
NeuroResource
Chemoconnectomics: Map
ping Chemical
Transmission in Drosophila
Highlights
d The authors propose a new concept of the

chemoconnectome (CCT) for chemical transmission

d Chemoconnectomics with genetic tools is a new approach

for neural mapping

d CCT research in Drosophila will stimulate CCT studies in

higher animals
Deng et al., 2019, Neuron 101, 876–893
March 6, 2019 ª 2019 Elsevier Inc.
https://doi.org/10.1016/j.neuron.2019.01.045
Authors

Bowen Deng, Qi Li, Xinxing Liu, ...,

Wenxia Zhang, Juan Huang, Yi Rao

Correspondence
yrao@pku.edu.cn

In Brief

Deng et al. propose the concept of the

chemoconnectome (CCT) as the entirety

of all neurotransmitters,

neuromodulators, neuropeptides, and

their receptors and the approach of

chemoconnectomics to trace neural

circuitry anatomically and functionally.

mailto:yrao@pku.edu.�cn
https://doi.org/10.1016/j.neuron.2019.01.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2019.01.045&domain=pdf


Neuron

NeuroResource
Chemoconnectomics: Mapping
Chemical Transmission in Drosophila
Bowen Deng,1,3 Qi Li,1,3 Xinxing Liu,1,3 Yue Cao,1,3 Bingfeng Li,1 Yongjun Qian,1 Rui Xu,2 Renbo Mao,1 Enxing Zhou,1

Wenxia Zhang,1 Juan Huang,2 and Yi Rao1,4,*
1Peking-Tsinghua Center for Life Sciences, PKU-IDG/McGovern Institute for Brain Research, Advanced Innovation Center for Genomics,

Peking University School of Life Sciences, Chinese Institute for Brain Research, Beijing, Zhongguangchun Life Sciences Park, Beijing, China
2School of Basic Medical Sciences, Nanjing Medical University, Nanjing, China
3These authors contributed equally
4Lead Contact

*Correspondence: yrao@pku.edu.cn
https://doi.org/10.1016/j.neuron.2019.01.045
SUMMARY

We define the chemoconnectome (CCT) as the entire
set of neurotransmitters, neuromodulators, neuro-
peptides, and their receptors underlying chemo-
transmission in an animal. We have generated
knockout lines of Drosophila CCT genes for func-
tional investigations and knockin lines containing
Gal4 and other tools for examining gene expression
and manipulating neuronal activities, with a versatile
platform allowing genetic intersections and logic
gates. CCT reveals the coexistence of specific trans-
mitters but mutual exclusion of the major inhibitory
and excitatory transmitters in the same neurons.
One neuropeptide and five receptors were detected
in glia, with octopamine b2 receptor functioning in
glia. A pilot screen implicated 41 genes in sleep regu-
lation, with the dopamine receptor Dop2R func-
tioning in neurons expressing the peptides Dilp2
and SIFa. Thus, CCT is a novel concept, chemocon-
nectomics a new approach, and CCT tool lines a
powerful resource for systematic investigations of
chemical-transmission-mediated neural signaling
circuits underlying behavior and cognition.

INTRODUCTION

The connectome is the entire set of neural connections within the

nervous system and its targets in an animal (Sporns et al., 2005;

Bargmann and Marder, 2013). The connectome can be studied

at multiple levels; electron microscopy (EM) can visualize the

hard wiring of every neuron (Kasthuri et al., 2015; Morgan

et al., 2016; White et al., 1986; Zheng et al., 2018), while mag-

netic resonance imaging (MRI) can visualize general patterns of

connectivity (Glasser et al., 2016). Between them is the meso-

connectome, which can be studied by viral injections of markers

or manipulators driven by cell-type-specific promoters (Beier

et al., 2015; Lerner et al., 2016; Luo et al., 2018; Oh et al.,

2014a; Watabe-Uchida et al., 2012). Each approach has advan-
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tages and disadvantages. EM andMRI lack molecular resolution

and cannotmanipulatemolecular or cellular functions.While viral

injections can overcome many of the above problems, it is un-

clear howmany viral injections (at howmany locations of the ner-

vous system with how many promoters) are necessary. Thus,

with the exception of the worm Caenorhabditis elegans, which

contains only 302 neurons (White et al., 1986), the connectomes

of larger nervous systems remain unclear.

Each neuron is endowed chemicallywith the presence of small-

molecule transmitters, modulators, and peptides (Cooper et al.,

2003). Here, we define the chemoconnectome (CCT) as all neuro-

transmitters, modulators, neuropeptides, and their receptors in

an animal. Signaling between neurons and their target cells is

mediated by chemical and electric transmission, with chemical

transmission as the predominant mode (Loewi, 1921). Typically,

a presynaptic neuron synthesizes and stores neurotransmitters

in synaptic vesicles and, upon stimulation, releases transmitters

and modulators, which diffuse across the synaptic cleft and act

on receptors located on the cytoplasmic membrane of post-syn-

aptic neurons or other target cells. Classical experiments have

uncovered neurotransmitters, including acetylcholine (ACh)

(Hunt and Taveau, 1906; Dale, 1914; Dale and Feldberg, 1934),

noradrenaline (NA) (Oliver and Sch€afer, 1895; Takamine, 1901,

1902; Elliot, 1904; Von Euler, 1946), histamine (Barger and Dale,

1910), 5-hydroxytryptophan (5-HT) (Erspamer and Vialli, 1937;

Rapport et al., 1948), dopamine (DA) (Montagu, 1957; Carlsson

et al., 1958), glutamate (Glu) (Curtis et al., 1959), and g-aminobu-

tyric acid (GABA) (Roberts and Frankel, 1950; Udenfriend, 1950).

Peptides have been discovered in the nervous system to serve as

either transmitters or modulators (Von Euler and Gaddum, 1931;

Hughes et al., 1975). Neurotransmitters and neuromodulators

and neuropeptides act on receptors, of which some are iono-

tropic receptors and some are G-protein-coupled receptors

(GPCRs). Abnormalities of neurotransmission have been impli-

cated in multiple diseases, with �34% of US Food and Drug

Administration (FDA)-approved drugs targeting GPCRs (Hauser

et al., 2017). Thus, investigations of transmitters and receptors

may provide insights in understanding human diseases and

developing new drugs.

In Drosophila, we and others have studied the roles of trans-

mitters and receptors in a variety of behaviors (Zhou et al.,

2008, 2012; Liu et al., 2011; Qian et al., 2017), usually one or a
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few neurotransmitters at a time. The CCT is a systematic

approach that requires us to generate knockout (KO) and

knockin (KI) lines targeting all known small-molecule transmit-

ters, modulators, neuropeptides, and their receptors. 193 genes

related to synthetases or transporters for transmitters, modula-

tors, neuropeptides, their receptors, and non-olfactory orphan

GPCRs were selected. KO lines for CCT enable studies of

loss-of-function phenotypes of each transmitter or receptor. KI

lines for CCT enable visualization of neurons expressing each

transmitter or receptor. We have carried out proof-of-principle

experiments to show that chemoconnectomics provides a

powerful approach to study neural signaling. By highlighting

the neurochemical features of transmitters, modulators, and

neuropeptides, the CCT approach aims at, and its associated re-

sources provide tools for, investigating functions of transmitters,

modulators, neuropeptides, their receptors, and neurons ex-

pressing them. The KO lines allow examination of the functional

involvement of each transmitter/modulator/neuropeptide and

receptor in behaviors, while the KI lines allow examination of

the expression patterns of transmitters, modulators, neuropep-

tides, and their receptors. Together, they facilitate the dissection

of neurochemically defined circuitry. Chemoconnectomics com-

plements, and has advantages over, macro-, meso-, and micro-

connectomics for studying neural circuitry and conventional

mutagenesis for studying genes involved behavior. It has not

escaped our notice that CCT should be generated in mammals

to facilitate delineation of neural circuits underlying behaviors

and cognition.

RESULTS

Genetic Targeting of Neurotransmitters, Modulators,
Neuropeptides, and Their Receptors
While neuropeptides can be targeted straightforwardly through

their corresponding genes (Hewes and Taghert, 2001), small-

molecule transmitters and modulators can be targeted indirectly

by specific enzymes or vesicular or cell surface transporters (Fig-

ure 1A). Receptors for all small-molecule transmitters and mod-

ulators and, for some neuropeptides, together with orphan

GPCRs were targeted. In Drosophila, we have chosen 193

genes, including those encoding synthesizing enzymes for 10

of 11 small-molecule transmitters/modulators, those encoding

6 transporters, 40 neuropeptides, 32 ionotropic receptors, 59

metabotropic receptors, and 44 orphan GPCRs (Tables S1 and

S2). Two of the small-molecule transmitters, Glu and glycine,

were targeted not by synthesizing enzyme but by transporters

(VGluT and GlyT).

