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N E U R O S C I E N C E

Four SpsP neurons are an integrating sleep regulation 
hub in Drosophila
Xihuimin Dai1, Jasmine Quynh Le1, Dingbang Ma1,2, Michael Rosbash1*

Sleep is essential and highly conserved, yet its regulatory mechanisms remain largely unknown. To identify sleep 
drive neurons, we imaged Drosophila brains with calcium- modulated photoactivatable ratiometric integrator 
(CaMPARI). The results indicate that the activity of the protocerebral bridge (PB) correlates with sleep drive. We 
further identified a key three- layer PB circuit, EPG- SpsP- PEcG, in which the four SpsP neurons in the PB respond to 
ellipsoid body (EB) signals from EPG neurons and send signals back to the EB through PEcG neurons. This circuit is 
strengthened by sleep deprivation, indicating a plasticity response to sleep drive. SpsP neurons also receive 
inputs from the sensorimotor brain region, suggesting that they may encode sleep drive by integrating sensorimotor 
and navigation cues. Together, our experiments show that the four SpsP neurons and their sleep regulatory circuit 
play an important and dynamic role in sleep regulation.

INTRODUCTION
Sleep is important for multiple biological processes, which include 
but are not limited to immune responses, learning and memory, 
and waste clearance (1). While sleep is often defined by behavioral 
changes such as prolonged immobility, reduced responsiveness to 
external stimuli, and sleep recovery after deprivation (2, 3), sleep 
stages and wakefulness are traditionally distinguished by the elec-
trophysiological state of the brain. Mammalian sleep stages and 
wakefulness are characterized by distinct electroencephalographic 
patterns, and different sleep stages have even been identified in 
Drosophila, in this case through local field potential recordings (4–7) 
and hidden Markov modeling of sleep behavior (8). This concor-
dance suggests that sleep is regulated by discrete brain neural cir-
cuits in flies as well as mammals and suggests that some fly neurons 
should be more active when the animal needs to sleep or needs to 
maintain sleep as has been shown in mammals (9).

This search for sleep- relevant neurons overlaps with a basic prin-
ciple of sleep regulation, namely, the importance of a circadian as 
well as a homeostasis process (10). The circadian process is con-
trolled by the ~150 circadian clock neurons in Drosophila (11), 
but fly “sleep centers” remain poorly defined, especially those that 
change with sleep state, deep versus light sleep for example, or brain 
regions that are critical for sleep homeostasis.

Recent studies have suggested that the central complex, especially 
its dorsal fan- shaped body (dFB) and ellipsoid body (EB) neurons, 
are important for the regulation of sleep and sleep homeostasis. Ma-
nipulation of drivers labeling the dFB neurons or the EB neurons 
caused changes in sleep or sleep homeostasis, and functional studies 
proposed a recurrent circuit between the dFB neurons, the helicon 
cells, and the EB neurons, which incorporates signals from the circa-
dian neurons (12, 13). Nonetheless, these studies have been con-
strained by the modest availability and specificity of individual Gal4 
drivers and have limited insights into dynamic neuronal activity pat-
terns across the fly brain during natural changes in sleep drive. On 
the other hand, a recent study has revealed that distinct neuronal 

ensembles are active during different sleep states (14), but the identi-
ties and projection patterns of these active neurons remain unknown.

To overcome this limitation of the Gal4 system and search for 
neurons that respond to sleep drive change in a natural context, we 
instead began by using calcium- modulated photoactivatable ratio-
metric integrator (CaMPARI) to take an irreversible snapshot of 
whole- brain calcium activity in sleep- deprived flies. The results 
showed that the protocerebral bridge (PB), another component of 
the central complex, exhibits a substantially higher calcium activity 
in flies with high sleep drive than any other easily detectable brain 
location. Following a thermogenetic activation screen with sparsely 
labeled split Gal4 drivers, we identified three sleep- promoting sub-
sets of PB neurons, namely, four SpsP neurons, ~20 pairs of EPG 
neurons, and  ~9 pairs of PEcG neurons. The four SpsP neurons 
alone are strongly sleep promoting and show consistent inhibition 
as well as activation sleep phenotypes. Through connectivity assays, 
we further show that they serve as a sleep regulation hub: Each SpsP 
neuron innervates all the PB glomeruli in the hemi- brain, receiving 
signals from and sending signals back to EB through EPG columnar 
neurons and PEcG columnar neurons, respectively, as well as by in-
tegrating dopaminergic signals.

RESULTS
Calcium activity of PB increases with sleep deprivation
To address cellular mechanisms of sleep drive in a natural context, 
we took an unbiased snapshot of whole- brain calcium levels by pan- 
neuronally expressing CaMPARI. It is a photoconvertible calcium 
sensor, which irreversibly converts green fluorescent protein (GFP) 
to red fluorescent protein (RFP) in the presence of calcium and ul-
traviolet (UV) light (15, 16). CaMPARI imaging has been validated 
and used in several studies to indicate the neuronal activity respons-
es in flies to behaviors including olfaction (17), bitter taste process-
ing (18), and hedonic hunger (19). The RFP/GFP ratio after UV 
exposure is an indicator of relative calcium levels and, therefore, 
serves as a proxy for neuronal activity.

