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reduced nighttime sleep (Figure 3, J and K), further supporting
the sleep-promoting roles of nAChR 2 and nAChR 2, and their
function in neurons labeled by 2KlIGal4 and 2KIGal4.

When nAChR 2 and nAChR 2 genes were knocked out, sleep
was both reduced to about half of wt level (Figure 1, C J), and
these two genes are tightly linked: only ~18 kb apart from each
other in the Drosophila genome. Because a functional nAChR
is composed of ve subunits in vivo, and studies have shown
that nAChR 2 can form homo-pentamer by itself [60], or form
hetero-pentamer with nAChR 1 and nAChR 2 in Drosophila [80],
it is plausible that nAChR 2 and nAChR 2 form a functional
NAChR pentamer to promote sleep.

A

To explore this possibility, we intersected nAChR 2 and
nAChR 2 by simultaneously expressing UAS-FRT-STOP-FRT-GFP
in 2-expressing neurons driven by 2KlGal4, and LexAop-Flp
in 2-expressing neurons driven by 2KiLexA. In nAChR 2*
nAChR 2* neurons, the STOP cassette between the UAS and
GFP was removed by the Flp recombinase, thus labeling the
neurons with GFP. Intersection of nAChR 2 and nAChR 2 was
identi ed in multiple brain regions, including known sleep-
regulating regions such as the MB Kenyon cells and the PI
(Figure 3,G 1).

Also, RNAI knockdown of nAChR 2 in nAChR 2-expressing
cells and knockdown of nAChR 2 in nAChR 2-expressing cells
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Figure 2. Sleep and arousal phenotypes of nAChR 3 mutants. (A) Schematic representations of nAChR 3 with a red bar indicating the deleted regions in nAChR 3KO.
Deleted part: NP_525079.3, 94aa 335aa. (B) Arousal rate of 3** (black) (n =91), 3" (blue) (n =121),and 3’ (red) (n = 63) female ies under mechanical stimuli. Open
bars denote the number of ies stayed asleep after the stimuli (Numbersleep), lled bars denote the number of ies awakened by the stimuli from sleep (Number,
Arousal rate was denoted under each bar. (C) Almost all the 3/ (n=116), 3" (n=135),and wt (n = 118) female ies were awakened from sleep by extremely strong
stimuli (3.0 g). (D) The speed of 3’/ (n=30)and 3 (n=48) ies during locomotion was normal compared to 3" ies(n=48).(E) 3’/ (n=48)and 3" (n=48) ies
had normal nighttime sleep duration compared to 3** (n = 45) ies. (F) Arousal rate of 3 /Y (n = 100) was signi cantly less than 3*" (n = 110) male ies. (G) All the