We used the CRISPR-Cas9 system to generate KO lines (Ran

et al., 2013) (Figure 1B) with an attP docking site introduced to

generate an attP-KO line, which provides a versatile platform

for further genetic modifications, including KI and protein trap-

ping by phiC31-mediated gene integration (Groth et al., 2004)

(Figure 1C; Table S2).

We generated KI lines by fusing the Gal4 protein to the C ter-

minus of a protein of interest with the stop codon for that protein

removed and replaced with T2A. Gene expression could thus be

visualized after crossing a Gal4 KI line to the UAS-mCD8::GFP

reporter line (Figure 1D). Of the 128 gene KI Gal4 lines in which
we have examined expression so far, 106 were detected in the

brain. We generated KI lines for different isoforms if they exist

for a single gene (Figure S1). As shown for the neuropeptide

ion transport protein (ITP) and three GPCRs (Dh31-R, CCHa2-R,

and DopR2), isoforms had distinct patterns.

Our basic constructs allow flexibility and versatile applica-

tions, facilitating the generation of Flp, Lex A, and p65AD (Fig-

ure 4A) lines, as well as superfold GFP (sfGFP) lines for protein

localization (Pédelacq et al., 2006). With sfGFP fused to

Dop1R1, a DA receptor (DR) in Dop1R1::sfGFP, we detected

its expression in the mushroom bodies (MBs) (Figures 1F and

1G). Similarly, we detected MB expression of a 5-HT receptor

(in 5HT1A::sfGFP) (Figures 1H and 1I). We compared Gal4

and LexA KI lines for 10 genes; Gal4 and LexA KIs for the

same gene usually had very similar patterns (those shown in

Figures 1D and 1E are for CCHa2), although the patterns

observed for Gal4 and LexA were quite different for CCAPR

(Figure S2).

Neuronal Distribution of CCT Genes
Our KI lines make it possible to examine the distribution of neu-

rons expressing neuropeptides as well as those for synthetases

or transporters of small-molecule transmitters and receptors. 11

small molecules (ACh, GABA, Glu, Gly, DA, 5-HT, octopamine

(OA), histamine (HA), tyramine (TA), adenosine (Ado), and

D-serine) have been reported in Drosophila (Dolezelova et al.,

2007; Kong et al., 2010; Yamazaki et al., 2014).

We have generated the following KI Gal4 lines to cover

small-molecule transmitters: ACh by genetic tagging of choline

acetyltransferase (ChAT) (Greenspan, 1980; Itoh et al., 1986;

Kitamoto et al., 1992), GABA by tagging glutamic acid decar-

boxylase (GAD1) (Jackson et al., 1990) and the vesicular

GABA transporter (VGAT) (Fei et al., 2010), glycine by tagging

glycine transporter (GlyT) (Frenkel et al., 2017), Glu by tagging

the vesicular Glu transporter (VGluT) (Daniels et al., 2004), DA

by tagging tyrosine hydroxylase (TH) (Budnik and White,

1988; Neckameyer and Quinn, 1989; Mao and Davis, 2009)

and the DA transporter (DAT) (Pörzgen et al., 2001), 5-HT by

tagging tryptophan hydroxylase (TrH) (Neckameyer and White,

1992) and the cytoplasmic 5-HT transporter (SerT) (Corey et al.,

1994; Demchyshyn et al., 1994), OA by tagging the TA b hy-

droxylase (TbH) (Monastirioti et al., 1996), and HA by tagging

the histidine decarboxylase (HDC) (Burg et al., 1993). TA cannot

be specifically tagged, but TDC2-Gal4 covers the combined

pattern of TA and OA (Cole et al., 2005). We have also gener-

ated LexA KI lines for all of these genes and Flp KI lines for

ChAT, VGluT, GAD1, TrH, and TH.

Neurons expressing these genes were visualized after the

Gal4 KI lines were crossed to the UAS-mCD8::GFP reporter

line (Figure 2). Distinct patterns have been observed for ChAT

(Figure 2A), VGluT (Figure 2B), VGAT (Figure 2C), HDC (Fig-

ure 2D), DAT (Figure 2E), TH (Figure 2F), SerT (Figure 2G), and

TbH (Figure 2H). The pattern of SerT is similar to that of TrH re-

ported by us recently (Qian et al., 2017).

We generated KO and KI lines targeting the neuropeptide

genes known from previous reports and predicted from bioin-

formatics (Broeck, 2001; Hewes and Taghert, 2001; N€assel

and Winther, 2010). Expression patterns of neuropeptides are
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UAS-mCD8::GFP;CCHa2-Gal4

ATG STOP

5’ Arm 3’Arm3P3-RFP5’Arm 3’Arm3P3-RFP

attP

LoxP

ATG

3P3-RFP

A

V5-2A-LexA

ATG

3P3-RFP

V5-2A-LexA GMR-miniwhite

V5-2A-LexA GMR-miniwhite

3P3-RFP

attP

LoxP

attB

attR/attL

PhiC31

Cre

ATG

ATG

hite

B D

LexAop-myr::GFP;CCHa2-LexA

C E

Dop1R1::sfGFP 5HT1A::sfGFP

F G H I

Dopamine

Calyx
Calyx

Calyx
Calyx

MB Lobe MB Lobe

Figure 1. KO and KI Lines in Drosophila CCT

(A) A dopaminergic synapse: DA synthesis and transport and DRs.

(B) Homologous-recombination-mediated gene targeting. To generate a KO, most of the exons were replaced by the 3P3-RFP cassette through homologous

recombination, and CRISPR-Cas9 was used to increase the targeting efficiency. In addition, an attP site before the 3P3-RFP cassette was inserted into the non-

transcriptional region to allow for further modifications.

(C) Site-specific integration system mediated KI. The KI cassette including the genomic region deleted in the KO lines and KI elements such as the Gal4 or LexA

coding sequence were introduced through PhiC31-mediated attP/attB recombination. loxP sites were also introduced.

(D and E) Expression of UAS-mCD8-GFP driven by CCHa2-Gal4 (D), and of LexAop-myr::GFP driven by CCHa2-LexA (E). Green, GFP; magenta, nc82. Scale

bar, 30 mm.

(F and G) Protein localization revealed by sfGFP fused in-frame to Dop1R1 at MB lobe region (F) and calyx region (G).

(H and I) Protein localization revealed by sfGFP fused in-frame to 5-HT1A receptor at MB lobe region (H) and calyx region (I).

Green, sfGFP; magenta; nc82. Scale bar, 30 mm.
shown in Figures 2 and S1–S4. Neuropeptides were usually

detected in limited regions (Figures 2I–2T), whereas their

receptors were detected in broader patterns (Figures 2Y–2Bb

and S3). Neurons expressing SIFaR, CNMaR, or NPFR (Figures

2Y, 2Z, 2Aa, and 2Bb) were more in number and innervated

more broadly than neurons expressing SIFa, CNMa, or NPF

(Figures 2J, 2M, and 2N).

Two Glu receptors (GluRIA and GluRIB) were detected in the

MBs and antennal lobe (AL), and GluRIB was also detected in

the supraesophogeal ganglion (SOG) and the visual system (Fig-

ures 2U and 2V). There are five genes encoding GABA receptors,

two for GABA-A (Ffrench-Constant et al., 1991; Henderson et al.,

1993) and three for GABA-B (Mezler et al., 2001). GABA-B-R1

was found in the AL, visual system, MBs and ellipsoid body
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(EB);GABA-B-R3was found in the EB, but not in theMB (Figures

2W and 2X).

Glial Expression of CCT Genes
Genes for small-molecule transmitters, modulators, and neuro-

peptides were detected in neurons (Figures 1D–1H and 2). Are

any of these genes expressed in glial cells?

So far, we have not detected the expression of small-mole-

cule transmitters or modulators in glia. However, we have de-

tected the expression of one neuropeptide and five receptors

in glial cells. The expression of the RD isoform of the ITP neu-

ropeptide gene was found in glia and neurons (Figure 3A). The

RC isoform of the receptor for Dh31 neuropeptide was also

detected in glia and neurons (Figure 3B). An isoform of the



Figure 2. Distribution of Neurons Expressing CCT Genes Revealed by KI Lines

(A–H) Expression patterns of genes encoding ChAT, a marker for Ach (A), VGluT for Glu (B), VGAT for GABA (C), HDC-RC for HA (D), DAT-RA for DA (E), TH for DA

(F), SerT for 5-HT (G), and TbH for OA (H). The HDC-RA/B isoform was not detected in the brain.

(I–T) Expression patterns of neuropeptides in the brain for PDF (I), SIFa (J), Trissin (K), Capa (L), CNMa (M), NPF (N), Mip (O), Eh (P), DH31 (Q), AstC (R), AstA (S),

and sNPF (T).

(U–X) Expression patterns of gene encoding GluR1A (U) and GluR1B (V), GABA-B-R1 (W), and GABA-B-R3 (X).

(Y–Bb) Expression patterns of neuropeptide receptors neurons in the brain: SIFaR (Y), CNMaR (Z), NPFR-RB/D (Aa) isoform, and NPFR-RA/C isoform (Bb).
Dop1R1 receptor was found in glia and neurons (Figure 3C).