Flies exhibit rebound sleep after sleep deprivation (2, 3), sup-
porting the notion that the sleep drive of an animal increases with 
wakefulness and dissipates with sleep. To identify the neurons that 
respond to high sleep drive, we carried out ex vivo imaging with 
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pan- neuronally expressed CaMPARI at Zeitgeber time (ZT)1, i.e., 
1 hour after lights on in a 12- hour:12- hour light:dark cycle. This was 
done with two groups of flies: flies with high sleep drive that had been 
sleep deprived for 13 hours, i.e., for the whole night +1 hour from 
ZT12 to ZT1 (SD group); and flies harboring relatively low sleep 
drive, which had slept undisturbed for the whole night and also as-
sayed at the same time of day (CTRL group) (Fig. 1A). While whole- 
brain CaMPARI imaging successfully labels neuropils throughout 
the entire brain, photoconversion within deep brain regions such 
as the EB and the FB might be limited by the penetration capability 
of the UV light and the laser for confocal imaging. We found that 
the signal- to- noise ratios are weaker in neuropils deep in the brain 
compared to neuropils on the brain surface. We therefore normalized 
the CaMPARI signal of each SD neuropil to the same neuropil of the 
control group (see Materials and Methods for details). Among all the 

neuropils examined, the increase of CaMPARI signal after sleep de-
privation in the PB was the most robust and reliable (Fig. 1B and fig. 
S1D). The signal in the EB, a brain region that has been reported to 
encode sleep homeostasis (20), also increased with sleep deprivation. 
There was little change in signal in the antenna lobe (AL) and the 
optic lobe (fig. S1D).

To further address the extent to which increased PB calcium after 
sleep deprivation is caused by increased sleep drive, we also carried 
out ex vivo CaMPARI imaging at ZT3 after 2 hours of recovery sleep 
(Fig. 1A). After 13 hours of sleep deprivation, flies in the SD group 
showed significantly higher PB calcium activity than the control 
group at ZT1 (Fig. 1C), and after an additional 2 hours of recovery 
sleep at ZT3, there was no statistically significant difference in the 
calcium activity of the PB between the SD group and the CTRL 
group (Fig. 1D). To further confirm the calcium activity of increase 
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Fig. 1. PB intrinsic and PB- EB neurons are involved in sleep regulation. (A) A schematic representation of the sleep deprivation paradigm for caMPARi imaging. Male 
nSybGal4>caMPARi flies were sampled and imaged at Zt1 and Zt3. Open bar, light phase, Zt0 to Zt12; solid bar, dark phase, Zt12 to Zt0; red bar, sleep deprivation (SD). 
(B) Representative images of nSybGal4>caMPARi imaging in the ctRl group (left) and the SD group (right) at Zt1. Green, caMPARi green; magenta, caMPARi red. Arrows, 
PB. Scale bars, 30 μm. (C to E) Quantification of the normalized Fred/Fgreen ratio of nSybGal4>caMPARi in the PB in the ctRl (blue) and the SD (red) group by ex vivo 
[(c) and (D)] and in vivo (e) caMPARi imaging at Zt1 [(c) and (e)] and Zt3 (D). error bars, SeM. **P < 0.01 and ***P < 0.001, Mann- Whitney test. (F and G) A schematic 
representation of the central complex components (F) and the representative projection patterns of three types of PB- projecting neurons (G). illustration based on data 
from NeuPrint, licensed under cc BY 4.0 (https://creativecommons.org/licenses/by/4.0/). NO, noduli. (H) A schematic representation of the thermogenetic activation 
screen (top) and the quantification of the sleep duration changes (bottom). Fly sleep was monitored at 19°c during day 1, followed by thermogenetic activation at 31°c 
during day 2, and the flies returned to 19°c for recovery during day 3. Sleep duration changes were normalized to temperature change and Gal4 controls. top three sleep- 
promoting drivers from right to left: e- PG (ss50574), P- ecG (ss02195), and SpsP (ss52267). Magenta, PB- intrinsic neurons labeling drivers; blue, PB- eB neurons labeling 
drivers; orange, PB- FB neurons labeling drivers. More than 30 male flies were measured in each group. Whiskers represent 5th to 95th percentiles.
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with sleep drive in the PB, we carried out in vivo CaMPARI imag-
ing, in which freely moving flies were exposed to UV to capture on-
going calcium activity. In this assay as well, sleep- deprived flies 
showed significantly higher PB calcium activity than the control 
group at ZT1 (Fig. 1E). The lower Fred/Fgreen ratio in the in vivo set-
ting (Fig. 1E) relative to ex vivo (Fig. 1C) is likely due to the reduced 
penetration of UV light through the cuticle. Despite this difference, 
the consistency in the direction of the changes across both condi-
tions supports that PB calcium levels correlate with sleep drive.

Thermogenetic activation screen of PB- expressing 
split drivers
The PB is a neuropil located near the posterior surface of the fly brain 
and is part of the central complex, which plays important roles in 
navigation, sensorimotor signaling, and sleep (21,  22). The central 
complex is a set of highly interconnected neuropils in the center of the 
fly brain, consisting of the PB, FB, EB, the gall, and the noduli. The 
neuropils are highly structured: The PB consists of 18 glomeruli, 9 in 
each hemibrain; the FB consists of approximately eight layers and nine 
columns; the EB consists of 16 wedges (Fig. 1F). These three major 
components are connected by tangential neurons and columnar neu-
rons: PB tangential neurons arborize across glomeruli; EB ring neu-
rons arborize across wedges, whereas FB tangential neurons arborize 
across columns and projects to different layers. Columnar neurons 
arborize to one PB glomeruli, one EB wedge, or one FB column. Some 
neurons have additional projections to the gall or the noduli (23–25).

