 2b/+;5HT 265 C/5HT 261

B-E(IV) w—;UAS-5HT2b/+;5HT2b*"P/5HT2b>"*

B-E(V) w—;+;23E10-Gal4,5HT2b**P/5HT2b>"

B-E(VI) w—;UAS-5HT2b/+;23E10-Gal4,5HT2b?"P/5HT2b>"

G-J() w—;23E10-LexA/+;5HT2bKC/5HT2b™!P

G-J(II) W—;UAS-5HT2b/+;5HT2b°K® LexAop-Gal80/

SHT2b"

Table 1 continued on next page
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Table 1 continued
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Figure 1

G-J(II) w—;UAS-5HT2b/23E10-LexA;5HT2b°KC, LexAop-
Gal80/5HT2b"*®

L-O() w—;+;23E10-Gal4/+

L-O(l1) w—;UAS-5HT2b-RNAI/+;23E10-Gal4/+

(=) w—;23E10-LexA/+;5HT2b::Gald/+

L-O(IV) w—;LexAop-Gal80/+;UAS-5HT2b-RNAI/+

L-O(V) w—;LexAop-Gal80/23E10-LexA;5HT2b::Gald/UAS-
SHT2b-RNAI

Figure 1—figure supplement 2

A W+ +

B w-;+;Trh::Gal4

C wH;+;Trh®

D we;+;TrhG<©

E w;+;Trh"

F we;+;Trh®©

G wH;+;Trh®

H wH;+;Trh®<©

I-J isoCS
w;+;Trh®

Figure 1—figure supplement 3

A-F Iso-CS

wH;5HT 125+

wH;5HT 1652+

wH;+:5HT2a%21

wH+;+;5HT205%

w;+;5HT7G2!

w;+;Trh?
we;+;Trh®©
Figure 1—figure supplement 4
A-F Iso-CS

w+;5HT 1%+

w+;5HT1b%;+

w+;+;5HT 229"

w+;+;5HT2b%!

w;+;5HT75

w;+;Trh"
we;+;TrhS©
Figure 2—figure supplement 1
A-B Iso-CS

w+;5HT1a%2%;+

w+;5HT b+

W+ +;5HT2a%2

w;+;5HT 265"

Table 1 continued on next page
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wH;+;TrhS©
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Table 1 continued

Figure 1

Neuroscience

Figure 2—figure supplement 2

A-B

Iso-CS

w+;5HT12a%%%;+

w+;5HT b+

wH;+;5HT2a%21

w;+;5HT 2652

w;+;5HT76

we;+;Trh?!

Figure 2—figure supplement 3

B Iso-CS
w+;5HT2b %2
w;+;Trh®"

C Iso-CS

w+;5HT1a%%%, +
wH;SHT 1%+

w+;+;5HT2a%2"

w+;5HT2b5H

w;+;5HT76°

wH;+;Trh"!

wH;+;TrhS<C

Figure 3—figure supplement 1

w+;UAS-mCD8GFP/+;Trh::Gal4/+
w+;UAS-mCD8GFP/+;Trh®©/+

w+;UAS-mCD8GFP/+;5HT2b::Gal4/+

w+;UAS-mCD8GFP/+;5HT2b%KC/+

w+;UAS-mCD8GFP/+;5HT2b-LexA/+

w—;UAS-mCD8GFP/+;Trh::Gal4/+

w—;UAS-stingerGFP/+;Trh::Gal4/+

I Mmoo O|®m >

w—;UAS-DscamGFP/+;Trh::Gal4/+

w—;UAS-sytGFP/+;Trh::Gal4/+

w—;UAS-mCD8GFP/+;5HT2b::Gal4/+

w—;UAS-stingerGFP/+;5HT2b::Gal4/+

w—;UAS-DscamGFP/+;5HT2b::Gal4/+

J
K
L
M

w—;UAS-sytGFP/+;5HT2b::Gal4/+

Figure 4—figure supplement 1

A

w—;+;5HT2b::Gald/+

w—;+;UAS-5HT2b-RNAI

w—;+;5HT2b::Gal4/UAS-5HT 2b-RNAI

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/MB247-Gal4

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/R69F08-Gal4

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/Pdf-Gal4

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/Dilp2-Gal4

Table 1 continued on next page
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Table 1 continued

Figure 1

Neuroscience

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/R18H11-Gal4

w—;UAS > Stop > mCD8GFP/+;Lexop-Flp,5HT2b-
LexA/R23E10-Gal4

Figure 5—figure supplement 1

A-B w—;23E10-Gald/+;+
w—;UAS-Nachbach/+;+
w—;23E10-Gal4/UAS-Nachbach;+

C w—;23E10-Gal4/UAS-stingerGFP;+
w—;23E10-Gal4/UAS-Hid,UAS-stingerGFP; +

E-H w—;23E10-Gal4/+;+

Figure 6—figure supplement 1
B

w—;UAS-Hid/+;+
w—;23E10-Gal4/UAS-Hid;+

w—;Tub > Gal80>,UAS-mCD8GFP/+;5HT2b-
LexA,23E10-Gal4/LexAop-Flp

C w—;Tub > Gal80>,UAS-mCD8GFP/+;23E10-Gal4/+

E w—;UAS-stingerGFP,LexAop-tdTom/23E10-
LexA;5HT2b°KC/+

F w—;UAS-stingerGFP,LexAop-tdTom/23E10-LexA,;

SHT2b°C, LexAop-Gal80/+
DOI: https://doi.org/10.7554/eLife.26519.022

catalytic center of the Trh enzyme. We named the Trh indel mutant Trh®'. PCR analysis and DNA
sequencing were used for further confirmation.

Two different gRNAs were used to generate deletion in genome regions of interest. The sgRNA
sequence was subcloned into a Ubb-sgRNA vector to generate gRNA in fly embryos (Ren et al.,
2013). The nos-Cas9 flies were used for injection. The 5 homologous arms (~2.5 KB) and the 3’
homologous arm (~3 KB) were inserted into a pBSK vector for homologous recombination repair.
Arm fragments were amplified from the wt fly genome by Phanta Max DNA polymerase (Vazyme
Biotech Co. Ltd.). The Gal4, Flp or LexA effector sequence was introduced between the two homol-
ogous arms and 3p3-RFP was used as the fluorescent marker for screening (Xue et al.,
2014a, 2014b). We named the Trh with Gal4 knockin using Strategy Il strain Trh®<°, and
the Trh Gal4 knockin using Strategy Il strain Trh::Gal4. We named the 5HT2b with Gal4 knockin
using Strategy Il strain SHT2bSK®, the 5HT2b LexA knockin using Strategy Il strain 5HT2b-LexA, and
the Gal4 knockin using Strategy Ill strain 5HT2b::Gal4. PCR analysis and DNA sequencing were used
for further confirmation. Table 2 contains the primers and sgRNAs used.

qRT-PCR

For each sample, 20 flies were ground on ice. RNA and cDNA were generated with the PrimerScript
RT Master Mix (Takara). qRT-PCR was performed using TransStart Green gPCR SuperMix (Transgen
Biotech) and the 96-well Applied Biosystems 7900HT Real-Time PCR System.

Sleep analysis

Female or male flies aged 4-6 days were transferred into monitor tubes (5 mm x 65 mm) containing
normal food. 48 flies were usually used in each group in our experiments. Female flies were used for
sleep analysis if not specifically mentioned. Light was on from 9:00am to 9:00pm. Locomotor activity
was monitored in the LD cycle using a video system (Gilestro and Cirelli, 2009; Yi et al., 2013,
Zimmerman et al., 2008). Infrared LEDs were used for constant illumination for video recording.
Images were acquired every second (sec) and processed by Visual C++ to determine the location of
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Table 2. Primers and sgRNA.
The table contains the primers and sgRNA used in line construction.