With the help of multiple glial Gal4 lines, we detected ITP-RD

in perineurial, cortical astrocyte-like, and ensheathing glia,

Dh31R-RC in subperineurial and cortical glia, and Dop1R1-

RB/C in cortical and ensheathing glia (Figure S4). The Ado

receptor (AdoR) (Figures S3D and S5) and Lk receptor (LkR)

(unpublished data) were also detected in glia. AdoR inhibits
male-male aggression (Figure S5), though we have not deter-

mined whether it functions in neurons or glia.

The octopamine b2 receptor (Octb2R) was detected in

both neurons and glia (Figures 3E–3J). Nuclear GFP expression

driven by Octb2R-Gal4 overlapped with immunostaining by the

anti-Repo antibody, a pan-glial marker (Figures 3E–3G). Overlap

was also detected between Octb2R and immunostaining of the
Neuron 101, 876–893, March 6, 2019 879



Figure 3. Analysis of Glial Expression of CCT Genes

(A–D) Glia expression of neuropeptide or receptor isoform after crossing isoform-specific KI Gal4 to UAS-mCD8::GFP: ITP-RD (A), DH31-RC (B), Dop1R1RB/C

(C), and Octb2R (D).

(E–G) Octb2R-positive nuclei were revealed by UAS-Stinger::GFP driven by Octb2R-Gal4. Overlap of Octb2R gene expression with immunostaining by the anti-

Repo antibody was detected (G). The anti-Repo channel and GFP channel are separately shown (E) and (F).

(H–J) Overlap of Octb2R expression with immunostaining by the anti-Elav antibody was detected (J). The anti-Elav channel and GFP channel are separately

shown (I) and (J).
anti-Elav antibody, a pan-neuronal marker (Figures 3H–3J). Evi-

dence for Octb2R function in glia will be presented below (Fig-

ures 6and S7).

Expression of Transmitters and Receptors in
Dopaminergic Neurons
Henry Dale proposed that the same transmitter would be

released from different terminals of the same neuron (Dale,

1935). This was generalized by John Eccles as ‘‘Dale’s principle’’

that each neuron makes only one transmitter (Eccles et al., 1954;

Eccles, 1976). This simple version has been shown to be incor-

rect, because multiple transmitters have been found to coexist

in the same neuron and co-transmit (Lundberg, 1996; Nicoll

and Malenka, 1998; Granger et al., 2017). However, it is unclear

which transmitters coexist with other transmitters.

Using DA as a test case in Drosophila, we used an intersec-

tional strategy based on the split-LexA system (Luan et al.,

2006; Pfeiffer et al., 2010; Ting et al., 2011) (Figure 4A) to inves-

tigate whether other neurotransmitters and neuropeptides were

expressed in dopaminergic neurons. The transcriptional activa-

tion domain (p65AD) of the human p65 protein was inserted in
880 Neuron 101, 876–893, March 6, 2019
the C terminus of the TH protein, which could activate the

expression of a membrane-targeted GFP (myr::GFP) only when

the DNA-binding domain (DBD) of LexA interacted with the

LexA operator upstream of GFP; because LexA DBD was down-

stream of the upstream activation sequence (UAS) for Gal4, GFP

would only be expressed when the Gal4 fused to gene X is ex-

pressed. Here, X is a CCT gene. We have generated p65AD lines

for ChAT, VGluT, GAD1, TrH, and TH.

A line expressing TH-p65AD was crossed to 24 KI Gal4 lines

for ligands (including small-molecule neurotransmitters, modula-

tors, and neuropeptides) and to 61 KI Gal4 lines for receptors.

Receptor KI Gal4 lines with expression in brain were selected

for the intersection experiments. We observed positive intersec-

tional signals from 16 of the 24 ligand Gal4 lines and all 61 recep-

tor Gal4 lines (Figures 4B–4K). All four DRs were observed in

dopaminergic neurons (Figures 4I–4K and S5A–S5P; data not

shown), suggesting their possible functions as autoreceptors in

different neurons.

We compared intersection results with immunostaining with

an anti-TH antibody (Figure S6) and found that more neurons

were detected by the intersection strategy than those detected



Figure 4. Expression Patterns of Two Transmitters

(A–K) Intersectional analysis with split LexA (see text for detailed explanation). TH-positive neurons intersected withChAT (B), VGluT (C), VGAT (D), SerT (E), sNPF

(F), AstA (G), and TK (H). Expression of DRs in TH-positive neurons is shown for Dop1R1 (I), Dop1R2 (J), and Dop2R (K). Green, GFP; magenta, nc82. Scale

bars, 30 mm.

(L–N) VGluT-expressing neurons were labeled by nuclearly localized GFP in UAS-stinger::GFP driven by vGlut-Gal4 (L) and GAD1-expressing neurons by

tdTomato in LexAop-tdTomato driven by GAD1-LexA (M). No overlap was detected between them (N). Blue, nc82, an antibody recognizing all neuronal nuclei.

(O–Q) ChAT-expressing neurons were labeled by nuclearly localized GFP in UAS-stinger::GFP driven by ChAT-Gal4 (O) and GAD1-expressing neurons by

tdTomato in LexAop-tdTomato driven by GAD1-LexA (P). No overlap was detected between them (Q). Blue, nc82.

Neuron 101, 876–893, March 6, 2019 881



by the anit-TH antibody, especially in posterior brain regions

(Figures S6A–S6P). For example, most of PAM TH+ neurons ex-

pressed Dop2R (only 5 PAM TH+ neurons negative for Dop2R)

(Figure S6G), whereas only �10 PAM TH+ neurons expressed

Dop1R2 (Figure S6O), which was consistent with the intersection

results (Figures S6A and S6I). In the lobula, where the TH anti-

body signal could not be detected, intersectional signals

were strong for Dop2R (Figure S6B). However, the intersectional

signal at the lobula was quite similar to that in TH-KI-Gal4>UAS-

GFP (Figure S6R). Because theGal4/UAS and LexA/LexAop sys-

tems could amplify expression signals, the intersection strategy

and TH-KI-Gal4 could reveal neurons that were otherwise weak

in TH expression (Figures S6Q–S6R1).

We also compared our intersection results with previous

studies from RNA sequencing (RNA-seq) of either isolated DA

neurons (Abruzzi et al., 2017) or single cells from the midbrain

(Croset et al., 2018). Of the 85 genes analyzed in intersections,

expression of all 16 for small-molecule transmitters and peptides

positive for the intersectional signal with TH-p65AD was de-

tected in DA neurons by both RNA-seq studies. However,

several peptides negative in our intersections, such as prothora-

cicotropic hormone (Ptth) and Trissin, were detected by RNA-

seq. One peptide, Lk, was detected in DA neurons by Abruzzi

et al., but not by Croset et al. Of the 61 genes for receptors pos-

itive in intersections, Abruzzi et al. detected 45 in DA neurons,

while Croset et al. detected all of them in at least one DA neuron.

In addition, althoughmost of the receptor genes were expressed

at low levels (Abruzzi et al., 2017), they could be expressed

broadly in DA neurons (Croset et al., 2018). We analyzed the sin-

gle-cell sequencing data from 644 TH+ neurons (Croset et al.,

2018) and found expression of 29 out of 31 genes for ion chan-

nels in DA neurons. On average, an ion channel gene was ex-

pressed in 22.3% of DA neurons. For GPCRs, 86 out of 98 genes

could be detected in DA neurons, and on average, a GPCR

was expressed in 7% of DA neurons. 29 out of 35 peptide genes

were expressed in DA neurons, however, on average, a peptide

was expressed in 3.4% of DA neurons. The broad expression of

ion channels and sparse expression of peptide genes in DA neu-

rons were consistent with our intersectional results. However,

our intersection results suggested that both the ion channels

and GPCRs were expressed more broadly than single-cell

sequencing results. At this point, it cannot be distinguished

whether single-cell sequencing was not sensitive to the capture

of low-expression genes or that intersection is oversensitive to

the detection of co-expression, including transient ones.

No Expression of GAD1 in VGluT- or ChAT-Positive
Neurons
In mammals, the excitatory transmitter Glu and the inhibitory

transmitter GABA have been thought to be co-transmitters (Tru-

deau, 2004; El Mestikawy et al., 2011; Granger et al., 2017), as

evidenced by co-expression of VGluT1 and GAD65 (Kao et al.,

2004; Herzog et al., 2004a, 2004b) or VGluT and VGAT in the

same neurons (Ottem et al., 2004; Fattorini et al., 2009). VGluT

and VGAT were detected in different (Boulland et al., 2009) or

the same synaptic vesicles (Zander et al., 2010).