3 /Y (n = 120) (red) and wt (n = 111) (black) male ies were awakened from sleep by extremely strong stimuli (~3.0 g). (H) Speed of 3 /Y (n = 47) was higher than 3*¥
(n=48) ies. () Nighttime sleep durations of 3 /Y (n =47) had no signi cant difference with 3*¥ ies (n =47). Daytime sleep durations of 3 /¥ were less than 3*¥ ies.
*+p < 0.001, *p < 0.01, n.s. p > 0.05, Fisher s exact test was used in (B), (C), (F), and (G), Kruskal Wallis test with Dunn s posttest was used in (D) and (E). Mann Whitney
test was used in (H) and (I). Error bars represent SEM.
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Figure 3. nAChR 2 and 2 function together to promote sleep. (A C) Expression patterns of 2KIGal4 labeled by mCD8::GFP in the brain (A, anterior view; B, posterior
view) and the VNC (C). (D F) Expression patterns of 2KIGal4 labeled by mCD8::GFP in the brain (D, anterior view; E, posterior view) and the VNC (F). (G 1) Expression
patterns of 2KlGal4/ 2KILexA, LexAop-Flp, UAS-FRT-STOP-FRT-mCD8::GFP. Colocalized neurons expressing nAChR 2 and nAChR 2 were labeled with GFP in the brain (G,
anterior view; H, posterior view) and the VNC (l). The tissues were stained with anti-GFP (green) and nc82 (magenta). Scale bars are 30 m. (J) Knockdown of nAChR 2
in NAChR 2-expressing cells (red) (n = 48) signi cantly reduced nighttime sleep duration compared to 2KIGal4/+ (green) (n = 48), UAS- 2RNAI/+ (blue) (n = 46) and wt
(black) (n = 48). (K) Knockdown of nAChR 2 in nAChR 2-expressing cells (red) (n = 47) signi cantly reduced nighttime sleep duration compared to Gal4 control (green)
(n = 48), RNAi control (blue) (n = 48), and wt (black) (n = 48). (L) Knockdown of nAChR 2 in nAChR 2-expressing cells (red) (n = 46) signi cantly reduced nighttime sleep
duration compared to 2KlIGal4/+ (green) (n = 48), UAS- 2RNAI/+ (blue) (n = 42), and wt (black) (n = 48) ies. (M) Knockdown of nAChR 2 in nAChR 2-expressing cells (red)
(n = 48) signi cantly reduced nighttime sleep duration compared to 2KIGal4/+ (green) (n = 48), UAS- 2RNAIi/+ (blue) (n = 47) and wt (black) (n = 44) ies. (N) Knockdown
of NAChR 2in 2 2-coexpressing cells (red) (n = 43) signi cantly reduced nighttime sleep duration compared with 2:p65AD,UAS- 2RNAIi/+ (green) (n = 46), 2KILexA,
LexAop-DBD/+ (blue) (n = 46), and wt (black) (n = 47). **p < 0.001, **p < 0.01, Kruskal Wallis test with Dunn s posttest. Error bars represent SEM. Female ies were used.
(0) Schematic representations of y brain regions. MB, mushroom body; SNP, superior neuropils; VLNP, ventrolateral neuropils; AL, antennal lobe; OL, optic lobe; SOG,
subesophageal ganglion; CC, central complex; Pl, pars intercerebralis.
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both signi cantly reduced nighttime sleep durations (Figure 3,
L and M). We also used split Gal4 strategy to express nAChR 2
RNAi in nAChR 2- 2-coexpressing cells, and found that
nighttime sleep duration was signi cantly decreased when 2
is knocked-down in nAChR 2- 2-coexpressing cells (Figure 3, N).
Taken together, these data showed that nAChR 2 and nAChR 2
in the same neurons regulate sleep. The simplest explanation
for the previous nding of pentameric NAChR composition and
our results of expression, intersection, and RNAi experiments is
that nAChR 2 functions with nAChR 2 to promote sleep.

nAChR 2 and 2 function in octopaminergic neurons
to promote sleep

To further investigate the sleep-promoting mechanisms of
nAChR 2, we intersected nAChR 2 with a group of neurotrans-
mitter synthases encoding genes, which were found to af-
fect sleep when mutated. Among the immunochemistry and
confocal imaging results, synthases of serotonin (tryptophan
hydroxylase, or Trh) and octopamine (tyramine hydroxylase,
or T H), which were known to participate in sleep regula-
tion [37, 51, 72, 81, 82], were found to have intersections with
nAChR 2. Trh and nAChR 2 were found to have an overlapping
expression in the SOG (Figure S7, A). T H and nAChR 2 were
found to be overlapped widely in the brain and the VNC (Figure
4, A and B), including the AL, the ventral unpaired median
(VUM) cells, the anterior superior medial protocerebrum (ASM)
cells, the protocerebral bridge (PB) cells, and the ventrolateral
protocerebrum (VL) cells.

To ndinwhich type of neurons does nAChR 2 function, UAS-
nAChR 2 was reintroduced into different types of neurons in the

2/ background. The nighttime sleep duration of 2/ was res-

cued by reintroduction of UAS-nAChR 2 into 2-expressing cells
(Figure 4, C) labeled by 2KOGal4 in which 2A-Gal4-STOP was
fused to the start codon of nAChR 2 (Figure S2, B). Expression
of nAChR 2 in the octopaminergic cells labeled by T HKIGal4
rescued the nighttime sleep duration (Figure 4, D), whereas ex-
pression in the serotonergic cells labeled by TrhKIGal4 failed
to rescue (Figure S7, B), indicating that nAChR 2 functions in
octopaminergic neurons, but not serotonergic neurons, to pro-
mote sleep. RNAi knockdown of nAChR 2 in octopaminergic
cells driven by T HKIGal4 also reduced nighttime sleep dur-
ation (Figure 4, E), suggesting that nAChR 2 in octopaminergic
cells was necessary for proper sleep duration. Furthermore,
RNAI knockdown of T H in nAChR 2-expressing cells reduced
nighttime sleep duration (Figure 4, F), indicating that octopa-
mine in 2-expressing cells was also necessary for sleep.