Neuroscience

5HT1a 3"arm For ATGCTAGCGGCCGCGAGATTCGGA
GGGAAAAGAATGTG
Rev TACCATGGTACCTTTGTGGATACTCG
GTGTGTTTTTTTG
5" arm For AAGTCGACTAGTAGCCAAAGCCCAAACATAGA
Rev TTCCATGGCGCGCCCCAACGAGCCATTTGAGATT
5HT1b 3" arm For ATGCTAGCGGCCGCTGGCATAGTTTTTCGCTGTG
Rev TACCATGGTACCCTCGCTTGTATATATGTA
TATGTATATC
5" arm For AAGTCGACTAGTCCATATCGCCGACAAAAACT
Rev TTCCATGGCGCGCCGTTGGCATTTGTTTGGCTTT
5HT2a 3"arm For ATGCTAGCGGCCGCCATGGTCAACATGGGTTCAA
Rev TACCATGGTACCTTCATTCTAAAGCTGTGGGGC
5" arm For TTCCATGGCGCGCCAAACTTGTTGGCCTTGTTGG
Rev TACTGCAGGCCTGCGCAATTGCTTAACAGACA
5HT2b 3" arm For ATGCTAGCGGCCGCGAAATGTTGCCGTGAGTCT
Rev TAGGATCCGCGGTCCGCGTTATTATTCCTATTGTG
5" arm For AAGTCGACTAGTTTCAAAGTCCGGAACAGAGG
Rev TTCCATGGCGCGCCAAACTCCATTTTCCGCACAG
S5HT7 3"arm For ATGCTAGCGGCCGCAAGGACAAAGGCGACACATC
Rev TACCATGGTACCCAGCAGTCTTTCAATGGTGG
5" arm For AAGTCGACTAGTCCCTAGGTTTCCGGAAGAAG

Rev

TTCCATGGCGCGCCACACATATCCCCGTCCACAT

Primers and sgRNAs used in strategies Il and Il

TrhGKe

For

cggGGTACCATGAACAGTCTTTAGCCACG

5"arm

Rev

cgcggatccGCGGCCGC TCACCCTGCGTAACCAGGTG

3" arm

For

cgcggatccGGCGCGCC CACAACAGCCTGAATGTGAG

Rev

tcccegeggTGCTACATTAAATCCTCCCA

gRNA

GAATGTGCTCATGTACGGCTCGG

GAGAGCATCCAACGGCCATTTIGG

Trh::Gald

5"arm

For

Rev

cg9ggtaccAAGTCTCGGCAGAAACGCCTC
taacaccggtgcggecgcATCTCCCTCCGCCGTAGAGTT

3" arm

For

taacaccggtggcgegec TTCTCGGGACCACAGAGCAGT

Rev

tcccegeggAATTTCGGCAGGACACCTCTG

gRNA

GGACAGCAATGAAACCTTAAGGG

SHT2bSC/LexA

5"arm

3" arm

ACAGAGCAGTATAATTCACTTGG
cggGGTACCATTTGTGCCGTGTCCTGTAT
cgcggatccGCGGCCGCCTGCAGCCGGCGCTCCCAGG
cgcggatccGGCGCGCCTGCGGCTAATCTTAGTTGGA

tcccegeggGCATGGGTCTTGTTTCGTTT

gRNA

GGGCATCCTTACGCTGGTGAAAGG

GGATAGAAAAATGGAATCGCTGG

5HT2b::Gal4

5"arm

3" arm

For
Rev

For

c999gtaccCGAGCTGACCACAAAGCGTGC
taacaccggtgcggecgc TCTGCTCGGTCGCCAGGCACT
taacaccggtggcgcgccAGGATTCCACTGCTCCGGTGC

Table 2 continued on next page
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Rev tcccegeggAGTTTCGCTCTGTGGAAACCG
gRNA TAACAGACGCCCGTTAAACCGGG
ATCCACACTGGCGCACTTGT GGG
Primers in gRT-PCR

5HT2b For CCAACTACTTCCTTATGTCG
Rev GATAAATATCTGTCCACGGA
Actd2a For CTCCTACATATTTCCATAAAAGATCCAA
Rev GCCGACAATAGAAGGAAAAACTG
gRNA for Trh®’ GGAGATTGGCCTTGCATCTTTGGG

DOI: https://doi.org/10.7554/eLife.26519.023

the flies. Sleep was defined as no detectable movement for 5 min or longer. Sleep parameters were
calculated using Matlab (MathWorks, Natick, MA). Sleep duration, sleep bout duration, sleep latency
and wake activity were analyzed for each 12-hr period of LD and DD for each condition. Female flies
were sleep deprived by the mechanical method using a steering engine, which randomly shook for
20 s in 3 min (Shaw et al., 2002). Sleep deprivation efficiency was recorded by a DAM system. Sleep
loss was defined as total sleep duration last night. Individual sleep rebound was quantified hourly for
24 hr by dividing the cumulative amount of sleep regained by the sleep duration last night. Each
experiment was repeated twice or three times.

Circadian analysis

Male flies aged 3-6 days were housed individually in 65 mm glass tubes containing normal food.
Locomotor activity was measured in TriKinetics DAM systems for 12 days in constant darkness. Perio-
dogram analysis was completed with the Actogram J plugin (Schmid et al., 2011). Period length
was determined by periodogram analysis.

Confocal microscopy

Adult female flies of 5-10 days of age were collected and their CNS dissected in phosphate buffered
saline (PBS). The brains were subject to 4% paraformaldehyde (wt/vol) fixation in the PBS for 2-4 hr
and washed three times with the wash buffer (3% NaCl in 0.1% PBT) for 10 min at
room temperature. Samples were transferred to 10% normal goat serum (vol/vol, diluted in 1% PBT)
for overnight blocking at room temperature and incubated with antibodies (diluted in 10% normal
goat serum and 0.1% PBT) at 4°C overnight. After washing samples three times for 15 min with wash
buffer at room temperature and incubating samples with secondary antibody (1:500) at 4°C over-
night, we mounted the samples with FocusClear (CelExplorer Labs CO) and imaged them on a Zeiss
LSM710 confocal microscope. Images were processed using Imaris (Bitplane AG, Zurich, Switzerland,
640 RRID: SCR_007370). The following antibodies were used, chicken anti-GFP (1:1000; Abcam Cat#
13970, RRID:AB_300798), rabbit anti-RFP (1:2000; Clontech Cat# 632496, RRID: AB_10013483), rab-
bit anti-5-HT (1:2000; Immunostar Cat# 20080, RRID:AB_572263), mouse anti-nc82 (1:50; DSHB Cat#
2314866, RRID: AB_2314866), rat-anti Myc (1:500, Transgen). Secondary antibodies were Alexa-
Fluord88 anti-rabbit (Life technologies Cat# A11008, RRID:AB_10563748), AlexaFluor488 anti-
chicken (Life technologies Cat# A11039, RRID:AB_2534096), AlexaFluor546 anti-rabbit (Life technol-
ogies Cat# A11035, RRID:AB_2534093), and AlexaFluor633 anti-mouse (Life technologies Cat#
A21052, RRID: AB_141459).

Statistics

Pairwise comparisons were evaluated by Student’s t test. ANOVA with Holm-Sidak corrections for
multiple comparisons was used to test hypotheses involving multiple groups. Statistical analyses
were performed with Prism 5 (GraphPad).