In Drosophila, Glu and ACh are the major excitatory transmit-

ters and GABA is the major inhibitory transmitter. To investigate
882 Neuron 101, 876–893, March 6, 2019
the relationship between excitatory and inhibitory transmitters in

the Drosophila brain, we used two different binary expression

systems, Gal4/UAS and LexA/LexAop, to label excitatory and

inhibitory neurons simultaneously. GABAergic neurons were

shown as stinger::GFP driven by GAD1-LexA, and glutamatergic

neurons and cholinergic neurons were shown as tdTomato

driven by either VGluT-Gal4 or ChAT-Gal4. No overlap was de-

tected between GFP and tdTomato signals when GFP was

driven by VGluT and tdTomato by GAD1 (Figures 4L–4N) or

when GFP was driven by ChAT and tdTomato by GAD1 (Figures

4O–4Q), indicating that unlike mammals (Granger et al., 2017),

GABAergic inhibitory neurons in Drosophila do not express

either of the excitatory transmitters (Glu or ACh).

Complex Relationship between Genes Encoding
Neuropeptides and Neurons Expressing These Genes
Sleep has been studied for nearly two decades in Drosophila

(Hendricks et al., 2000; Shaw et al., 2000). We used a video-

based assay for sleep (Oh et al., 2014b; Qian et al., 2017) to

screen 147 KO lines (Figure 5A). Lines with changes of more

than 20% were selected for further verification. 41 genes were

found to regulate sleep (Table S3), including known regulators

of sleep such as 5HT1a and Mip in promoting sleep (Oh et al.,

2014b; Qian et al., 2017; Yuan et al., 2006) and Dop1R1 and

Dop1R2 (Liu et al., 2012; Pimentel et al., 2016; Ueno et al.,

2012), as well as newly uncovered genes.

We further used theKI lines to investigate neuronal involvement

in sleep by driving NaChBac or Kir2.1 expression (Thum et al.,

2006). NaChBac is a voltage-sensitive sodium channel derived

from bacteria thath can be used to activate neurons (Luan

et al., 2006), while Kir2.1 is a potassium channel that can inacti-

vate neurons (Baines et al., 2001). UAS-NaChBac or UAS-

Kir2.1 flies were crossed to Gal4 lines expressing a neuropeptide

(Dsk, Tk, or CCHa1) (Figure 5B). Neither activation nor inhibition

of Dsk neurons affected sleep (Figure 5B). Inhibiting Tk neurons

delayed nighttime sleep latency (Figure 5C), whereas activating

Tk neurons significantly increased daytime sleep duration (Fig-

ures 5B and 5C). Activating CCHa1 neurons decreased nighttime

sleepduration (Figures 5Band5E), and inhibitingCCHa1neurons

delayed nighttime sleep latency (Figure 5E).

In Tk�/� mutants, daytime and nighttime sleep duration was

significantly decreased (Figure 5D; Table S3). Thus, both the

Tk gene and Tk-expressing neurons promote daytime sleep,

but the Tk�/� phenotype of nighttime sleep was not observed

in Tk neuronal inhibition, indicating the presence of other mole-

cules in Tk neurons. Nighttime sleep was decreased in

CCHa1�/� mutants (Figure 5F), but CCHa1 neuronal activation

decreased sleep (Figure 5E). As shown in other contexts, the

consequences of altering activity in a given neuronal cell type

may not equate with the consequences of suppressing just

one of its secreted factors. Future investigations should examine

multiple transmitters and neuropeptides in the same neurons to

understand the neural circuitry of behaviors.

OA Regulation of Sleep by Signaling to Both Neuronal
and Glial Cells
Our CCT KO screen showed sleep decreases in Oa2�/� and

Octb2R�/� mutants (Table S3). They encode receptors for OA,
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Figure 5. Sleep Analysis of Genetic KOs and Neuronal Manipulations

(A) Results of a pilot screen with 147 KO lines from our CCT showing the total daily amount of sleep relative to the control w1118 (n = 18–30/line). The Mann-

Whitney test was used to compare each KOwith w1118, and KO lines with significant sleep changes are shown in Table S3. *, **, and *** denote p < 0.05, p < 0.01,

and p < 0.001, respectively.

(B) Sleep after activating or inhibiting the activity of neurons expressing neuropeptides (Dsk, Tk, and CCHa1). Numbers below each bar represent the number of

flies tested. Mean ± SEM is shown. The Kruskal-Wallis test followed by Dunn’s post test was used. *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001,

respectively.

(C) Sleep profiles of flies after increasing (NaChBac) or decreasing (Kir2.1) the activities of Tk neurons. Data are plotted in 30-min bins, with white and black bars

on the x axis indicating 12-h light and 12-h dark conditions, respectively.

(D) Sleep profiles of Tk mutant and WT flies (n = 48 for each genotype).

(E) Sleep profiles after the activities of CCHa1-expressing neurons were increased by NaChBac or decreased by Kir2.1.

(F) Sleep profiles of CCHa1 mutant and WT flies (n = 24 for WT, 20 for CCHa1).
which is a major small-molecule transmitter in insects though

only a trace amine in mammals. OA is synthesized by TbH

(Roeder, 2005; Monastirioti et al., 1996). We used CRISPR-

Cas9 to replace the coding region of Oa2 and Octb2R with that

of Gal4 to generate their null mutants. With these mutants, we

confirmed that sleep phenotype in Octb2R null mutants, but

not in Oa2 null mutants (Figures 6 A and 6B). Sleep durations
of TbH and Octb2R mutants were approximately half that of

wild-type (WT) flies (Figures 6A and 6B) due to decreased night-

time sleep (Figure S7B), but not daytime sleep (Figure S7A).

Nighttime sleep loss was attributable to shorter bout duration

and reduced bout number (Figures S7D and S7F). Sleep was

not affected in Octb3R�/� or Oct-TyrR�/� mutants, but daytime

sleep was increased in OAMB null mutants (Figures 6A, 6B,
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Figure 6. Genetic Rescue of Sleep Pheno-

types in Octb2R Mutants

(A) Sleep profiles of octopaminergic mutants.

(B) Statistical analyses of sleep phenotypes in oc-

topaminergic mutants. Total sleep was decreased

by half in TbH and Octb2R mutants (n = 95 for WT,

n = 94 for TbH, n = 95 for OAMB, n = 85 for Oa2,

n = 94 forOctb2R, n = 85 forOctb3R, n = 89 forOct-

TyrR , and n = 91 for TyrRII). Mean ± SEM is shown.

The Kruskal-Wallis test followed by Dunn’s post test

was used. *, **, and *** denote p < 0.05, p < 0.01, and

p < 0.001, respectively.

(C) Localization of Octb2R-positive glial cells re-

vealed with UAS-mCD8::GFP.

(D) Co-staining of the nuclear GFP in UAS-stinger::

GFP driven by Octb2R-Gal4 with immunostaining

by the anti-Repo antibody.

(E) A cartoon showing the morphology and locali-

zation of surface-associated subperineurial and

perineurial glia in Drosophila.

(F) Intersectional analysis of Octb2R-LexA with

NP6293-Gal4 indicated thatOctb2Rwas expressed

in perineurial glia. Green, GFP; magenta, nc82.

Scale bars, 30 mm.

(G) Intersectional analysis of Octb2R-LexA with

NP2276-Gal4. No intersectional signal was de-

tected in subperineurial glia. Green, GFP; magenta,

nc82.

(H and I) Genetic rescue of sleep phenotypes in

Octb2R�/� mutant flies. UAS-Octb2R cDNA was

driven by the neuronal-specific Elav-Gal4 or the

perineurial-glial-specificNP6293-Gal4 inOctb2R�/�

mutants. Sleep loss could be partially rescued with

either Gal4 line (H), while sleep recovery after

deprivation could be rescued toWT levelswith either

Gal4 line (I) (n = 106 for UAS-Octb2R; Octb2R�/�,
n = 66 for Octb2R�/�, n = 68 for WT, n = 96 for Elav-

Gal4::Octb2R�/�, n = 110 for Elav-Gal4;UAS-

Octb2R;Octb2R�/�, n = 77 for NP6293;Octb2R�/�,
and n = 110 for NP6293-Gal4, UAS-Octb2R;

Octb2R�/�). Mean ± SEM is shown. The Kruskal-

Wallis test followed by Dunn’s post test was

used. ** and *** denote p < 0.01 and p < 0.001,

respectively.
S7A, and S7B). Sleep recovery after deprivation was increased in

TbH and Octb2R mutant flies (Figures S7G and S7H). Taken

together, our results suggest that OA promotes sleep through

Octb2R. It is unclear why OAMB�/� and TbH mutants had an

opposite phenotype, though it remains to be investigated

whether subsets of TbH neurons could have opposite roles,

with Octb2R mediating sleep promotion and OAMB mediating

sleep inhibition.

We found Octb2R in both glial cells and neurons (Figures

3E–3J). The morphology and localization of Octb2R-expressing

glial cells indicated that they were surface-associated glia
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(Figures 6C and 6D). There are two types

of surface-associated glia in Drosophila,

the subperneurial glia and perineurial glia,

which could be labeled by NP2276-Gal4

and NP6293-Gal4, respectively (Awasaki

et al., 2008) (Figure 6E). Intersectional anal-
ysis of theOctb2R-LexA revealedOctb2Rwas in perineurial glia,

but not subperineurial glia (Figures 6F and 6G).