As mentioned above, other components of the central complex, 
most notably the FB (26) and the EB (20, 27, 28), also play important 
roles in sleep regulation. The sleep homeostasis process indicates 
that sleep drive increases with sleep deprivation and then leads to 
rebound sleep (29). If increased PB calcium is due to sleep depriva-
tion and reflects enhanced sleep drive, then these neurons might 
promote sleep. However, which are the relevant neurons?

There are about 3000 neurons in the central complex, of which 
about 660 neurons arborize in the PB (30). They also connect to 
other central complex neurons to form highly ordered neural net-
works. To understand which subsets of PB- expressing neurons 
function in sleep regulation and to avoid targeting nonspecific neu-
rons, we made use of the split- Gal4 library generated by Wolff and 
Rubin (24). These lines have greatly improved specificity than the 
traditional driver lines because Gal4 is only active in the intersec-
tion of the p65AD and Gal4DBD patterns (31). On the basis of their 
projection pattern/morphology, there are three categories of the PB- 
expressing neurons: (i) PB intrinsic neurons with most of their pro-
jections in the PB and no arborization in the EB or the FB; (ii) 
PB- EB neurons, which innervate the PB and the EB; and (iii) PB- FB 
neurons, which innervate the PB and the FB (Fig. 1G).

To identify which sets of PB- expressing neurons function in sleep 
regulation, we carried out a thermogenetic activation screen with the 
PB- expressing split- Gal4 library (Fig. 1H); each driver labeled a 
sparse subset of PB- expressing neurons. When comparing the sleep 
change upon thermo- activation between activated Gal4>dTrpA1 
flies and Gal4/+ control flies, no wake- promoting driver was found 
in our thermogenetic activation screen of PB- expressing drivers 
(Fig. 1H). This is consistent with the increased CaMPARI signal in 
the PB upon sleep deprivation. Sleep was significantly increased when 
several groups of PB- EB connecting neurons and PB intrinsic neurons 
were thermogenetically activated. In contrast, activation of PB- FB 
connecting neurons had only a minor or negligible effect (Fig. 1H), 

suggesting that the PB and its connection with the EB have a more 
important role in sleep regulation than the connection between the 
PB and the FB. The top three drivers with the most robust sleep- 
increasing phenotypes are ss52267, ss50574, and ss02195. On the 
basis of the brain regions that they innervate, the relevant neurons 
labeled by these three drivers have been named by Wolff and Rubin 
(24) as the SpsP neurons [innervating the superior posterior slopes 
(SPSs) and the PB], the EPG neurons (innervating the EB, the PB, 
and the gall), and the PEcG neurons (innervating the PB, the EB ca-
nal, and the gall), respectively.

Four SpsP neurons promote sleep
As the SpsP driver (ss52267) only labels four SpsP neurons in the 
central complex and weakly labels a few additional cells in the brain 
and the ventral nerve cord (VNC) (Fig. 2A and fig. S2A), it is an at-
tractive candidate for follow- up studies. Thermogenetic activation 
of the SpsP driver resulted in a daytime as well as a nighttime sleep 
increase (Fig. 2, B and C). Notably, activation did not alter locomo-
tor activity during movement compared to the TrpA1/+ control 
group (Fig. 2D), suggesting that the sleep increase is not due to de-
fective locomotion. Thermogenetic activation of SpsP also led to 
more consolidated sleep; sleep bout duration increased (Fig. 2E), 
and sleep bout number decreased (Fig. 2F). In addition, optogenetic 
activation of the SpsP driver caused a nighttime sleep increase (fig. 
S3, A and B). Blocking vesicle endocytosis and, thus, synaptic trans-
mission in the SpsP neurons by expressing shibirets (32) also caused 
sleep loss at night from ZT14 to ZT21 (Fig. 2, G and H).

On the basis of the calcium increase in the PB with overnight 
sleep deprivation (Fig. 1C), we also assayed the SpsP neurons with 
CaMPARI imaging in flies after overnight sleep deprivation: Calci-
um in the SpsP cell bodies increased after overnight sleep depriva-
tion (Fig. 2, I and J). Together, all of these results indicate that the 
SpsP neurons are important for sleep and that their activity increas-
es with sleep drive.

SpsP neurons receive signals from and send signals to the PB
To explore the neural circuit basis of sleep regulation by SpsP neurons, 
we first took advantage of the recently published neuPrint analysis 
tool of fly brain electron microscopy (EM) reconstruction (33, 34). 
The EM reconstruction was carried out in a large portion of the cen-
tral brain of the fly (or referred to as “hemibrain”). The four SpsP 
neurons are all annotated in neuPrint (IDs: 881212361, 911893174, 
941136727, and 941469110), and the EM reconstruction shows that 
each SpsP neuron expands its projections across all nine PB glomeruli 
of each half hemibrain. Moreover, there are two SpsP neurons that 
project to the PB in the left side of the hemibrain, and two SpsP neu-
rons that project to the PB in the right side of the hemibrain (Fig. 3A). 
However, the EM reconstruction is missing the SpsP arborizations 
within the SPS region, probably because it was not carried out on a full 
brain. Synaptic connectivity analysis based on the EM reconstruction 
only identifies sparse SpsP connections, most of which remain within 
the central complex: SpsP neurons receive inputs from upstream neu-
rons in the PB, including Delta7 and SpsP itself, and they send outputs 
to downstream neurons in the PB, including PB intrinsic neurons 
such as Delta7 and SpsP, PB- FB neurons such as P- FNd, and PB- EB 
neurons such as PEN (Fig. 3B).