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 21 of 27


https://scicrunch.org/resolver/SCR_007370
https://scicrunch.org/resolver/AB_300798
https://scicrunch.org/resolver/AB_10013483
https://scicrunch.org/resolver/AB_572263
https://scicrunch.org/resolver/AB_2314866
https://scicrunch.org/resolver/AB_10563748
https://scicrunch.org/resolver/AB_2534096
https://scicrunch.org/resolver/AB_2534093
https://scicrunch.org/resolver/AB_141459
https://doi.org/10.7554/eLife.26519.023
https://doi.org/10.7554/eLife.26519

LI F E Research article Neuroscience

Acknowledgements

We are grateful to Y Li for discussion of and comments on the manuscript, to J Ni, G Gao, B Zhang
and R Jiao for help with Crispr/Cas9 technology, to S Waddel for sharing flies, to A Guo and W Yi
for advice on sleep assays, to Y N Jan for pACU2 constructs, to L Vosshall for 5HT2b ¢cDNA, and to
Peking-Tsinghua Center for Life Sciences, Beijing Advanced Innovation Center for Genomic Diagno-
sis, the Center for Instruments of School of Life Sciences in PKU for imaging facilitation, the NSFC
31000547 (JH), the National Natural Science Foundation of China (Project 31421003) and Beijing
Municipal Natural Science Foundation (No. Z111107067311058 and Z151100003915121) for grant
support. We thank W Yang and E Zhou for their support in design and softwares of video-based
sleep analysis. We thank members in Y Rao’s lab for helpful discussions.

Additional information

Funding
Funder Grant reference number  Author
National Natural Science Project 31421003 Yi Rao

Foundation of China

National Natural Science Project 31000547 Juan Huang
Foundation of China

Beijing Municipal Natural Z111107067311058 Yi Rao
Science Foundation

Beijing Municipal Natural Z151100003915121 Yi Rao
Science Foundation

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Yongjun Qian, Conceptualization, Resources, Data curation, Software, Formal analysis, Validation,
Investigation, Visualization, Methodology, Writing—original draft, Writing—review and editing; Yue
Cao, Bowen Deng, Rui Xu, Dandan zhang, Resources, Data curation, Methodology; Guang Yang,
Data curation, Methodology; Jiayun Li, Data curation, Validation, Investigation; Juan Huang, Resour-
ces, Data curation, Supervision, Funding acquisition; Yi Rao, Conceptualization, Formal analysis,
Supervision, Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing—
original draft, Project administration, Writing—review and editing

Author ORCIDs
Yongjun Qian @ http://orcid.org/0000-0002-2696-6730
Yi Rao (@ http://orcid.org/0000-0002-0405-5426

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.26519.025
Author response https://doi.org/10.7554/elife.26519.026

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/eLife.26519.024

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 22 of 27


http://orcid.org/0000-0002-2696-6730
http://orcid.org/0000-0002-0405-5426
https://doi.org/10.7554/eLife.26519.025
https://doi.org/10.7554/eLife.26519.026
https://doi.org/10.7554/eLife.26519.024
https://doi.org/10.7554/eLife.26519

e LI FE Research article

Neuroscience

References

Afonso DJ, Liu D, Machado DR, Pan H, Jepson JE, Rogulja D, Koh K. 2015. TARANIS functions with cyclin A and
Cdk1 in a novel arousal center to control sleep in drosophila. Current Biology 25:1717-1726. DOI: https://doi.
org/10.1016/j.cub.2015.05.037, PMID: 26096977

Agosto J, Choi JC, Parisky KM, Stilwell G, Rosbash M, Griffith LC. 2008. Modulation of GABAA receptor
desensitization uncouples sleep onset and maintenance in Drosophila. Nature Neuroscience 11:354-359.
DOI: https://doi.org/10.1038/nn2046, PMID: 18223647

Alam MA, Kumar S, McGinty D, Alam MN, Szymusiak R. 2014. Neuronal activity in the preoptic hypothalamus
during sleep deprivation and recovery sleep. Journal of Neurophysiology 111:287-299. DOI: https://doi.org/
10.1152/jn.00504.2013, PMID: 24174649

Alekseyenko OV, Lee C, Kravitz EA. 2010. Targeted manipulation of serotonergic neurotransmission affects the
escalation of aggression in adult male Drosophila melanogaster. PLoS One 5:10806. DOI: https://doi.org/10.
1371/journal.pone.0010806, PMID: 20520823

Aso Y, Sitaraman D, Ichinose T, Kaun KR, Vogt K, Belliart-Guérin G, Placais PY, Robie AA, Yamagata N,
Schnaitmann C, Rowell WJ, Johnston RM, Ngo TT, Chen N, Korff W, Nitabach MN, Heberlein U, Preat T,
Branson KM, Tanimoto H, et al. 2014. Mushroom body output neurons encode valence and guide memory-
based action selection in Drosophila. eLife 3:e04580. DOI: https://doi.org/10.7554/elife.04580, PMID: 255357
94

Becnel J, Johnson O, Luo J, Nassel DR, Nichols CD. 2011. The serotonin 5-HT7Dro receptor is expressed in the
brain of Drosophila, and is essential for normal courtship and mating. PLoS One 6:20800. DOI: https://doi.
org/10.1371/journal.pone.0020800, PMID: 21674056

Borbély AA. 1982. A two process model of sleep regulation. Human Neurobiology 1:195-204. PMID: 7185792

Borbély AA, Achermann P. 1999. Sleep homeostasis and models of sleep regulation. Journal of biological
rhythms 14:557-568. PMID: 10643753

Brody T, Cravchik A. 2000. Drosophila melanogaster G protein-coupled receptors. The Journal of Cell Biology
150:F83-F88. PMID: 10908591

Buchanan GF, Richerson GB. 2010. Central serotonin neurons are required for arousal to CO2. PNAS 107:
16354-16359. DOI: https://doi.org/10.1073/pnas.1004587107, PMID: 20805497

Bushey D, Tononi G, Cirelli C. 2009. The Drosophila fragile X mental retardation gene regulates sleep need.
Journal of Neuroscience 29:1948-1961. DOI: https://doi.org/10.1523/JNEUROSCI.4830-08.2009, PMID: 1922
8950

Chou TC, Bjorkum AA, Gaus SE, Lu J, Scammell TE, Saper CB. 2002. Afferents to the ventrolateral preoptic
nucleus. Journal of Neuroscience 22:977-990. PMID: 11826126

Chung BY, Kilman VL, Keath JR, Pitman JL, Allada R. 2009. The GABA(A) receptor RDL acts in peptidergic PDF
neurons to promote sleep in Drosophila. Current Biology 19:386-390. DOI: https://doi.org/10.1016/j.cub.2009.
01.040, PMID: 19230663

Cirelli C, Bushey D, Hill S, Huber R, Kreber R, Ganetzky B, Tononi G. 2005. Reduced sleep in drosophila shaker
mutants. Nature 434:1087-1092. DOI: https://doi.org/10.1038/nature03486, PMID: 15858564

Colas JF, Launay JM, Kellermann O, Rosay P, Maroteaux L. 1995. Drosophila 5-HT2 serotonin receptor:
coexpression with fushi-tarazu during segmentation. PNAS 92:5441-5445. DOI: https://doi.org/10.1073/pnas.
92.12.5441, PMID: 7777527

Crocker A, Sehgal A. 2008. Octopamine regulates sleep in drosophila through protein kinase A-dependent
mechanisms. Journal of Neuroscience 28:9377-9385. DOI: https://doi.org/10.1523/JNEUROSCI.3072-08a.
2008, PMID: 18799671

Crocker A, Shahidullah M, Levitan IB, Sehgal A. 2010. Identification of a neural circuit that underlies the effects
of octopamine on sleep:wake behavior. Neuron 65:670-681. DOI: https://doi.org/10.1016/j.neuron.2010.01.
032, PMID: 20223202

Dierick HA. 2007. A method for quantifying aggression in male Drosophila melanogaster. Nature Protocols 2:
2712-2718. DOI: https://doi.org/10.1038/nprot.2007.404, PMID: 18007606