We further carried out genetic rescue experiments by

reintroducing Octb2R into Octb2R�/� mutants either with the

perineurial glial NP6293-Gal4 or the neuronal Elav-Gal4 driving

UAS-Octb2R. The sleep-decrease phenotype was partially

rescued by either NP6293-Gal4 or Elav-Gal4 (Figure 6H). The

sleep-rebound phenotype of Octb2R mutants was also partially

rescued by reintroduction of Octb2R into neurons or glial cells

(Figure 6I). Thus, both neurons and perineurial glia cells are

required for Octb2R-mediated OA regulation of sleep in flies.
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Figure 7. Expression of DRs and Their Functional Roles in Sleep

(A) Ends-out gene targeting was used to replace the endogenous gene from the first exon with Gal4, attP, and loxP flanking the selection marker GMR::miniwhite

(Rong and Golic, 2000, 2001).

(legend continued on next page)
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Regulation of Sleep by DRs
Our pilot screen of 147 KOs implicated all four DRs in sleep regu-

lation, with Dop1R1, Dop1R2, and Dop2R inhibiting sleep and

DopEcR promoting sleep (Table S3). We generated null mutants

for the DRs by replacing the first coding exon of Dop1R1,

Dop1R2, and DopEcR and the last seven common exons of

Dop2R with Gal4 (Figure 7A) (Rong and Golic, 2000, 2001). We

also generated a null mutant for TH (aka pale) and found the

pale null mutants were lethal, consistent with a previous report

(Friggi-Grelin et al., 2003).

We analyzed the expression patterns for these KO Gal4 lines

by crossing them to UAS-mCD8-GFP for membrane labeling

(Figures 7B–7E), UAS-Stinger for nuclear labeling (Figures

S10A–S10E), UAS-nSyb-eGFP for axonal labeling (Figures

S9F–S9J), and UAS-Dscam17.1-GFP for dendritic labeling (Fig-

ures S10K–S10O). The pattern shown by ple-Gal4 was consis-

tent with previous reports (Budnik and White, 1988; Mao and

Davis, 2009) (Figure S10). Each DR had a distinct pattern (Fig-

ures 7B–7E and S10). In the MB, Dop1R1 in the g and ab lobes

(Figures S10G1–S10G3); Dop1R2 strongly in the g and ab lobes

but weakly in the a0b0 lobes (Figures S10H1–S10H3); Dop2R in

all lobes (Figures S10I1–S10I3); DopEcR strongly in the ab

lobes but weakly in the g lobe (Figures S10J1–S10J3). All four

DRs projected to the fan-shaped bodies (FSBs) (Figures

S10G4, S10H4, S10I4, and S10J4). Axon labeling showed

Dop1R2 and DopEcR projection to the antennal mechanosen-

sory and motor center (AMMC) (Figures S10H, S10J, S10Q5,

and S10S5). Dendrite labeling showed Dop1R1 and DopEcR

innervation of specific glomeruli in the AL (Figures S10L

and S10O).

The sleep phenotypes observed in the CCT KO lines were

confirmed in the null mutants and were increased in

Dop1R1�/�, Dop1R2�/�, and Dop2R�/� null mutants but

decreased in DopEcR�/� null mutants (Figures 7F and 7G).

Both daytime and nighttime sleep durations were increased in

Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mutants (Figures 7F,

7G, S9A, and S9B). Daytime sleep bout numbers were

increased in Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mutants

(Figure S9C). Nighttime sleep bout number was increased

only in Dop1R2�/� mutants (Figure S9D). Daytime sleep bout

durations were increased in Dop1R1�/�, Dop1R2�/� and

Dop2R�/� mutants (Figure S9E). Nighttime sleep bout durations

were increased in Dop1R1�/� and Dop2R�/� mutants (Fig-

ure S9F). DopEcR�/� mutants often displayed phenotypes

opposite those of Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mu-

tants. Nighttime sleep, but not daytime sleep, was significantly

decreased in DopEcR�/� mutants (Figures 7F, 7G, S9A, and

S9B). Nighttime sleep bout duration (Figure S9F), but not
(B–E) Expression patterns of UAS-mCD8-GFP driven by Dop1R1-Gal4 (B),

Magenta, nc82.

(F) Sleep profiles of DR mutant flies. Daytime and nighttime sleep durations were i

DopEcR�/� mutants (n = 47 for WT, n = 47 for Dop1R1�/�, n = 47 for Dop1R2�/�

(G) Statistical analysis of total sleep duration in 24 h. Sleep durations were sig

significantly decreased in DopEcR�/� mutants.

(H) After overnight sleep deprivation for 12 h by mechanical stimuli, sleep recove

Dop1R1�/� (n = 32), Dop1R2�/� (n = 30), Dop2R�/� (n = 43), and DopEcR�/� (n

(I) Statistical analysis of sleep recovery rate in WT and DRmutants. Only Dop1R2�

and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.
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bout number (Figure S9C), was reduced in DopEcR�/�

mutants.

As shown previously (Liu et al., 2012; Pfeiffenberger and Al-

lada, 2012), L-3,4-dihydroxyphenylalanine (L-DOPA) feeding

led to a sleep loss ratio of nearly 100% (Figures S9G and S9H).

The effect of L-DOPA on sleep was dependent on DRs, with

the sleep loss ratio reduced to 44%, 38%, and 62% in

Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mutants, respectively

(Figures S9G and S9H).DopEcRwas not required for L-DOPA in-

hibition of sleep (Figures S9G and S9H).

Only one DR was found to be involved in sleep recovery after

deprivation. After 12-h nighttime sleep deprivation by mechani-

cal stimuli, WT flies recovered nearly 80% of sleep the following

day (Figures 7H and 7I). Sleep recovery was not significantly

different between Dop1R1�/�, Dop2R�/�, or DopEcR�/� mu-

tants and WT flies (Figures 7H and 7I). However, sleep recovery

was significantly reduced in Dop1R2�/� mutants (Figures 7H

and 7I).

To examine cells in which Dop2R functions in sleep regula-

tion, we utilized the Gal4/UAS system to rescue the sleep

increase phenotype of Dop2R�/� mutants. We expressed

Dop2R cDNA to subsets of neurons known to be involved in

sleep regulation, including dorsal FSB (dFSB) neurons (with

23E10-Gal4), dopaminergic neurons (with TH-Gal4), ventral

lateral neurons (with pdf-Gal4), MB neurons (with c739-

Gal4, c309-Gal4, NP1131-Gal4, or c305a-Gal4), and pars

intercerebralis (PI) neurons (with dilp2-Gal4) (Figure 8A).

Only dilp2-Gal4 rescued the phenotype of Dop2R mutants

(Figure 8A).

dilp2-Gal4 is expressed in 7 PI neurons per hemisphere of the

brain. PI neurons expressing DH44, SIFamide, and Rhomboid

(c767 and 50Y) are known to regulate sleep and circadian rhythm

(Cavanaugh et al., 2014; Foltenyi et al., 2007; Park et al., 2014).

We used the corresponding Gal4 drivers to test for involvement

of Dop2R in these neurons (Figure 8B). In addition to Dilp2

neurons, restoration of Dop2R expression in SIFa neurons by

SIFa-Gal4 also partially rescued the Dop2R mutant phenotype,

indicating that Dilp2 and SIFa neurons mediate Dop2R inhibition

of sleep (Figure 8B).

To examine whether Dop2R is expressed in Dilp2 and SIFa

neurons, we used Dop2R-Gal4 to drive UAS-Stinger for nuclear

expression of GFP and antibodies for Dilp2 (Figures 8C–8E) or

SIFa immunostaining (Figures 8F–8H). We found Dop2R expres-

sion in Dilp2 (Figure 8E) and SIFa neurons (Figure 8H). These re-

sults support that Dop2R functions in Dilp2 and SIFa neurons to

regulate sleep. Thus, it is possible to trace from a receptor to

other neuropeptides, facilitating dissection of neurochemical

circuitry.
Dop1R2-Gal4 (C), Dop2R-Gal4 (D), and DopEcR-Gal4 (E). Green, GFP;

ncreased in Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mutants but decreased in

, n = 46 for Dop2R�/�, and n = 44 for DopEcR�/� mutants).

nificantly increased in Dop1R1�/�, Dop1R2�/�, and Dop2R�/� mutants but

ry accumulation curves were plotted on the following day for the WT (n = 31),

= 35) mutant flies.
/� mutants showed significantly reduced sleep recovery after deprivation. *, **,
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Figure 8. Expression and Function of Dop2R in Dilp2 or SIFa Neurons

(A) The sleep-increase phenotype in Dop2R�/� mutants could be rescued when expression of UAS-Dop2R was driven by Dilp2-Gal4, but not by 23E10-Gal4

(dFSB neurons), TH-Gal4 (DA neurons), pdf-Gal4 (LNvs), c739, c309, NP1131, or c305a (MB neurons). n = 23–24 for all lines except for c309-Gal4 (n = 15).