We then labeled the dendrites of SpsP neurons with DenMark 
(35) and the axons with Syt.eGFP (36). Similar to the results from 
the EM reconstruction, the immunostaining showed that SpsP 
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neuron dendrites receive signals in the SPS and PB, and SpsP neu-
ron axons send signals to the PB (Fig. 3C).

SpsP neurons receive convergent activating signals from the 
EB via EPG neurons
Because both the EM reconstruction and immunostaining showed 
that most of the input and output signals of SpsP neurons lie within 
the PB, we postulated that most of the upstream and downstream 
neurons of SpsP neurons relevant to sleep regulation would be cov-
ered by our thermogenetic activation screen of PB- expressing split- 
Gal4 drivers. These neurons might include the EPG neurons, which 
caused the most robust sleep increase phenotype in the screen 
(Fig. 1H) and was indicated to lie upstream of the SpsP neurons by 
the connectivity analysis of the EM reconstruction (Fig. 3B).

Expression of mCD8- GFP (37) in the EPG driver labels about 20 
pairs of EPG neurons in the brain (Fig. 4A), with only two addi-
tional neurons weakly labeled in the VNC (fig. S2B). Whereas the 
EPG driver labels all the glomeruli of the PB and the EB, EPG neu-
rons are columnar neurons that tile together, so each individual EPG 
neuron is a columnar neuron that innervates one section of the EB, 
one of the 18 glomeruli of PB, and the gall (Fig. 4C). Immunostain-
ing with DenMark and Syt.eGFP shows that the EPG dendrites are 
mostly in the EB and the axons in the PB (Fig. 4B), indicating that 
EPG neurons send signals from the EB to the PB. Consistent with 
this notion, connectomic analysis based on the EM reconstruction 
showed that EPG neurons lie upstream of SpsP neurons and form 

synapses with them. Thus, signals from different EPG neurons po-
tentially converge onto each SpsP neuron via the PB neuropil.

Thermogenetic activation of the EPG driver (ss50574) resulted in 
a marked increase in daytime and nighttime sleep duration (Fig. 4, D 
and E) without significantly affecting locomotor activity (Fig. 4F). 
Similar to thermogenetic activation of the SpsP neurons, thermoge-
netic activation of the EPG neurons also resulted in less fragmented 
sleep, with the sleep bout duration significantly increased (Fig. 4G) 
and sleep bout number decreased (Fig. 4H). Optogenetic activation 
of the EPG neurons with CsChrimson expression similarly caused a 
consistent and robust sleep increase (fig. S4, A and B), indicating 
that the EPG neurons also promote sleep. However, blocking vesicle 
endocytosis with shibirets in EPG neurons had a puzzling effect by 
leading to a mild nighttime sleep increase rather than a decrease 
(fig. S4, C and D).

To further investigate the connection between the SpsP neurons 
and the EPG neurons, different components needed to be expressed 
in the two sets of neurons. To this end, we generated split- LexA lines 
to label these neurons; we verified that the new split- LexA lines had 
the identical expression patterns of the split- Gal4 lines by expressing 
LexAop- GFP and UAS- RFP simultaneously (fig. S5).

Using the split- LexA line, GFP was expressed in the EPG neu-
rons and RFP expressed in the SpsP neurons simultaneously. This 
revealed many adjacent projections of the EPG neurons and the 
SpsP neurons in the PB (Fig. 4I), indicating a likely synaptic connec-
tion between them.
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nectivity analysis of a representative SpsP neuron based on the eM reconstruction, adapted from NeuPrint. left: Upstream (left) and downstream (right) brain regions and 
neurons of the representative SpsP neuron are shown. the size of each section represents the relative abundance of synaptic connections between the SpsP neuron and 
the specific type of neurons. (C) Representative images of the dendrites (left) and the axons (middle) of the SpsP cells labeled by SpsP- splitGal4>UAS- DenMark, UAS- Syt.
eGFP stained for dsRed and GFP. Scale bars, 60 μm.
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We then assayed for a functional connection between the EPG 
neurons and the SpsP neurons by monitoring the levels of calcium 
and the second messenger cyclic adenosine 3′,5′- monophosphate 
(cAMP) in the SpsP neurons upon activation of EPG neurons. To 
monitor cAMP levels, we generated a 20xUAS- EPACH187 line, 
which is more sensitive to cAMP than the original EPAC sensor 
(38–41). GCaMP or EPACH187 was expressed in the SpsP neurons 
to record calcium or cAMP levels, and the adenosine 5′- triphosphate 
(ATP)–gated cation channel P2X2 was expressed in the EPG neu-
rons (Fig. 4J).

Activation of EPG neurons with ATP perfusion caused a signifi-
cant increase in both the calcium level and the inverse fluorescence 
resonance energy transfer (FRET) signal in the SpsP neurons (Fig. 4K 
and fig. S4E), indicating a functional connection from the EPG neu-
rons to the SpsP neurons. Moreover, the calcium response is even 
stronger in flies that have been sleep deprived for 13 hours overnight 
compared to the control group (Fig. 4K), suggesting that the con-
nection is further strengthened by sleep deprivation.