Donlea JM, Thimgan MS, Suzuki Y, Gottschalk L, Shaw PJ. 2011. Inducing sleep by remote control facilitates
memory consolidation in Drosophila. Science 332:1571-1576. DOI: https://doi.org/10.1126/science.1202249,
PMID: 21700877

Donlea JM, Pimentel D, Miesenbdck G. 2014. Neuronal machinery of sleep homeostasis in Drosophila. Neuron
81:860-872. DOI: https://doi.org/10.1016/j.neuron.2013.12.013, PMID: 24559676

Dubowy C, Moravcevic K, Yue Z, Wan JY, Van Dongen HP, Sehgal A. 2016. Genetic dissociation of daily sleep
and sleep following thermogenetic sleep deprivation in Drosophila. Sleep 39:1083-1095. DOI: https://doi.org/
10.5665/sleep.5760, PMID: 26951392

Foltenyi K, Greenspan RJ, Newport JW. 2007. Activation of EGFR and ERK by rhomboid signaling regulates the
consolidation and maintenance of sleep in Drosophila. Nature Neuroscience 10:1160-1167. DOI: https://doi.
org/10.1038/nn1957, PMID: 17694052

Frank MG, Stryker MP, Tecott LH. 2002. Sleep and sleep homeostasis in mice lacking the 5-HT2c receptor.
Neuropsychopharmacology 27:869-873. DOI: https://doi.org/10.1016/50893-133X(02)00353-6, PMID: 12431
861

Gallopin T, Luppi PH, Cauli B, Urade Y, Rossier J, Hayaishi O, Lambolez B, Fort P. 2005. The endogenous
somnogen adenosine excites a subset of sleep-promoting neurons via A2A receptors in the ventrolateral

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 23 of 27


https://doi.org/10.1016/j.cub.2015.05.037
https://doi.org/10.1016/j.cub.2015.05.037
http://www.ncbi.nlm.nih.gov/pubmed/26096977
https://doi.org/10.1038/nn2046
http://www.ncbi.nlm.nih.gov/pubmed/18223647
https://doi.org/10.1152/jn.00504.2013
https://doi.org/10.1152/jn.00504.2013
http://www.ncbi.nlm.nih.gov/pubmed/24174649
https://doi.org/10.1371/journal.pone.0010806
https://doi.org/10.1371/journal.pone.0010806
http://www.ncbi.nlm.nih.gov/pubmed/20520823
https://doi.org/10.7554/eLife.04580
http://www.ncbi.nlm.nih.gov/pubmed/25535794
http://www.ncbi.nlm.nih.gov/pubmed/25535794
https://doi.org/10.1371/journal.pone.0020800
https://doi.org/10.1371/journal.pone.0020800
http://www.ncbi.nlm.nih.gov/pubmed/21674056
http://www.ncbi.nlm.nih.gov/pubmed/7185792
http://www.ncbi.nlm.nih.gov/pubmed/10643753
http://www.ncbi.nlm.nih.gov/pubmed/10908591
https://doi.org/10.1073/pnas.1004587107
http://www.ncbi.nlm.nih.gov/pubmed/20805497
https://doi.org/10.1523/JNEUROSCI.4830-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19228950
http://www.ncbi.nlm.nih.gov/pubmed/19228950
http://www.ncbi.nlm.nih.gov/pubmed/11826126
https://doi.org/10.1016/j.cub.2009.01.040
https://doi.org/10.1016/j.cub.2009.01.040
http://www.ncbi.nlm.nih.gov/pubmed/19230663
https://doi.org/10.1038/nature03486
http://www.ncbi.nlm.nih.gov/pubmed/15858564
https://doi.org/10.1073/pnas.92.12.5441
https://doi.org/10.1073/pnas.92.12.5441
http://www.ncbi.nlm.nih.gov/pubmed/7777527
https://doi.org/10.1523/JNEUROSCI.3072-08a.2008
https://doi.org/10.1523/JNEUROSCI.3072-08a.2008
http://www.ncbi.nlm.nih.gov/pubmed/18799671
https://doi.org/10.1016/j.neuron.2010.01.032
https://doi.org/10.1016/j.neuron.2010.01.032
http://www.ncbi.nlm.nih.gov/pubmed/20223202
https://doi.org/10.1038/nprot.2007.404
http://www.ncbi.nlm.nih.gov/pubmed/18007606
https://doi.org/10.1126/science.1202249
http://www.ncbi.nlm.nih.gov/pubmed/21700877
https://doi.org/10.1016/j.neuron.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24559676
https://doi.org/10.5665/sleep.5760
https://doi.org/10.5665/sleep.5760
http://www.ncbi.nlm.nih.gov/pubmed/26951392
https://doi.org/10.1038/nn1957
https://doi.org/10.1038/nn1957
http://www.ncbi.nlm.nih.gov/pubmed/17694052
https://doi.org/10.1016/S0893-133X(02)00353-6
http://www.ncbi.nlm.nih.gov/pubmed/12431861
http://www.ncbi.nlm.nih.gov/pubmed/12431861
https://doi.org/10.7554/eLife.26519

e LI FE Research article

Neuroscience

preoptic nucleus. Neuroscience 134:1377-1390. DOI: https://doi.org/10.1016/j.neuroscience.2005.05.045,
PMID: 16039802

Gasque G, Conway S, Huang J, Rao Y, Vosshall LB. 2013. Small molecule drug screening in Drosophila identifies
the 5HT2A receptor as a feeding modulation target. Scientific Reports 3:srep02120. DOI: https://doi.org/10.
1038/srep02120, PMID: 23817146

Gaus SE, Strecker RE, Tate BA, Parker RA, Saper CB. 2002. Ventrolateral preoptic nucleus contains sleep-active,
galaninergic neurons in multiple mammalian species. Neuroscience 115:285-294. DOI: https://doi.org/10.1016/
S0306-4522(02)00308-1, PMID: 12401341

Gilestro GF, Cirelli C. 2009. pySolo: a complete suite for sleep analysis in Drosophila. Bioinformatics 25:1466—
1467. DOI: https://doi.org/10.1093/bioinformatics/btp237, PMID: 19369499

Gnerer JP, Venken KJ, Dierick HA. 2015. Gene-specific cell labeling using MiMIC transposons. Nucleic Acids
Research 43:e56. DOI: https://doi.org/10.1093/nar/gkv113, PMID: 25712101

Gordon MD, Scott K. 2009. Motor control in a Drosophila taste circuit. Neuron 61:373-384. DOI: https://doi.org/
10.1016/j.neuron.2008.12.033, PMID: 19217375

Guo F, Yi W, Zhou M, Guo A. 2011. Go signaling in mushroom bodies regulates sleep in Drosophila. Sleep 34:
273-281. DOI: https://doi.org/10.1093/sleep/34.3.273, PMID: 21358844

Guo F, Yu J, Jung HJ, Abruzzi KC, Luo W, Griffith LC, Rosbash M. 2016. Circadian neuron feedback controls the
Drosophila sleep-activity profile. Nature 536:292-297. DOI: https://doi.org/10.1038/nature 19097, PMID: 2747
9324

Han C, Jan LY, Jan YN. 2011. Enhancer-driven membrane markers for analysis of nonautonomous mechanisms
reveal neuron-glia interactions in Drosophila. PNAS 108:9673-9678. DOI: https://doi.org/10.1073/pnas.
1106386108, PMID: 21606367

Hendricks JC, Finn SM, Panckeri KA, Chavkin J, Williams JA, Sehgal A, Pack Al. 2000. Rest in Drosophila is a
sleep-like state. Neuron 25:129-138. DOI: https://doi.org/10.1016/S0896-6273(00)80877-6, PMID: 10707978