(B) The sleep phenotype in Dop2R�/� mutants could be rescued when expression of UAS-Dop2R was driven by Dilp2-Gal4 (n = 48) or SIFa-Gal4 (n = 38), but not

with other Gal4 drivers for subsets of PI neurons, including c767, 50Y, and DH44 (n = 24).

(C–E) Colocalization of Dop2R with Dilp2: UAS-Stinger GFP driven by Dop2R-Gal4 (C) was found to overlap with immunostaining by the anti-Dilp2 antibody (D),

and all the Dilp2 positive neurons expressed Dop2R (E). Green, GFP; Red, Dilp2.

(F–H) Colocalization of Dop2R with SIFa: UAS-Stinger GFP driven by Dop2R-Gal4 (F) overlapped with anti-SIFa immunostaining (G) and all the SIFa positive

neurons expressed Dop2R (H). Green, GFP; red, SIFa.
DISCUSSION

The CCT, Chemoconnectomics, and CCT Lines
The CCT is a new concept that reflects a biologically impor-

tant entity hitherto underappreciated as a whole though

intensively studied individually. Chemoconnectomics is a

novel approach to study the functional significance of the
CCT as a biologically meaningful entry point to dissect neural

circuits underlying behavior and cognition. Chemoconnec-

tomics lines such as those presented here for Drosophila

should be generated in other animals for general applications

in molecular studies of behavior and cognition and genetic

dissection of the neural circuitry underlying behavior and

cognition.
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The CCT can be compared in several aspects. For connec-

tomics, the CCT can be compared to existing ones, including

EM, MRI, and virally mediated approaches. The advantages of

the CCT over EM and MRI are that the CCT has molecular reso-

lution and can be used for molecular and cellular manipulations,

as well as genetic intersections. Compared to viral injections, the

CCT is more reproducible in different animals, more comprehen-

sive in covering all cells expressing the same gene, and more

definitive in terms of knowing that every cell type with known

neurochemistry has been covered. The CCT will complement

all of these approaches. For example, many viral injections use

CCT lines. When protein-tagged EM markers are widely

accepted, the CCT can be used for EM directly. In non-human

primates, the CCT can also be combined with MRI.

For genetic labeling of neurons and neuronal circuitry, the CCT

can be compared with minos-mediated integration cassette

(MiMIC) (Venken et al., 2011) and genomic insertions of Gal4 (Je-

nett et al., 2012). The CCT includes both KO and KI, with the

latter highly selective in targeting only genes related to transmit-

ters, modulators, neuropeptides, and their receptors and placing

Gal4 (and others) in frame at the C terminus of an endogenous

protein. MiMIC placed Gal4 through splicing acceptor sites,

which may or may not be accurate in reporting the patterns of

endogenous genes, and such placements also do not guarantee

functional inactivation. Placement of Gal4 every 2 kb in the

genome provides more patterns, but with uncertain biological

meaning, because such insertions often do not reflect patterns

of endogenous proteins.

For genetic studies of behavior and cognition, the CCT can be

compared to saturation mutagenesis. Saturation mutagenesis is

powerful in yeast, worms, and flies, but screening of all genes is

more time consuming andmore expensive than CCT. These limit

the applications of saturation mutagenesis, which has not

become a routine in mammals. Once generated, CCT lines are

simple and inexpensive to use. Saturation mutagenesis is an

one-time application, but each mutagenesis has to be set up

anew. CCT tools can be used repeatedly (and, if necessary,

comparatively). The CCT can certainly be established in mam-

mals and is imaginable in non-human primates. Saturationmuta-

genesis covers many genes that do not provide mechanistic

insights, even if proven to be involved, whereas the CCT is

focused on molecules and cells involved in neural signaling,

providing insights into neural signaling and pathways. This will

be particularly helpful in mammals.

Coexistence of Transmitters, Modulators, and
Neuropeptides in Drosophila

In all cases we have examined so far, each transmitter/modu-

lator/neuropeptide coexists with another, though in different

regions and with different combinations. This indicates that con-

ditional KO and double and triple KO combinations will be help-

ful, although circuitry dissection can be done now with single

mutations and intersections of two genes.

The simple version of Dale’s principle (Dale, 1935; Eccles

et al., 1954; Eccles, 1976) is known to be incorrect, becausemul-

tiple transmitters, modulators, and neuropeptides coexist in the

same neurons and sometimes in the same synaptic vesicles. The

most common observation of co-transmission is the presence of
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a small-molecule transmitter and a neuropeptide in the same

neuron (Hökfelt, 1991; Lundberg, 1996; Nusbaum et al., 2017),

but the coexistence of two small-molecule transmitters has

also been observed (Jonas et al., 1998). In mammals, examples

of co-transmission include glycine with GABA (Jonas et al., 1998)

and DAwith GABA (Hirasawa et al., 2012). Glu has been found to

be a co-transmitter with ACh (Herzog et al., 2004a, 2004b;

M€unster-Wandowski et al., 2016; Granger et al., 2017), DA (Dal

Bo et al., 2004; Mendez et al., 2008; Tecuapetla et al., 2010;

Zhang et al., 2015), and 5-HT (Sch€afer et al., 2002).

Our CCT lines enable systematic investigations of coexistence

in Drosophila. The intersection of TH with 24 KI Gal4 lines re-

vealed that 16 transmitters and neuropeptides might coexist

with DA (Figure 4).

In other organisms, it is presently difficult to conclude that one

transmitter does not coexist with another. With the systematic

nature of the CCT, we can now show that GABAergic inhibitory

neurons do not contain either of themajor excitatory transmitters

(Glu or ACh) in the CNS of Drosophila (Figures 4L–4Q).

The presence of more than one transmitter/modulator/neuro-

peptide in the same neuron provides one of the reasons why

manipulating neuronal activities is not equivalent tomanipulating

one transmitter. This was witnessed by our results that neuronal

activation of by NaChBac or inhibition of neuronal activity by

Kir2.1 could result in a phenotype that was either the same as

or different from the phenotype of mutating a gene encoding a

neuropeptide (Figures 5B–5F) or a small-molecule transmitter

(data not shown) in sleep regulation. This provides a cautious

note that underscores lessons previously learned from both

mammalian (e.g., Wu and Palmiter, 2011) and Drosophila (e.g.,

Selcho et al., 2017) studies: for a specific neuronal cell type,

manipulating its activity should be considered separately from

results of manipulating single molecules.

Regulation of Sleep by DA
Sleep has been observed in every animal species studied to date

(Campbell and Tobler, 1984. In mammals, sleep can be sepa-

rated into different phases by electroencephalogram (EEG) and

electromyogram (EMG) recordings (Aserinsky and Kleitman,

1953; Davis et al., 1937). In flies, sleep is usually monitored by

locomotion (Hendricks et al., 2000; Shaw et al., 2000). DA regu-

lates sleep in both mammals (Wisor et al., 2001; Lu et al., 2006;

Eban-Rothschild et al., 2016; Qu et al., 2010) and flies (Kume

et al., 2005; Qu et al., 2010; Liu et al., 2012; Ueno et al., 2012;

Kayser et al., 2014; Seidner et al., 2015; Sitaraman et al., 2015;

Nall et al., 2016; Pimentel et al., 2016).

We have constructed null mutants and KI GAL4 lines for TH

and all four DRs. Homozygous TH�/� mutants were lethal, but

DR mutants were viable and were studied behaviorally.

Dop1R1, Dop1R2, and Dop2R suppresses sleep and mediates

sleep loss induced by L-DOPA, whereas DopEcR promotes

sleep (Figures 7F, 7G, S9G, and S9H). Dop1R2 is involved

in sleep recovery after sleep deprivation (Figures 7H and 7I). Ge-

netic rescue experiments indicated that Dop2R functions in

Dilp2 and SIFa neurons to regulate sleep (Figures 8A and 8B).

Previous results showed that sleepwas reduced in dilp2mutants

and in SIFa knockdown flies (Cong et al., 2015; Park et al., 2014).

BecauseDop2R is coupled toGi (Hearn et al., 2002), the simplest



explanation is that DA inhibits neurons expressing Dop2R and

thus inhibits neurons expressing either Dilp2 or SIFa.

The role of DopEcR in sleep is opposite to that expected from

DA and also unrelated to L-DOPA feeding (Figure S9G), indi-

cating that it may not be downstream of DA in sleep regulation.

DopEcR can be activated by both DA and ecdysone. Previous

reports showed that ecdysone feeding increased sleep (Ishimoto

and Kitamoto, 2010).

Dop1R2 is necessary for sleep homeostasis (Figures 7H and

7I). Previous results suggest that Dop1R2 knockdown in dFSB

increased sleep (Pimentel et al., 2016) and that cvc at dFSB reg-

ulates homeostasis (Donlea et al., 2014). It will be interesting to

investigate whether Dop1R2 in dFSB regulates sleep homeosta-

sis, possibly upstream of cvc.