The connections from SpsP neurons to the PEcG neurons are 
dynamically modulated by sleep drive
Because the axons of the SpsP neurons are in the PB, we next asked 
which subset of PB- expressing neurons act downstream of the SpsP 
neurons to regulate sleep. Synaptic connectivity analysis based on 
the EM reconstruction indicated that one of the major cell types that 
lies downstream of the SpsP neurons is the P- FNd neurons (neurons 
that projects to the PB, the fan- shaped body, and the noduli), and 
SpsP neurons have been reported to act upstream of the P- FNd neu-
rons in velocity tuning (42). However, the sleep profile of P- FNd 
activation is comparable to the control groups (fig. S6), suggesting 
that the SpsP neurons regulate sleep through a different circuit.

In our thermogenetic activation screen of PB- expressing split- 
Gal4 drivers, the PEcG driver (ss02195) showed the most robust 
sleep change among drivers that label neurons that receive signal 
inputs from the PB (Fig. 1H).

Expression of mCD8- GFP with the PEcG driver confirmed that 
it labels about nine pairs of PEcG neurons (Fig. 5A) in the brain with 
nothing detectable in the VNC (fig. S2C). PEcG neurons are canal 
P- EG neurons: A majority of their dendrites arborize in the PB, and 
their axons wrap the EB canal (Fig. 5B) (24), sending signals from 
the PB to the EB. Like the EPG neurons, each individual PEcG neu-
ron is a columnar neuron that innervates one section of the EB, one 
glomerulus of the PB, and the gall (24). The PEcG neurons are not 
annotated by the EM reconstruction. Transsynaptic mapping of the 
SpsP neurons using trans- Tango (43) showed that the SpsP neurons 
send signals to neurons expressed in the EB and the PB (Fig. 5C), 
which is similar to the arborization pattern of the PEcG neurons. 
Moreover, the synaptic connections between the presynaptic sites of 
the SpsP neurons and the PEcG neurons were investigated by GFP 
Reconstitution Across Synaptic Partners (GRASP) (44) imaging. 
Presynaptic nSyb- spGFP1- 10 was expressed in the SpsP neurons 
and CD4- spGFP11 expressed in the PEcG neurons simultaneously. 
Immunostaining of reconstituted GFP showed synaptic connections 
between the SpsP neurons and the PEcG neurons (Fig. 5D), sup-
porting the notion that the SpsP neurons send signals to the PEcG 
neurons.

Like the SpsP neurons and the EPG neurons, thermogenetic ac-
tivation of the PEcG neurons resulted in significant increases in 
both daytime and nighttime sleep duration (Fig. 5, E and F), with no 

significant difference in locomotor activity (Fig. 5G). Optogenetic 
activation of the PEcG neurons also caused a sleep increase (fig. S7), 
whereas blocking vesicle endocytosis in the PEcG neurons caused 
less nighttime sleep (Fig. 5, H and I), indicating that the PEcG neu-
rons contribute to sleep regulation.

We then examined the functional connection between the SpsP 
neurons and the PEcG neurons. Activation of the SpsP neurons by 
ATP perfusion led to a significant cAMP increase (fig. S8) and cal-
cium increase (Fig. 6, A and B) in the PEcG neurons. The calcium 
response is further increased in sleep- deprived flies (Fig. 6, A and 
B), indicating that this functional connection between the SpsP 
neurons and the PEcG neurons is tunable.

Are SpsP neurons altered upon sleep deprivation? Bruchpilot 
(BRP) is a key component of the presynaptic active zone, and the 
BRP abundance has been shown to correlate with vesicle release 
probability in Drosophila (45–48). Using Synaptic Tagging with Re-
combination (STaR) (49) to specifically tag the endogenous BRP 
protein with a V5 tag in the presynaptic sites of the SpsP neurons, 
we found that BRP is enriched in the SpsP neurons axons after sleep 
deprivation (Fig. 6, C and D). Together, these results indicate that 
the SpsP neurons act upstream of the PEcG neurons to promote 
sleep and that this connection is strengthened by sleep deprivation.

SpsP neurons integrate dopaminergic signaling to 
regulate sleep
A previous single- neuron labeling study with MultiColor FlpOut 
showed that individual SpsP neurons have abundant dendrites in 
the SPS (23). This suggests that these neurons might integrate other 
sleep- relevant signals in addition to conveying signals between the 
EB and the PB. Because dopaminergic signaling is an important 
wake- promoting molecule in Drosophila (50–53) and because sev-
eral dopaminergic neuron clusters project to the SPS (54), we asked 
whether the SpsP neurons might also integrate dopaminergic sig-
nals to regulate sleep.

To this end, we first investigated whether the sleep- promoting 
SpsP neurons receive dopaminergic signaling. We made use of the 
DopR- Tango reporter (55) that fuses the Tango system (56) with 
UAS- DopR1 to report the sites of endogenous dopamine action. Ex-
pression of DopR- Tango driven by the SpsP driver confirmed that 
the SpsP cells receive dopaminergic signaling (Fig. 7A). Moreover, 
coexpression of GFP driven by SpsP- Gal4 and RFP driven by 
Dop2R- LexA shows that the two pairs of SpsP neurons colocalize 
with Dop2R- expressing neurons (Fig. 7B), whereas the other neu-
rons labeled by the SpsP driver do not colocalize (fig. S9A). This 
indicates that that the SpsP neurons express the inhibitory dopami-
nergic receptor Dop2R. Consistent with the sleep- promoting phe-
notype of activating the SpsP cells, knocking down Dop2R with 
RNA interference (Fig. 7, C and D) or mutating the gene with 
CRISPR- Cas9 (fig. S9, B and C) in these cells (57) increased daytime 
sleep significantly. No increase in nighttime sleep was observed pos-
sibly because of the ceiling effect. This supports an inhibitory role of 
Dop2R in the SpsP cells. Rebound sleep was reduced after overnight 
sleep deprivation when Dop2R was down- regulated (Fig. 7, E and F, 
and fig. S9, D and E).