Because nAChR 2 probably functions with nAChR 2 to pro-
mote sleep, we then tested whether nAChR 2 also functions in
octopaminergic neurons. We labeled the colocalization neurons
of T H and nAChR 2 using split-LexA strategy [83], and found
that T H and nAChR 2 colocalized in multiple brain regions
and the VNC (Figure 4, G and H). Knockdown of nAChR 2 in
octopaminergic cells also signi cantly reduced nighttime sleep
duration (Figure 4, 1), indicating that nAChR 2 also functions in
octopaminergic neurons to promote sleep. Also, knockdown
of T H in nAChR 2-expressing cells signi cantly reduced
nighttime sleep duration (Figure 4, J), suggesting that octopa-
mine in 2-expressing cells was necessary for sleep.

Taken together, these data suggest that nAChR 2 and 2
function in octopaminergic neurons to promote sleep, most
likely through octopaminergic signaling.

nAChR 3 functions in dopaminergic neurons to
promote arousal

Our mini-screen revealed that nAChR 3KO ies are hard to be
awakened from sleep by exogenous stimuli (Figure 2), indicating
an arousal-promoting role of nAChR 3. To examine the expres-
sion of arousal-promoting nAChR 3, we fused 2A-Gal4 in-frame
to nAChR 3, making the 3KIGal4 line (Figure S2, B). It was then
used to drive UAS lines expressing mCD8::GFP, stinger::GFP,
Syt::GFP, and DenMark to label the membrane, the nuclei, the
axons and the dendrites of nAChR 3-expressing neurons, re-
spectively. 3KlGal4 was expressed in the membrane of neurons
in the SOG, the MBs, the superior neuropils (SNP), and the
ventrolateral neuropils (VLNP), and in the MN, the MtN and the
AC of the VNC (Figure 5, A C). Nuclei and axons were labeled
in brain regions similar to that of the membrane by 3KlGal4
(Figure S6, J and K). Dendrites in the SOG, the VLNP, and the ac-
cessory medulla (AME) were labeled by 3KIGal4 (Figure S6, L).
The arousal rate of 3’ was fully rescued by reintroduction
of NAChR 3 into nAChR 3-expressing cells (Figure 5, G) with UAS-
nAChR 3driven by 3KOGal4 in which the translation of NAChR 3
was interrupted by 2A-Gal4-STOP (Figure S2, B), proving that the
arousal phenotype of 3/ was caused by the deletion of nAChR 3.
Dopamine, dopamine receptor, and dopaminergic neurons
are known to promote endogenous wakefulness and exogenous
stimuli-induced arousal [32, 33, 78, 79, 84, 85]. To test the possi-
bility of NAChR 3 promoting exogenous stimuli-induced arousal
in dopaminergic neurons, we rst checked whether nAChR 3 is
expressed in the dopaminergic neurons labeled by the synthase
of dopamine, tyrosine hydroxylase (TH). We used the split-LexA
strategy [83] to detect overlaps in nAChR 3 and TH expression,
and found that nAChR 3 and TH were colocalized in multiple
regions in the CNS (Figure 5, D F), including the optical lobe, the
MBs, the PB, the central complex (CC), the SOG, and the VNC. The
colocalization of NAChR 3 and TH allowed nAChR 3 to signal
through dopamine.
nAChR 3 was reintroduced into the nAChR 3 and TH inter-
sectional cells in 3/ background, and the arousal rate was
partially rescued (Figure 5, H), suggesting that nAChR 3 in the 3-
expressing dopaminergic neurons is suf cient to promote arousal.
RNAI knockdown of nAChR 3 in dopaminergic neurons driven
by THKIGal4 signi cantly reduced the arousal rate (Figure 5, 1),
indicating that nAChR 3 in the dopaminergic neurons is neces-
sary for arousal promoting. Taken together, these data suggest that
nAChR 3 functions in dopaminergic neurons to promote arousal.
RNAIi knockdown of TH in nAChR 3-expressing neurons also
reduced the arousal rate signi cantly (Figure 5, J), indicating
that dopamine in the nAChR 3-expressing neurons is necessary
for arousal. We fed ies with the dopamine precursor, L-DOPA,
to test whether nAChR 3 functions through dopamine signals.
L-DOPA rescued the arousal rate of 3’ to the level of 3"+ ies
fed with mock (Figure 5, K). Taken together, our results indicate
that nAChR 3 functions in dopaminergic neurons to promote
arousal, by positively regulating the dopamine signaling.