Role of Glia in Regulating Sleep
Previous studies suggest a wake-promoting role for OA (Crocker

and Sehgal, 2008; Crocker et al., 2010), which is different from

our results. This difference may have resulted from the different

methods used to measure sleep. Previous work used the

Drosophila Activity Monitor (DAM)-based method, whereas we

used the video-based method. We reanalyzed our video-based

data using the DAM-based method and found that similar to the

previous work, the sleep duration of TbH�/� mutants was signifi-

cantly increased (Figure S8). The sleep duration ofOctb2R�/�mu-

tants was also significantly increased when analyzed by the DAM

method (Figure S8). Because the DAM-based method only mea-

sures flymovement across themidpoint of a tube (excluding activ-

ities in either end of the tube), it is less sensitive inmotiondetection

than the video-based method. We thus conclude that sleep is

reduced in both TbH�/� and Octb2R�/� mutants.

Our Octb2R KI line indicates that Octb2R is expressed in both

neuronal and glial cells (Figures 6C–6G). Cells expressing

Octb2R intersected with the glial Gal4 line NP6293, but not the

other glial Gal4 line NP2276. Functionally, sleep loss in

Octb2R�/� mutants could be rescued partially by either Elav-

Gal4- or NP6293-driven expression of UAS-Octb2R. The sleep

recovery after deprivation phenotype in Octb2R�/� mutants

could also be partially rescued by the expression of UAS-Octb2R

in either neuronal or glial cells. These results support a role for

both neurons and glial cells in mediating sleep regulation.

InDrosophila, glia have been implicated in regulating the circa-

dian rhythm (Suh and Jackson, 2007; Ng et al., 2011, 2016). Gap

junction rhythms driven by a circadian clock in the perineurial glia

were reported recently (Zhang et al., 2018). Reduction of GABA

transaminase, an enzyme responsible for degrading GABA, in

glia decreased sleep (Chen et al., 2015), indicating that GABA

in glial cells inhibits sleep. Reduction of the transmembrane

receptor Notch in glia impaired sleep homeostasis (Seugnet

et al., 2011). It will be interesting to further investigate mecha-

nisms underlying sleep regulation by glia. OA has been previ-

ously known to function through the astrocytic Oct-TyrR

receptor to regulate the startle responses in flies (Ma et al.,

2016). Taken together with our new results, glia therefore appear

to mediate multiple functions of OA.

In our CCT screen, we have so far detected glial expression of

only one neuropeptide (Figure 3). It will be interesting to study its

function and its target cells.
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Paraformaldehyde (PFA) Electron Microscopy Sciences Cat#15713

Focus Clear Cell Explorer Labs Cat# FC-101

Experimental Models: Organisms/Strains

Drosophila: vas-Cas9 Ni Lab, Tsinghua University N/A

Drosophila: UAS-Stinger::GFP Dickson, Janelia Research Campus N/A

Drosophila: LexAop-tdTomato Dickson lab, Janelia Research Campus N/A

Drosophila: 13XLexAop2-IVS-myr::GFP (attp5) Rubin Lab, Janelia Research Campus N/A

Drosophila: 13XLexAop2-IVS-myr::GFP (attp2) Rubin Lab, Janelia Research Campus N/A

Drosophila: UAS-LexA DBD Lee Lab, NIH N/A

Drosophila: TbHnM18 Wu Lab, University of Iowa N/A

Drosophila: TH-Gal4 Hirsh Lab, University of Virginia N/A

Drosophila: SIFa-Gal4 Veenstra Lab, University of Bordeaux N/A

Drosophila: c739 Griffith Lab, Brandeis University N/A

Drosophila: c309 Griffith Lab, Brandeis University N/A

Drosophila: NP1131 Dubnau Lab, Cold Spring Harbor Laboratory N/A

Drosophila: c305a Dubnau Lab, Cold Spring Harbor Laboratory N/A

Drosophila: Pdf-Gal4 Allada Lab, Northwestern University N/A

Drosophila: NP6293-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: NP2276-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: NP2222-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: NP1243-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: NP6520-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: NP3233-Gal4 Ito Lab, University of Tokyo N/A

Drosophila: UAS-dTrpA1 Garrity Lab, Brandeis University N/A

Drosophila: y1v1P{nos-phiC31yint.NLS}X;

{CarryP}attP40

Bloomington Stock Center #25709

Drosophila: 23E10-Gal4 Bloomington Stock Center #49032

Drosophila: c767 Bloomington Stock Center #30848

Drosophila: 50Y Bloomington Stock Center #30820

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila: dilp2-Gal4 Bloomington Stock Center #37516

Drosophila: DH44-Gal4 Bloomington Stock Center #51987

Drosophila: UAS-mCD8-GFP Bloomington Stock Center #5137

Drosophila: y1 w67c23 P{Crey}1b; snaSco/CyO Bloomington Stock Center #766

Drosophila: y1 w67c23 P{Crey}1b; D*/TM3,Sb1 Bloomington Stock Center #851

Drosophila: y1 w67c23; snaSco/CyO, P{Crew}DH1 Bloomington Stock Center #1092

Drosophila: y1 w*; P{UAS-NaChBac}2 Bloomington Stock Center #9469

Drosophila: w*; P{UAS-HsapyKCNJ2.EGFP}7 Bloomington Stock Center #6595

Drosophila: w1118; P{8XLexAop2-FLPL}attP2 Bloomington Stock Center #55819

Drosophila: UAS-FRT-stop-FRT-mCD8GFP Bloomington Stock Center #30032

Drosophila: UAS-Octb2R (attp40) Rao Lab, Peking University, this paper N/A

Drosophila: UAS-Dop2R (attp40) Rao Lab, Peking University, this paper N/A

Drosophila: other KO and KI flies Rao Lab, Peking University, this paper N/A

Recombinant DNA

pACU2 Jan Lab, University of California, San

Francisco, Han et al., 2011

N/A

pGE-attB Huang et al., 2009 N/A

U6b-sgRNA-short Ni Lab, Tsinghua University, Ren et al., 2013 N/A

pEASY-RFP Gao Lab, Tsinghua University N/A

pBluescript SK (+) Xi Lab, National Institute of Biological

Sciences, Beijing

N/A

pBPnlsLexA::GADflUw Pfeiffer et al., 2010 Addgene: #26232

pBPp65ADZpUw Pfeiffer et al., 2010 Addgene: #26234

pBPZpGAL4DBDUw Pfeiffer et al., 2010 Addgene: #26233

pBPGUw Pfeiffer et al., 2010 Addgene: #17575

pBPLexA::p65Uw Pfeiffer et al., 2010 Addgene: #26231

pBS-KS-attB1-2-GT-SA-Flpo-SV40 Venken et al., 2011 Drosophila Genomics Resource

Center: #1326

sfGFP-pBAD Pédelacq et al., 2006 Addgene: #54519

pBSK-attP-3P3-RFP-loxP Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-myc-T2A-Gal4-GMR-miniwhite Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-V5-T2A-nlsLexA::GAD-

GMR-miniwhite

Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-V5-T2A-LexA::p65-

GMR-miniwhite

Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-myc-T2A-Flpo-GMR-miniwhite Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-T2A-p65ADzp-GMR-miniwhite Rao Lab, Peking University, this paper N/A

pBSK-attB-loxP-sfGFP-GMR-miniwhite Rao Lab, Peking University, this paper N/A

Software and Algorithms

MATLAB MathWorks, Natick, MA https://www.mathworks.com/products/

matlab.html

Prism 5 GraphPad https://www.graphpad.com/

Imaris Bitplane http://www.bitplane.com/imaris/imaris
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yi Rao

(yrao@pku.edu.cn).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Lines and Rearing Conditions
Flies were reared on standard corn meal at 25�C, 60% humidity, 12 h light:12 h dark (LD) cycle. For flies used in behavior assays, we

backcrossed all of them into our isogenized Canton S background for 7 generations. For the UAS-dTrpA1 experiment, flies were

reared at 18�C. vas-Cas9 was a gift from Dr. J. Ni (Tsinghua University, Beijing). UAS-Stinger::GFP and LexAop-tdTomatowere gifts

from Dr. B. Dickson (Janelia Research Campus, HHMI).UAS-LexADBDwas a gift fromDr. C. H. Lee (NIH). TbHnM18 null mutant was a

gift from Chun-FangWu (University of Iowa).UAS-dTrpA1was a gift from Dr. P. Garrity (Brandeis University). TH-Gal4was a gift from

Dr. J. Hirsh (University of Virginia). SIFa-Gal4 was a gift from Dr. J. Veenstra (University of Bordeaux). c739 and c309 were gifts from

Dr. L. Griffith (Brandeis University).NP1131 and c305awere gifts fromDr. J. Dubnau (Cold Spring Harbor Laboratory). Pdf-Gal4was a

gift from Dr. R. Allada (Northwestern University). nos-phiC31, 23E10 (BL#49032), c767 (BL#30848), 50Y (BL#30820), dilp2

(BL#37516), DH44 (BL#51987), UAS-mCD8-GFP (BL#5137), hs-Cre on X or second chromosome (i.e., BL#766, BL#851 and

BL#1092), UAS-NachBac (BL#9469), UAS-Kir2.1 (BL#6595) were obtained from the Bloomington Stock Center.