Hodges MR, Tattersall GJ, Harris MB, McEvoy SD, Richerson DN, Deneris ES, Johnson RL, Chen ZF, Richerson
GB. 2008. Defects in breathing and thermoregulation in mice with near-complete absence of central serotonin
neurons. Journal of Neuroscience 28:2495-2505. DOI: https://doi.org/10.1523/JNEUROSCI.4729-07.2008,
PMID: 18322094

Huang J, Zhou W, Dong W, Watson AM, Hong Y. 2009. From the cover: directed, efficient, and versatile
modifications of the drosophila genome by genomic engineering. PNAS 106:8284-8289. DOI: https://doi.org/
10.1073/pnas.0900641106, PMID: 19429710

Johnson O, Becnel J, Nichols CD. 2011. Serotonin receptor activity is necessary for olfactory learning and
memory in Drosophila melanogaster. Neuroscience 192:372-381. DOI: https://doi.org/10.1016/j.neuroscience.
2011.06.058, PMID: 21749913

Joiner WJ, Crocker A, White BH, Sehgal A. 2006. Sleep in Drosophila is regulated by adult mushroom bodies.
Nature 441:757-760. DOI: https://doi.org/10.1038/nature04811, PMID: 16760980

Jouvet M. 1972. The role of monoamines and acetylcholine-containing neurons in the regulation of the sleep-
waking cycle. Ergebnisse Der Physiologie, Biologischen Chemie Und Experimentellen Pharmakologie 64:166—
307. PMID: 4403272

Ko EM, Estabrooke IV, McCarthy M, Scammell TE. 2003. Wake-related activity of tuberomammillary neurons in
rats. Brain Research 992:220-226. DOI: https://doi.org/10.1016/}.brainres.2003.08.044, PMID: 14625060

Koh K, Joiner WJ, Wu MN, Yue Z, Smith CJ, Sehgal A. 2008. Identification of sleepless, a sleep-promoting
factor. Science 321:372-376. DOI: https://doi.org/10.1126/science.1155942, PMID: 18635795

Kottler B, Bao H, Zalucki O, Imlach W, Troup M, van Alphen B, Paulk A, Zhang B, van Swinderen B. 2013. A
sleep/wake circuit controls isoflurane sensitivity in Drosophila. Current Biology 23:594-598. DOI: https://doi.
org/10.1016/j.cub.2013.02.021, PMID: 23499534

Kuhn DM, Rosenberg RC, Lovenberg W. 1979. Determination of some molecular parameters of tryptophan
hydroxylase from rat midbrain and murine mast cell. Journal of Neurochemistry 33:15-21. DOI: https://doi.org/
10.1111/j.1471-4159.1979.tb11700.x, PMID: 458447

Kume K, Kume S, Park SK, Hirsh J, Jackson FR. 2005. Dopamine is a regulator of arousal in the fruit fly. Journal
of Neuroscience 25:7377-7384. DOI: https://doi.org/10.1523/JNEUROSCI.2048-05.2005, PMID: 16093388

Kunst M, Hughes ME, Raccuglia D, Felix M, Li M, Barnett G, Duah J, Nitabach MN. 2014. Calcitonin gene-
related peptide neurons mediate sleep-specific circadian output in Drosophila. Current Biology 24:2652-2664.
DOI: https://doi.org/10.1016/j.cub.2014.09.077, PMID: 25455031

Li'Y, Zhou Z, Zhang X, Tong H, Li P, Zhang ZC, Jia Z, Xie W, Han J. 2013. Drosophila neuroligin 4 regulates sleep
through modulating GABA transmission. Journal of Neuroscience 33:15545-15554. DOI: https://doi.org/10.
1523/JNEUROSCI.0819-13.2013, PMID: 24068821

Liu W, Guo F, Lu B, Guo A. 2008. amnesiac regulates sleep onset and maintenance in Drosophila melanogaster.
Biochemical and Biophysical Research Communications 372:798-803. DOI: https://doi.org/10.1016/j.bbrc.
2008.05.119, PMID: 18514063

Liu Y, Jiang Y, Si Y, Kim JY, Chen ZF, Rao Y. 2011. Molecular regulation of sexual preference revealed by genetic
studies of 5-HT in the brains of male mice. Nature 472:95-99. DOI: https://doi.org/10.1038/nature09822,
PMID: 21441904

Liu Q, Liu S, Kodama L, Driscoll MR, Wu MN. 2012. Two dopaminergic neurons signal to the dorsal fan-shaped
body to promote wakefulness in Drosophila. Current Biology 22:2114-2123. DOI: https://doi.org/10.1016/j.
cub.2012.09.008, PMID: 23022067

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 24 of 27


https://doi.org/10.1016/j.neuroscience.2005.05.045
http://www.ncbi.nlm.nih.gov/pubmed/16039802
https://doi.org/10.1038/srep02120
https://doi.org/10.1038/srep02120
http://www.ncbi.nlm.nih.gov/pubmed/23817146
https://doi.org/10.1016/S0306-4522(02)00308-1
https://doi.org/10.1016/S0306-4522(02)00308-1
http://www.ncbi.nlm.nih.gov/pubmed/12401341
https://doi.org/10.1093/bioinformatics/btp237
http://www.ncbi.nlm.nih.gov/pubmed/19369499
https://doi.org/10.1093/nar/gkv113
http://www.ncbi.nlm.nih.gov/pubmed/25712101
https://doi.org/10.1016/j.neuron.2008.12.033
https://doi.org/10.1016/j.neuron.2008.12.033
http://www.ncbi.nlm.nih.gov/pubmed/19217375
https://doi.org/10.1093/sleep/34.3.273
http://www.ncbi.nlm.nih.gov/pubmed/21358844
https://doi.org/10.1038/nature19097
http://www.ncbi.nlm.nih.gov/pubmed/27479324
http://www.ncbi.nlm.nih.gov/pubmed/27479324
https://doi.org/10.1073/pnas.1106386108
https://doi.org/10.1073/pnas.1106386108
http://www.ncbi.nlm.nih.gov/pubmed/21606367
https://doi.org/10.1016/S0896-6273(00)80877-6
http://www.ncbi.nlm.nih.gov/pubmed/10707978
https://doi.org/10.1523/JNEUROSCI.4729-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18322094
https://doi.org/10.1073/pnas.0900641106
https://doi.org/10.1073/pnas.0900641106
http://www.ncbi.nlm.nih.gov/pubmed/19429710
https://doi.org/10.1016/j.neuroscience.2011.06.058
https://doi.org/10.1016/j.neuroscience.2011.06.058
http://www.ncbi.nlm.nih.gov/pubmed/21749913
https://doi.org/10.1038/nature04811
http://www.ncbi.nlm.nih.gov/pubmed/16760980
http://www.ncbi.nlm.nih.gov/pubmed/4403272
https://doi.org/10.1016/j.brainres.2003.08.044
http://www.ncbi.nlm.nih.gov/pubmed/14625060
https://doi.org/10.1126/science.1155942
http://www.ncbi.nlm.nih.gov/pubmed/18635795
https://doi.org/10.1016/j.cub.2013.02.021
https://doi.org/10.1016/j.cub.2013.02.021
http://www.ncbi.nlm.nih.gov/pubmed/23499534
https://doi.org/10.1111/j.1471-4159.1979.tb11700.x
https://doi.org/10.1111/j.1471-4159.1979.tb11700.x
http://www.ncbi.nlm.nih.gov/pubmed/458447
https://doi.org/10.1523/JNEUROSCI.2048-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16093388
https://doi.org/10.1016/j.cub.2014.09.077
http://www.ncbi.nlm.nih.gov/pubmed/25455031
https://doi.org/10.1523/JNEUROSCI.0819-13.2013
https://doi.org/10.1523/JNEUROSCI.0819-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24068821
https://doi.org/10.1016/j.bbrc.2008.05.119
https://doi.org/10.1016/j.bbrc.2008.05.119
http://www.ncbi.nlm.nih.gov/pubmed/18514063
https://doi.org/10.1038/nature09822
http://www.ncbi.nlm.nih.gov/pubmed/21441904
https://doi.org/10.1016/j.cub.2012.09.008
https://doi.org/10.1016/j.cub.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23022067
https://doi.org/10.7554/eLife.26519

e LI FE Research article

Neuroscience

Liu S, Lamaze A, Liu Q, Tabuchi M, Yang Y, Fowler M, Bharadwaj R, Zhang J, Bedont J, Blackshaw S, Lloyd TE,
Montell C, Sehgal A, Koh K, Wu MN. 2014. Wide awake mediates the circadian timing of sleep onset. Neuron
82:151-166. DOI: https://doi.org/10.1016/j.neuron.2014.01.040, PMID: 24631345