Discussion

Sleep and arousal are two important processes regulated by
multiple molecules. Although the cholinergic neurons have
long been identi ed as a key modulator in sleep regulation in
both mammals [49, 86 91] and ies [30, 50], the speci c func-
tion of cholinergic neurons in sleep and arousal remains
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Figure 4. nAChR 2 and 2 function in octopaminergic neurons to promote sleep. (A, B) Expression patterns of T HKIGal4/ 2KILexA, LexAop-Flp, UAS-FRT-STOP-FRT-
mCD8::GFP in the brain (A) and VNC (B). Colocalized neurons expressing nAChR 2 and T H were labeled with GFP, clusters are labeled according to Crocker et al. [37].
ASM, anterior superior medial protocerebrum; PB, protocerebral bridge; VL, ventrolateral protocerebrum; VUM, ventral unpaired median (VUM). (C) Reintroduction of
NnAChR 2 into nAChR 2-expressing cells rescued nighttime sleep loss of nAChR 2 mutants. Nighttime sleep durations of 2KO/ 2KOGal4 (green) (n = 48), 2KO/ 2KO,
UAS- 2 (blue) (n = 46), 2KOGal4/ 2KO, UAS- 2 (red) (n = 35), and wt (black) (n = 48) ies were plotted. (D) Reintroduction of nAChR 2 in octopaminergic cells rescued
the sleep defect of NAChR 2 mutants. Nighttime sleep durations of T HKIGal4/+; 2KO/ 2KO (green) (n =47), 2KO/ 2KO, UAS- 2 (blue) (n=47), T HKIGal4/+; 2KO/ 2KO,
UAS- 2 (red) (n = 46), and wt (black) (n = 47) ies were plotted. (E) Knockdown of nAChR 2 in octopaminergic cells (red) (n = 48) signi cantly reduced nighttime sleep
duration compared to T HKIGal4/+ (green) (n = 36), UAS- 2RNAIi/+ (blue) (n = 46), and wt (n = 47). (F) Knockdown of T H in nAChR 2-expressing cells (red) (n = 46) signi -
cantly reduced nighttime sleep duration compared to 2KIGal4/+ (green) (n = 39), UAS-T HRNAI/+ (blue) (n = 44), and wt (n = 48). (G, H) Expression patterns of T HKIGal4;

2-p65AD, LexAop-myr::GFP, UAS-LexADBD. Neurons coexpressing NAChR 2 and T H were labeled with GFP in the brain (G) and VNC (H). (I) Knockdown of nAChR 2 in
octopaminergic cells (red) (n = 44) signi cantly reduced nighttime sleep duration compared to T HKIGal4/+ (green) (n = 47), UAS- 2RNAI/+ (blue) (n = 46), and wt (n = 47).
(J) Knockdown of T H in nAChR 2-expressing cells (red) (n = 48) signi cantly reduced nighttime sleep duration compared to 2KIGal4/+ (green) (n = 48), UAS-T HRNAI/+
(blue) (n = 47), and wt (n = 48). **p < 0.001, n.s., p > 0.05. Kruskal Wallis test with Dunn s posttest. Error bars represent SEM. The tissues were stained with the anti-GFP
(green) and nc82 (magenta). Scale bars are 30 m. Female ies were used.

controversial [92 94], and little is known about the AChRs role
in sleep regulation. Cholinergic neurons in different brain re-
gions have been found to promote wakefulness, REM sleep, or
NREM sleep. Genome-wide association studies (GWAS) in hu-
mans have found associations of nAChRs with sleep disorders
[95, 96]. Muscrinic AChRs have recently been found to be essen-
tial for REM sleep in mice [97]. A recent chemical genetic screen
in ies has implicated nAChR 4 in sleep [21], and another study
studying mechanisms downstream of the sleepless (sss) gene has

found that sss promotes sleep through inhibition of NAChR 3in
ies [98]. But the speci c roles of AChRs in sleep regulation and
their mechanisms are still largely unknown.

Here, through a systematic genetic investigation and further
intersection and genetic studies of 13 ACh receptors, we have
found that nAChR 3 promotes arousal in dopaminergic neurons
and nAChR 2 and 2 promote sleep in octopaminergic neurons
in D. melanogaster, providing an insight into the molecular mech-
anisms of sleep regulation by ACh (Figure 5, L).
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