We interpret these results to indicate that dopamine signaling 
acts like a gate in the SpsP cells to regulate sleep. During regular 
daytime, the SpsP cells are inhibited by wake- promoting dopami-
nergic neurons through Dop2R to help keep flies awake, whereas 
this Dop2R effect is suppressed after sleep deprivation. This helps 
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Fig. 5. SpsP neurons are upstream of sleep- promoting PEcG neurons. (A) Representative images of the PecG neurons labeled by PecG- splitGal4>UAS- mcD8::GFP 
stained for GFP. Scale bar, 30 μm. (B) Representative images of the dendrites (magenta) and the axons (green) of the PecG neurons labeled by ePG- splitGal4>UAS- DenMark, 
UAS- Syt.eGFP stained for dsRed and GFP. Scale bars, 60 μm. (C) Representative images of SpsP neurons (magenta) and their downstream neurons (green) labeled by 
SpsP- splitGal4>transtANGO, UAS- mcherry; QUAS- GcaMP3 stained for dsRed and GFP. Scale bars, 60 μm. (D) Representative GRASP image of the synaptic connections in 
the PB between SpsP and PecG neurons labeled by SpsP- splitGal4>UAS- nSyb- spGFP1- 10, PecG- splitlexA>lexAop- cD4spGFP11 stained for reconstituted GFP. Scale bar, 
60 μm. (E to G) Sleep profiles (e) and quantification of the changes in sleep duration (F) and locomotion (G) from Zt0 to Zt24 upon thermogenetic activation of the PecG 
neurons. Sleep profiles are averaged in 30- min bins. changes were calculated by subtracting the value of baseline on day 1 from that of activation on day 2. Shaded area/
error bars, SeM. Red, PecG- splitGal4>UAS- dtrpA1; gray, empty- splitGal4>UAS- dtrpA1; yellow, UAS- dtrpA1/+. letters represent statistically distinct groups; P <  0.01, 
Kruskal- Wallis test followed by a post hoc Dunn’s test. More than 30 male flies were used for each group. (H and I) Sleep profiles (h) and quantification of the changes in 
sleep duration during Zt14 to Zt21 (i) upon thermogenetic inhibition of the PecG neurons. Sleep profiles are averaged in 30- min bins. changes were calculated by 
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activate SpsP cells to drive rebound sleep. Dop2R down- regulating 
causes the SpsP cells to mimic a “rebound sleep” state and prevents 
them from mounting a greater sleep rebound response. Together, 
the results indicate that the SpsP neurons integrate dopaminergic 
signaling through Dop2R to further refine sleep regulation.

DISCUSSION
We have shown in this study that the activity of the PB increases 
with sleep deprivation and that the four key SpsP neurons that in-
nervate this neuropil are sleep promoting. To carry out this func-
tion, these SpsP neurons also communicate with the EB and do so 
by sending signals through the PEcG neurons and by receiving sig-
nals from the EPG neurons (Fig. 8). Because the SpsP neurons also 
receive important wake- promoting inputs via dopamine signaling, 
we suggest that the SpsP neurons are a central player in fly brain 
sleep regulation.

An unbiased whole- brain calcium snapshot captures active 
brain regions in sleep- deprived flies
Through analysis of CaMPARI signal in multiple brain regions, the 
PB, along with the well- known sleep regulating brain regions the EB 
and the MB, showed a robustly increased calcium level in sleep- 
deprived flies. There was in contrast only a minimal effect in the vi-
sion processing optic lobe and the olfactory processing AL (fig. S1D). 

This revealed the PB as a central player in sleep regulation. The cal-
cium activity increase in the PB with sleep drive was observed in 
both ex vivo and in vivo CaMPARI imaging (Fig. 1, C to E). Although 
the sleep drive- inducing mechanical stimuli used in our study have 
recently been shown to also induce sleep- independent effects (58), 
our findings are supported by other independent methods; they re-
duce the likelihood of sleep- independent artifacts. Nonetheless, it 
will be important in future studies to conduct CaMPARI imaging in 
sleep- deprived flies compared to that in yoked controls.

Whole- brain CaMPARI imaging has two major advantages rela-
tive to other calcium indicators and should be able to identify net-
works that regulate specific internal states or behaviors different 
from sleep drive. (i) It is irreversible, allowing the capture of calcium 
activity snapshots that compare groups of flies of different internal 
states without any external transient stimuli such as drug applica-
tion or neuronal manipulation. (ii) It is noninvasive, enabling the in 
vivo imaging of freely moving flies, in contrast to the restricted mo-
bilization used for traditional in vivo calcium imaging.