Liu S, Liu Q, Tabuchi M, Wu MN. 2016. Sleep drive is encoded by neural plastic changes in a dedicated circuit.
Cell 165:1347-1360. DOI: https://doi.org/10.1016/j.cell.2016.04.013, PMID: 27212237

Lu J, Greco MA, Shiromani P, Saper CB. 2000. Effect of lesions of the ventrolateral preoptic nucleus on NREM
and REM sleep. Journal of Neuroscience 20:3830-3842. PMID: 10804223

Lu J, Nelson LE, Franks N, Maze M, Chamberlin NL, Saper CB. 2008. Role of endogenous sleep-wake and
analgesic systems in anesthesia. The Journal of Comparative Neurology 508:648-662. DOI: https://doi.org/10.
1002/cne.21685, PMID: 18383504

Luan H, Lemon WC, Peabody NC, Pohl JB, Zelensky PK, Wang D, Nitabach MN, Holmes TC, White BH. 2006.
Functional dissection of a neuronal network required for cuticle tanning and wing expansion in Drosophila.
Journal of Neuroscience 26:573-584. DOI: https://doi.org/10.1523/JNEUROSCI.3916-05.2006,

PMID: 16407556

Manning L, Heckscher ES, Purice MD, Roberts J, Bennett AL, Kroll JR, Pollard JL, Strader ME, Lupton JR,
Dyukareva AV, Doan PN, Bauer DM, Wilbur AN, Tanner S, Kelly JJ, Lai SL, Tran KD, Kohwi M, Laverty TR,
Pearson JC, et al. 2012. A resource for manipulating gene expression and analyzing cis-regulatory modules in
the Drosophila CNS. Cell Reports 2:1002-1013. DOI: https://doi.org/10.1016/j.celrep.2012.09.009,

PMID: 23063363

Metaxakis A, Tain LS, Gronke S, Hendrich O, Hinze Y, Birras U, Partridge L. 2014. Lowered insulin signalling
ameliorates age-related sleep fragmentation in Drosophila. PLoS Biology 12:€1001824. DOI: https://doi.org/
10.1371/journal.pbio.1001824, PMID: 24690889

Monti JM. 2011. Serotonin control of sleep-wake behavior. Sleep Medicine Reviews 15:269-281. DOI: https://
doi.org/10.1016/j.smrv.2010.11.003, PMID: 21459634

Moore JT, Chen J, Han B, Meng QC, Veasey SC, Beck SG, Kelz MB. 2012. Direct activation of sleep-promoting
VLPO neurons by volatile anesthetics contributes to anesthetic hypnosis. Current Biology 22:2008-2016.

DOI: https://doi.org/10.1016/j.cub.2012.08.042, PMID: 23103189

Naik AK, Pathirathna S, Jevtovic-Todorovic V. 2008. GABAA receptor modulation in dorsal root ganglia in vivo
affects chronic pain after nerve injury. Neuroscience 154:1539-1553. DOI: https://doi.org/10.1016/.
neuroscience.2008.04.061, PMID: 18554816

Nall A, Sehgal A. 2014. Monoamines and sleep in Drosophila. Behavioral Neuroscience 128:264-272.

DOI: https://doi.org/10.1037/a0036209, PMID: 24886188

Nelson LE, Guo TZ, Lu J, Saper CB, Franks NP, Maze M. 2002. The sedative component of anesthesia is
mediated by GABA(A) receptors in an endogenous sleep pathway. Nature Neuroscience 5:979-984.

DOI: https://doi.org/10.1038/nn913, PMID: 12195434

Nichols CD. 2007. 5-HT2 receptors in Drosophila are expressed in the brain and modulate aspects of circadian
behaviors. Developmental Neurobiology 67:752-763. DOI: https://doi.org/10.1002/dneu.20370, PMID: 17443
822

Page TL. 1987. Serotonin phase-shifts the circadian rhythm of locomotor activity in the cockroach. Journal of
Biological Rhythms 2:23-34. DOI: https://doi.org/10.1177/074873048700200103, PMID: 2979649

Panda S, Hogenesch JB, Kay SA. 2002. Circadian rhythms from flies to human. Nature 417:329-335.

DOI: https://doi.org/10.1038/41732%a, PMID: 12015613

Parisky KM, Agosto J, Pulver SR, Shang Y, Kuklin E, Hodge JJ, Kang K, Kang K, Liu X, Garrity PA, Rosbash M,
Griffith LC. 2008. PDF cells are a GABA-responsive wake-promoting component of the Drosophila sleep circuit.
Neuron 60:672-682. DOI: https://doi.org/10.1016/].neuron.2008.10.042, PMID: 19038223

Park S, Sonn JY, OhY, Lim C, Choe J. 2014. SIFamide and SIFamide receptor defines a novel neuropeptide
signaling to promote sleep in Drosophila. Molecules and Cells 37:295-301. DOI: https://doi.org/10.14348/
molcells.2014.2371, PMID: 24658384

Pimentel D, Donlea JM, Talbot CB, Song SM, Thurston AJF, Miesenbéck G. 2016. Operation of a homeostatic
sleep switch. Nature 536:333-337. DOI: https://doi.org/10.1038/nature 19055, PMID: 27487216

Pitman JL, McGill JJ, Keegan KP, Allada R. 2006. A dynamic role for the mushroom bodies in promoting sleep in
Drosophila. Nature 441:753-756. DOI: https://doi.org/10.1038/nature04739, PMID: 16760979

Pooryasin A, Fiala A. 2015. Identified Serotonin-releasing neurons induce behavioral quiescence and suppress
mating in drosophila. Journal of Neuroscience 35:12792-12812. DOI: https://doi.org/10.1523/JNEUROSCI.
1638-15.2015, PMID: 26377467

Popa D, Léna C, Fabre V, Prenat C, Gingrich J, Escourrou P, Hamon M, Adrien J. 2005. Contribution of 5-HT2
receptor subtypes to sleep-wakefulness and respiratory control, and functional adaptations in knock-out mice
lacking 5-HT2A receptors. Journal of Neuroscience 25:11231-11238. DOI: https://doi.org/10.1523/
JNEUROSCI.1724-05.2005, PMID: 16339018

Pédelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. 2006. Engineering and characterization of a
superfolder green fluorescent protein. Nature Biotechnology 24:79-88. DOI: https://doi.org/10.1038/nbt1172,
PMID: 16369541

Rea MA, Glass JD, Colwell CS. 1994. Serotonin modulates photic responses in the hamster suprachiasmatic
nuclei. Journal of Neuroscience 14:3635-3642. PMID: 8207478