METHOD DETAILS

Gene Selection
The list of genes was acquired from Flybase and previous reports. Genes coding transmitter synthetase, neuropeptides, transmitter

transporters, transmitter receptors andGPCRswere selectedwhereasGPCRs used in olfaction, taste, and vision aswell as adhesion

GPCRs were excluded. Some genes were newly annotated in the databases after our work began. The final list of the 193 genes is

shown in Table S2.

Molecular Biology
All the KO lines were generated through homologous recombination in Drosophila embryos with the CRISPR/Cas9 system, though

we also generated an additional set of KO lines for DRs with the ends-in and ends-out methods (Rong and Golic, 2000, 2001).

To generate the targeting vector, a plasmid containing attP-3P3-RFP-loxP cassette was modified from pEASY-RFP (a gift from

Guanjun Gao, Tsinghua University, Beijing) by adding the loxP sequence and the 53 bp minimal attP sequence (Huang et al.,

2009). The targeting vector arms were generated by cloning the 50ARM and 30ARM of a gene into the KpnI and SacII digested

pBSK+ plasmid through Gibson assembly (Gibson et al., 2009), and the arm sequences were confirmed by restriction enzyme diges-

tion and sequencing. attP-3P3-RFP-loxP cassette was inserted between the two arms by restriction enzyme digestion and ligation.

The sgRNAs were designed using online sgRNA design web E-CRISP (http://www.e-crisp.org/E-CRISP/) (Heigwer et al., 2014),

and the sgRNA constructs were generated as described previously (Ren et al., 2013). For each gene, two sgRNA constructs were

generated, with one after the 50arm ending site and one before the 30 arm starting site. KI flies were generated through phiC31 medi-

ated attB/attP recombination, and the miniwhite gene was used as a selection marker. The pBSK-attB-GMR miniwhite vector was

generated by inserting the attB-GMRminiwhite cassette from pGE-attB (Huang et al., 2009) into the KpnI and SacII digested pBSK+

plasmid. Coding sequences for 2xMyc-T2A-Gal4, V5-T2A-LexA, T2A-zp-p65AD, 2xMyc-T2A-Flp and sfGFP were inserted into

pBSK-attB-GMR miniwhite to generate pBSK-attB-2xMyc-T2A-Gal4, pBSK-attB-V5-T2A-LexA, pBSK-attB-T2A-zp-p65AD,

pBSK-attB-2xMyc-T2A-Flp, and pBSK-attB- sfGFP KI backbone vectors. To generate the KI vector for each gene, genomic region

from the ending site of the 50 arm to stop codon was cloned into the KI backbone vectors though Gibson assembly. For genes with

different isoforms, the sequence from the shorter isoform’s stop codon to the starting site of the 30 armwas cloned and inserted after

Gal4/LexA by Gibson assembly into the SpeI digested KI plasmid.

The UAS-Octb2R and UAS-Dop2R DNA construct were generated by cloning theOctb2R and Dop2R open reading frames ampli-

fied from fly head cDNA into the pACU2 vector (a gift from the Jan Lab at UCSF) (Han et al., 2011).

Generation of KO, KI and Transgenic Lines
To generate KO lines, a plasmidmixture with the targeting vector and two sgRNAswere diluted in sterile water at a final concentration

of 500 ng/ml for targeting vector and 250 ng/ml for each sgRNA plasmid. Plasmids were injected into vas-cas9 embryos. F1 flies with

RFP positive eyes were selected as KO candidates and verified by polymerase chain reaction (PCR) followed by sequencing. To

generated KI lines, the nos-phiC31 virgin females were first crossed with the KO males, then the KI vectors (300�500ng/ml) were in-

jected into the embryos from these females. F1 flies with red eyes were selected as KI candidates and verified by PCR.

The resulting KI lines were balanced before being crossed to hs-Cre flies to remove all unnecessary DNA sequences including the

3P3-RFP, GMR miniwhite and construct backbones.

UAS-Octb2R and UAS-Dop2R DNA constructs were injected and integrated into the attP40 site on the second chromosome

through phiC31 mediated gene integration. Transgenic flies were obtained and confirmed by PCR.

Behavioral Assays
For sleep analysis, virgin females of 4 to 6 days were individually loaded into 5x65mm glass tubes with food. Before sleep measure-

ment, flies were entrained to a 12 h light:12 h dark cycle at 25�C for at least two days. Locomotion was recorded by a camera with
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704x576 resolution. In order to clearly videotape fly locomotion in the dark period, we used infrared LED light. Videos were taken at

5 frames per second. 1 frame per second was extracted for fly tracing. The tracing was analyzed with an in-house software

(Qian et al., 2017). Sleep was defined by the traditional 5 min or longer immobility (Hendricks et al., 2000; Shaw et al., 2000).

DAM-based method to measure sleep used the same video recorded data. By defining a virtual beam in the center of the recording

tubes, midline crossings were counted with a software based on MATLAB.

For neuronal activation experiments by UAS-dTrpA1, flies were reared at 18�C. Virgin females were selected and maintained at

18�C for 8 to 10 days before being recorded at 23�C for 3 days as the baseline and at 28�C for 1 day activation. Sleep bout duration

and bout number were calculated as the mean bout duration and mean bout number respectively.

Sleep deprivation was performed as previously described (Qian et al., 2017). Briefly, a plastic holder with recording tubes was fixed

into a holding box. The holding box was rotated and bumped onto plastic stoppers under the control of a motor driver. The motor

driver was randomly activated every 3 min for 12 h during the night. The recovery rate was calculated as (sleep after SD-sleep

before SD)/sleep loss by SD. Female flies were used in the sleep deprivation assay.

Aggression was analyzed as that described in our previous studies (Zhou et al., 2008; Liu et al., 2011). Two isolatedmale flies of the

same genotype were introduced to the aggression chamber at age 5 to 7 days. Latency and frequency were used to measure the

aggression level.

L-DOPA Feeding
Virgin females of 4 to 6 days old were individually loaded into 5x65mm glass tubes with food containing 2% agar and 5% sucrose.

Flies were allowed to habituate for 3 days at 25�C, 12 h light: 12 h dark cycle as the baseline (basal sleep). Flies were then transferred

into food containing 4 mg/ml L-DOPA. Flies were presented with L-DOPA for 20 h before sleep recording. Sleep on the following day

(still on L-DOPA food) was analyzed. Sleep loss ratio was calculated as (basal sleep-sleep on L-DOPA food)/ basal sleep.

Immunohistochemistry and Confocal Imaging
For all immunostainings, 6 to 10 days old adult flies were anesthetized and dissected in ice-cold phosphate buffered saline (PBS).

Whole-mount brains were fixed in 4% paraformaldehyde (wt/vol) for 2 h on ice, washed three times in 0.03% PBST (PBS containing

0.03% Triton X-100 (vol/vol)) for 10min at room temperature. Brains were subject to 10% normal goat serum (diluted in 2%PBST) for

12 h blocking and penetration at 4�C, before incubation with the primary antibody (diluted in 1% normal goat serum in 0.25% PBST)

for 24 h at 4�C. Samples were washed in 3% sodium chloride in 1% PBST for three times for 15 min before incubation with the sec-

ondary antibody (diluted in 1% normal goat serum in 0.25% PBST) for 24 h in darkness at 4�C. Samples were washed three times for

15 min, before being mounted on slices in Focus Clear (Cell Explorer Labs, FC-101), and visualized on a Zeiss LSM 710 confocal

microscope. Images were processed by Imaris and ZEN blue softwares. The following primary antibodies were used: chicken

anti-GFP (1:1000; Abcam), mouse anti-nc82 (1:50; DSHB), mouse anti-PDF (1:200; DSHB), rabbit anti-TH (1:500; Novus Biologicals).

Rabbit anti-Dilp2 (1:1000) was a gift from Dr. Z. F. Gong (Zhejiang University). Rabbit anti-SIFamide (1:1000) was a gift from

Dr. J. Veenstra (University of Bordeaux) (Terhzaz et al., 2007). The following secondary antibodies were used: Alexa Fluor goat

anti-chicken 488 (1:1000; Invitrogen), Alexa Fluor goat anti-mouse 633 (1:200; Invitrogen) and Alexa Fluor goat anti-rabbit 546

(1:500; Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

The Mann Whitney test was used to compare two columns in Figures S5G and S5H, and to compare the sleep level of KO lines with

w1118 in Table S3. The Kruskal-Wallis ANOVA test, followed by Dunns post test, was used to compare multiple columns of data.

All statistical analyses were carried out with Prism 5 (GraphPad Software). The sample sizes and statistical tests used for each exper-

iment are stated in the figures or figure legends.
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