A sleep- promoting circuit between PB and EB inside the 
central complex
PB, EB, and FB are the three major components of the central com-
plex. Several groups of central complex neurons, including dorsal 
FB neurons, helicon cells, and EB ring neurons, have been impli-
cated in sleep regulation (20, 26, 53, 59–63). However, some findings 

SpsP-splitLexA>P2X2
    +ATP to activate

PEcG-splitGal4>GCaMP
            to record

SpsP-splitGal4>STaR

C
TR

L
S

D R
el

at
iv

e 
S

Ta
R

 in
te

ns
ity

0.6

0.8

1.0

1.2

1.4 **

CTRL SD

STaR

A B

C D

V5

V5

–0.4

–0.2

0.0

0.2

0.4

0.6

30 150

SpsP-splitLexA>P2X2; PEcG-Gal4>GCaMP7b

2.5 mM ATP

∆
F

/F

Time/s

SleepDeprived-ATP
Ctrl-ATP
SleepDeprived-Saline
Ctrl-Saline

Fig. 6. Sleep deprivation changes connectivity strengths between SpsP neurons and PEcG neurons. (A) Schematic representation of the experimental design to test 
functional connectivity from the SpsP neurons to the PecG neurons. (B) Average GcaMP traces (ΔF/F) of PecG cells in response to SpsP activation in the control group of 
flies (ctrl, n = 8) and flies after sleep deprivation (SleepDeprived, n = 8). Male flies were used. Shaded area, SeM. (C and D) Representative images (c) and quantification 
(D) of BRP protein abundance labeled by SpsP- splitGal4>UAS- Flp, brp(FRt.Stop)v5 stained for v5. intensity was normalized to the average value of the control group. 
examples of the regions of interest (ROis) were drawn in blue. eight male flies (16 hemi- PB ROis) were used for each group. Scale bars, 30 μm. error bars, SeM. Mann- 
Whitney test, **P < 0.01.



Dai et al., Sci. Adv. 10, eads0652 (2024)     22 November 2024

S c i e N c e  A D v A N c e S  |  R e S e A R c h  A R t i c l e

10 of 17

A SpsP-splitGal4>UAS-mRFP, DopR-Tango,LexAop-GFP

RFP GFP RFP
GFP

SpsP-splitGal4>UAS-mCD8::GFP, Dop2R-LexA>LexAop-rCD2::RFP
B

0

200

400

600

800 a a b

S
le

ep
 d

ur
at

io
n 

(m
in

)

Sl
ee

p
du

ra
tio

n
(m

in
)

0

10

20

30

SpsP-splitGal4>Dop2Rrnai
Sleep deprivation

12 120 0 120 0
ZT

–0.1

0.0

0.1

0.2

0.3

0.4

Recovery time (hours)
12963

C
um

ul
at

iv
e 

sl
ee

p 
re

bo
un

d 
ra

te

–0.2

0.0

0.2

0.4

0.6 a a b

Daytime sleep duration
C D

E F

C
um

ul
at

iv
e 

sl
ee

p 
re

bo
un

d 
ra

te

SpsP-splitGal4>UAS-Dop2Rrnai
UAS-Dop2Rrnai/+
SpsP-splitGal4/+

RFPGFP RFP
GFP

6 hours of recovery

Fig. 7. SpsP neurons integrate dopaminergic signaling to regulate sleep. (A) Representative images of the SpsP neurons (magenta) and the site of dopaminergic 
signaling (green) labeled by SpsP- splitGal4>UAS- mRFP, DopR- tango, lexAop- GFP stained for dsRed and GFP. Scale bars, 20 μm. (B) Representative images of the SpsP 
neurons (green) and the Dop2R- expressing neurons (magenta) labeled by SpsP- splitGal4>UAS- mcD8::GFP, Dop2R- lexA>lexAop- rcD2::RFP stained for dsRed and GFP. Scale 
bars, 20 μm. (C to F) Sleep profiles (c), quantification of the daytime sleep duration (D), cumulative sleep rebound rate curve in 12 hours (e), and the quantification of 
cumulative sleep rebound rate after 6 hours of recovery sleep (F) in the experimental group and the control groups of Dop2R knockdown in the SpsP neurons. 
[(c) and (e)] Average sleep duration in 30- min bins. cumulative sleep rebound rate was calculated by first dividing the sleep rebound by the sleep loss for each fly and 
then cumulated over the bins. Shaded area/error bars, SeM. Red, SpsP- splitGal4>UAS- Dop2Rrnai (n = 18); yellow, UAS- Dop2Rrnai/+ (n = 31); blue, SpsP- splitGal4/+ 
(n = 27). letters represent statistically distinct groups; P < 0.01, Kruskal- Wallis test followed by a post hoc Dunn’s test. virgin female flies were used.



Dai et al., Sci. Adv. 10, eads0652 (2024)     22 November 2024

S c i e N c e  A D v A N c e S  |  R e S e A R c h  A R t i c l e

11 of 17

have recently been questioned due to the nonspecific targets of the 
Gal4 lines used (64–66), emphasizing the importance of using 
sparse- labeling Gal4 lines such as split- Gal4s. The role of PB neu-
rons in sleep regulation has not been as extensively explored. Acti-
vation of PB- expressing drivers has only recently been shown to 
regulate sleep (67), but this study was limited by the broad expres-
sion patterns of the Gal4 drivers, within as well as outside the PB.