Ren X, Sun J, Housden BE, Hu Y, Roesel C, Lin S, Liu LP, Yang Z, Mao D, Sun L, Wu Q, Ji JY, Xi J, Mohr SE, Xu J,
Perrimon N, Ni JQ. 2013. Optimized gene editing technology for Drosophila melanogaster using germ line-
specific Cas9. PNAS 110:19012-19017. DOI: https://doi.org/10.1073/pnas. 1318481110, PMID: 24191015

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 25 of 27


https://doi.org/10.1016/j.neuron.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24631345
https://doi.org/10.1016/j.cell.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27212237
http://www.ncbi.nlm.nih.gov/pubmed/10804223
https://doi.org/10.1002/cne.21685
https://doi.org/10.1002/cne.21685
http://www.ncbi.nlm.nih.gov/pubmed/18383504
https://doi.org/10.1523/JNEUROSCI.3916-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16407556
https://doi.org/10.1016/j.celrep.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23063363
https://doi.org/10.1371/journal.pbio.1001824
https://doi.org/10.1371/journal.pbio.1001824
http://www.ncbi.nlm.nih.gov/pubmed/24690889
https://doi.org/10.1016/j.smrv.2010.11.003
https://doi.org/10.1016/j.smrv.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21459634
https://doi.org/10.1016/j.cub.2012.08.042
http://www.ncbi.nlm.nih.gov/pubmed/23103189
https://doi.org/10.1016/j.neuroscience.2008.04.061
https://doi.org/10.1016/j.neuroscience.2008.04.061
http://www.ncbi.nlm.nih.gov/pubmed/18554816
https://doi.org/10.1037/a0036209
http://www.ncbi.nlm.nih.gov/pubmed/24886188
https://doi.org/10.1038/nn913
http://www.ncbi.nlm.nih.gov/pubmed/12195434
https://doi.org/10.1002/dneu.20370
http://www.ncbi.nlm.nih.gov/pubmed/17443822
http://www.ncbi.nlm.nih.gov/pubmed/17443822
https://doi.org/10.1177/074873048700200103
http://www.ncbi.nlm.nih.gov/pubmed/2979649
https://doi.org/10.1038/417329a
http://www.ncbi.nlm.nih.gov/pubmed/12015613
https://doi.org/10.1016/j.neuron.2008.10.042
http://www.ncbi.nlm.nih.gov/pubmed/19038223
https://doi.org/10.14348/molcells.2014.2371
https://doi.org/10.14348/molcells.2014.2371
http://www.ncbi.nlm.nih.gov/pubmed/24658384
https://doi.org/10.1038/nature19055
http://www.ncbi.nlm.nih.gov/pubmed/27487216
https://doi.org/10.1038/nature04739
http://www.ncbi.nlm.nih.gov/pubmed/16760979
https://doi.org/10.1523/JNEUROSCI.1638-15.2015
https://doi.org/10.1523/JNEUROSCI.1638-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26377467
https://doi.org/10.1523/JNEUROSCI.1724-05.2005
https://doi.org/10.1523/JNEUROSCI.1724-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339018
https://doi.org/10.1038/nbt1172
http://www.ncbi.nlm.nih.gov/pubmed/16369541
http://www.ncbi.nlm.nih.gov/pubmed/8207478
https://doi.org/10.1073/pnas.1318481110
http://www.ncbi.nlm.nih.gov/pubmed/24191015
https://doi.org/10.7554/eLife.26519

e LI FE Research article

Neuroscience

Rogulja D, Young MW. 2012. Control of sleep by cyclin A and its regulator. Science 335:1617-1621.
DOI: https://doi.org/10.1126/science.1212476, PMID: 22461610

Rong YS, Golic KG. 2000. Gene targeting by homologous recombination in Drosophila. Science 288:2013-2018.
DOI: https://doi.org/10.1126/science.288.5473.2013, PMID: 10856208

Saudou F, Boschert U, Amlaiky N, Plassat JL, Hen R. 1992. A family of Drosophila serotonin receptors with
distinct intracellular signalling properties and expression patterns. The EMBO Journal 11:7-17. PMID: 1310937

Schmid B, Helfrich-Férster C, Yoshii T. 2011. A new ImageJ plug-in "ActogramJ" for chronobiological analyses.
Journal of Biological Rhythms 26:464-467. DOI: https://doi.org/10.1177/0748730411414264, PMID: 21921300

Seidner G, Robinson JE, Wu M, Worden K, Masek P, Roberts SW, Keene AC, Joiner WJ. 2015. Identification of
neurons with a privileged role in sleep homeostasis in Drosophila melanogaster. Current Biology 25:2928-
2938. DOI: https://doi.org/10.1016/j.cub.2015.10.006, PMID: 26526372

Shaw PJ, Cirelli C, Greenspan RJ, Tononi G. 2000. Correlates of sleep and waking in Drosophila melanogaster.
Science 287:1834-1837. DOI: https://doi.org/10.1126/science.287.5459.1834, PMID: 10710313

Shaw PJ, Tononi G, Greenspan RJ, Robinson DF. 2002. Stress response genes protect against lethal effects of
sleep deprivation in Drosophila. Nature 417:287-291. DOI: https://doi.org/10.1038/417287a, PMID: 12015603

Sherin JE, Shiromani PJ, McCarley RW, Saper CB. 1996. Activation of ventrolateral preoptic neurons during
sleep. Science 271:216-219. DOI: https://doi.org/10.1126/science.271.5246.216, PMID: 8539624

Sherin JE, EImquist JK, Torrealba F, Saper CB. 1998. Innervation of histaminergic tuberomammillary neurons by
GABAergic and galaninergic neurons in the ventrolateral preoptic nucleus of the rat. Journal of Neuroscience
18:4705-4721. PMID: 9614245

Shimizu H, Shimoda M, Yamaguchi T, Seong KH, Okamura T, Ishii S. 2008. Drosophila ATF-2 regulates sleep and
locomotor activity in pacemaker neurons. Molecular and Cellular Biology 28:6278-6289. DOI: https://doi.org/
10.1128/MCB.02242-07, PMID: 18694958

Sitaraman D, Zars M, Laferriere H, Chen YC, Sable-Smith A, Kitamoto T, Rottinghaus GE, Zars T. 2008. Serotonin
is necessary for place memory in Drosophila. PNAS 105:5579-5584. DOI: https://doi.org/10.1073/pnas.
0710168105, PMID: 18385379

Sitaraman D, LaFerriere H, Birman S, Zars T. 2012. Serotonin is critical for rewarded olfactory short-term memory
in Drosophila. Journal of Neurogenetics 26:238-244. DOI: https://doi.org/10.3109/01677063.2012.666298,
PMID: 22436011

Sitaraman D, Aso Y, Jin X, Chen N, Felix M, Rubin GM, Nitabach MN. 2015. Propagation of homeostatic sleep
signals by segregated synaptic microcircuits of the drosophila mushroom body. Current Biology 25:2915-2927.
DOI: https://doi.org/10.1016/j.cub.2015.09.017, PMID: 26455303

Soshnev AA, Ishimoto H, McAllister BF, Li X, Wehling MD, Kitamoto T, Geyer PK. 2011. A conserved long
noncoding RNA affects sleep behavior in Drosophila. Genetics 189:455-468. DOI: https://doi.org/10.1534/
genetics.111.131706, PMID: 21775470

Stavropoulos N, Young MW. 2011. insomniac and Cullin-3 regulate sleep and wakefulness in Drosophila. Neuron
72:964-976. DOI: https://doi.org/10.1016/j.neuron.2011.12.003, PMID: 22196332

Takahama K, Tomita J, Ueno T, Yamazaki M, Kume S, Kume K. 2012. Pan-neuronal knockdown of the c-Jun
N-terminal Kinase (JNK) results in a reduction in sleep and longevity in Drosophila. Biochemical and Biophysical
Research Communications 417:807-811. DOI: https://doi.org/10.1016/j.bbrc.2011.12.040, PMID: 22197814

Tomita J, Mitsuyoshi M, Ueno T, Aso Y, Tanimoto H, Nakai Y, Aigaki T, Kume S, Kume K. 2011. Pan-neuronal
knockdown of calcineurin reduces sleep in the fruit fly, Drosophila melanogaster. Journal of Neuroscience 31:
13137-13146. DOI: https://doi.org/10.1523/JNEUROSCI.5860-10.2011, PMID: 21917797

Ueno T, Tomita J, Tanimoto H, Endo K, Ito K, Kume S, Kume K. 2012. Identification of a dopamine pathway that
regulates sleep and arousal in Drosophila. Nature Neuroscience 15:1516-1523. DOI: https://doi.org/10.1038/
nn.3238, PMID: 23064381

Vallés AM, White K. 1988. Serotonin-containing neurons in Drosophila melanogaster: development and
distribution. Journal of Comparative Neurology 268:414-428. DOI: https://doi.org/10.1002/cne.202680310,
PMID: 3129459

Vanderheyden WM, Gerstner JR, Tanenhaus A, Yin JC, Shaw PJ. 2013. ERK phosphorylation regulates sleep and
plasticity in Drosophila. PLoS One 8:€81554. DOI: https://doi.org/10.1371/journal.pone.0081554,
PMID: 24244744

Witz P, Amlaiky N, Plassat JL, Maroteaux L, Borrelli E, Hen R. 1990. Cloning and characterization of a Drosophila
serotonin receptor that activates adenylate cyclase. PNAS 87:8940-8944. DOI: https://doi.org/10.1073/pnas.
87.22.8940, PMID: 2174167

Xue Z, Ren M, Wu M, Dai J, Rong YS, Gao G. 2014a. Efficient gene knock-out and knock-in with transgenic Cas9
in Drosophila. G3&amp;#58; Genes|Genomes|Genetics 4:925-929. DOI: https://doi.org/10.1534/93.114.010496

Xue Z, Wu M, Wen K, Ren M, Long L, Zhang X, Gao G. 2014b. CRISPR/Cas9 mediates efficient conditional
mutagenesis in Drosophila. G3&#58; Genes|Genomes|Genetics 4:2167-2173. DOI: https://doi.org/10.1534/g3.
114.014159

Yi W, Zhang Y, Tian Y, Guo J, Li Y, Guo A. 2013. A subset of cholinergic mushroom body neurons requires Go
signaling to regulate sleep in Drosophila. Sleep 36:1809-1821. DOI: https://doi.org/10.5665/sleep.3206,
PMID: 24293755

Yu Z, Ren M, Wang Z, Zhang B, Rong YS, Jiao R, Gao G. 2013. Highly efficient genome modifications mediated
by CRISPR/Cas? in Drosophila. Genetics 195:289-291. DOI: https://doi.org/10.1534/genetics.113.153825,
PMID: 23833182

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 26 of 27


https://doi.org/10.1126/science.1212476
http://www.ncbi.nlm.nih.gov/pubmed/22461610
https://doi.org/10.1126/science.288.5473.2013
http://www.ncbi.nlm.nih.gov/pubmed/10856208
http://www.ncbi.nlm.nih.gov/pubmed/1310937
https://doi.org/10.1177/0748730411414264
http://www.ncbi.nlm.nih.gov/pubmed/21921300
https://doi.org/10.1016/j.cub.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26526372
https://doi.org/10.1126/science.287.5459.1834
http://www.ncbi.nlm.nih.gov/pubmed/10710313
https://doi.org/10.1038/417287a
http://www.ncbi.nlm.nih.gov/pubmed/12015603
https://doi.org/10.1126/science.271.5246.216
http://www.ncbi.nlm.nih.gov/pubmed/8539624
http://www.ncbi.nlm.nih.gov/pubmed/9614245
https://doi.org/10.1128/MCB.02242-07
https://doi.org/10.1128/MCB.02242-07
http://www.ncbi.nlm.nih.gov/pubmed/18694958
https://doi.org/10.1073/pnas.0710168105
https://doi.org/10.1073/pnas.0710168105
http://www.ncbi.nlm.nih.gov/pubmed/18385379
https://doi.org/10.3109/01677063.2012.666298
http://www.ncbi.nlm.nih.gov/pubmed/22436011
https://doi.org/10.1016/j.cub.2015.09.017
http://www.ncbi.nlm.nih.gov/pubmed/26455303
https://doi.org/10.1534/genetics.111.131706
https://doi.org/10.1534/genetics.111.131706
http://www.ncbi.nlm.nih.gov/pubmed/21775470
https://doi.org/10.1016/j.neuron.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22196332
https://doi.org/10.1016/j.bbrc.2011.12.040
http://www.ncbi.nlm.nih.gov/pubmed/22197814
https://doi.org/10.1523/JNEUROSCI.5860-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21917797
https://doi.org/10.1038/nn.3238
https://doi.org/10.1038/nn.3238
http://www.ncbi.nlm.nih.gov/pubmed/23064381
https://doi.org/10.1002/cne.902680310
http://www.ncbi.nlm.nih.gov/pubmed/3129459
https://doi.org/10.1371/journal.pone.0081554
http://www.ncbi.nlm.nih.gov/pubmed/24244744
https://doi.org/10.1073/pnas.87.22.8940
https://doi.org/10.1073/pnas.87.22.8940
http://www.ncbi.nlm.nih.gov/pubmed/2174167
https://doi.org/10.1534/g3.114.010496
https://doi.org/10.1534/g3.114.014159
https://doi.org/10.1534/g3.114.014159
https://doi.org/10.5665/sleep.3206
http://www.ncbi.nlm.nih.gov/pubmed/24293755
https://doi.org/10.1534/genetics.113.153825
http://www.ncbi.nlm.nih.gov/pubmed/23833182
https://doi.org/10.7554/eLife.26519

e LI F E Research article Neuroscience

Yuan Q, Lin F, Zheng X, Sehgal A. 2005. Serotonin modulates circadian entrainment in Drosophila. Neuron 47:
115-127. DOI: https://doi.org/10.1016/j.neuron.2005.05.027, PMID: 15996552

Yuan Q, Joiner WJ, Sehgal A. 2006. A sleep-promoting role for the Drosophila serotonin receptor 1A. Current
Biology 16:1051-1062. DOI: https://doi.org/10.1016/].cub.2006.04.032, PMID: 16753559

Zhou L, Schnitzler A, Agapite J, Schwartz LM, Steller H, Nambu JR. 1997. Cooperative functions of the reaper
and head involution defective genes in the programmed cell death of Drosophila central nervous system
midline cells. PNAS 94:5131-5136. DOI: https://doi.org/10.1073/pnas.94.10.5131, PMID: 9144202

Zimmerman JE, Raizen DM, Maycock MH, Maislin G, Pack Al. 2008. A video method to study Drosophila sleep.
Sleep 31:1587-1598. DOI: https://doi.org/10.1093/sleep/31.11.1587, PMID: 19014079

Qian et al. eLife 2017;6:€26519. DOI: https://doi.org/10.7554/eLife.26519 27 of 27


https://doi.org/10.1016/j.neuron.2005.05.027
http://www.ncbi.nlm.nih.gov/pubmed/15996552
https://doi.org/10.1016/j.cub.2006.04.032
http://www.ncbi.nlm.nih.gov/pubmed/16753559
https://doi.org/10.1073/pnas.94.10.5131
http://www.ncbi.nlm.nih.gov/pubmed/9144202
https://doi.org/10.1093/sleep/31.11.1587
http://www.ncbi.nlm.nih.gov/pubmed/19014079
https://doi.org/10.7554/eLife.26519