Here, we show that as few as four SpsP neurons are important for 
normal sleep regulation. This probably reflects their role in integrat-
ing signals from, and conveying signals to, larger groups of neurons. 
Recent characterization by light microscopy (23, 24, 30, 68–71) and 
EM reconstruction (25) showed that the fly central complex is a 
highly organized structure. Each EPG and PEcG columnar neuron 
connects one EB section to a single PB glomerulus. In contrast, the 
tangential SpsP neurons span all nine pairs of PB glomeruli, acting 
as an integrating hub by gathering input from ~40 EPG neurons and 
sending output to ~18 PEcG neurons.

We present several lines of evidence supporting the relevance to 
sleep of these collecting and sending functions of the SpsP neurons. 
(i) Activating SpsP, EPG, or PEcG neurons significantly increased 
sleep (Figs. 2, B and C, 4, D and E, and Fig. 5, E and F). Although 
inhibition phenotypes were weaker, blocking synaptic transmission 
in SpsP or PEcG neurons significantly decreased sleep (Figs. 2G and 

5H). Notably, previous studies have shown sleep increases induced 
by activating other central complex sleep regulators like the dFB or 
EB- R5 neurons, but, to our knowledge, inhibiting these neurons has 
not been reported to cause sleep effects. Unexpectedly, blocking syn-
aptic transmission in the EPG neurons caused increased sleep (fig. 
S4, C and D), probably because they are functionally more heteroge-
neous than the less numerous SpsP and PEcG neurons. Consistent 
with this interpretation, the variation of locomotion and sleep bout 
duration is bigger in EPG- activated flies than the control groups 
(Fig. 4, F and G). (ii) The SpsP dendrites (Fig. 3C) and the EPG ax-
ons (Fig. 4B) are juxtaposed, as are the SpsP axons (Fig. 3C) and the 
PEcG dendrites (Fig. 5B). (iii) TransTango imaging showed that the 
downstream neuron targets of the SpsP neurons innervate the EB 
and PB (Fig. 5C). (iv) GRASP imaging confirmed synaptic connec-
tions between the SpsP neurons presynaptic sites and PEcG neurons 
within the PB (Fig. 5D). (v) EPG neuron activation increased SpsP 
calcium (Fig. 4K) and cAMP levels (fig. S4E), and SpsP activation 
increased PEcG calcium (Fig. 6B) and cAMP levels (fig. S8).

The circuit of EPG- SpsP- PEcG identified here suggests that infor-
mation flow from PB- to- EB as well as its reverse, EB- to- PB, functions 
in sleep regulation. This substantially expands the understanding of 
how the central complex regulates sleep. The EB comprises ring neu-
rons (EB- R1 to EB- R5) and columnar neurons (e.g., EPG and PEcG). 

Dopamine

EB

SpsP

EPG PEcG

P-FNd Navigation

Sleep

Fig. 8. Summary of the SpsP circuit in sleep regulation and navigation. each SpsP neuron arborizes across PB glomeruli in the hemibrain; they integrate signals from 
the eB through multiple ePG neurons (each arborizes one PB glomerulus) and send signals to the eB through multiple PecG neurons (each arborizes one PB glomerulus) 
to regulate sleep. in addition, SpsP neurons integrate inhibitory dopaminergic signaling probably from the SPS. the SpsP neurons also regulate navigation functions such 
as velocity tuning by inhibiting the P- FNd neurons (42, 78). confocal images are DenMark (magenta) and Syt.eGFP (green) expressed in the split driver. cartoons represent 
the dendrites (magenta) and axons (green) of an individual neuron.
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EB- R5 neurons (originally termed as R2 neurons) are known to en-
code sleep drive (20, 63) and integrate circadian signals (72–74). These 
neurons act upstream of dFB–helicon cell–EB- R5 circuit (20, 59), 
which forms a recurrent circuit for sleep homeostasis regulation.

This aligns with our SpsP- centric circuit: EB- R5 neurons likely 
regulate sleep via the EPG neurons (20, 28, 63), which convey sig-
nals to the SpsP neurons. The PEcG neurons, acting downstream of 
SpsP, project back to the EB, potentially influencing multiple sleep- 
regulating ring neuron groups.

SpsP neurons receive dopaminergic signaling to 
regulate sleep
In addition to communicating signals with the EB, the SpsP neurons 
respond to other inputs. DopR- Tango imaging shows that dopami-
nergic signaling affects these neurons (Fig. 7A). Dop2R- LexA labels 
the four SpsP neurons but not the other cells of the SpsP split Gal4 
driver (Fig. 7B and fig. S9A). Moreover, Dop2R down- regulation 
within SpsP neurons increased daily sleep and decreased recovery 
sleep after sleep deprivation (Fig. 7, C to F, and fig. S9, B to E), indi-
cating that SpsP neurons probably receive inhibitory signals from 
dopaminergic neurons to reduce sleep. Might the inhibitory dopa-
minergic signal come from the PB, perhaps from the one pair of T1/
LPs- P dopaminergic neurons that innervates PB (23,  24,  30,  75)? 
Probably not, as we found that both thermogenetic and optogenetic 
activation of the LPs- P neurons (labeled by ss52578) caused a sleep 
increase rather than a decrease, and optogenetic inhibition of the 
LPs- P neurons showed no sleep effect (fig. S9, F to H). This indicates 
that, if a connection exists between the LPs- P neurons and SpsP neu-
rons, then it is excitatory, i.e., the opposite of what is indicated by the 
Dop2R KO phenotype. The SpsP neurons more likely receive dopa-
minergic input from within the SPS, where their arbors coincide 
with those from PAL, PPL2ab, and PPL2c dopaminergic neurons (54).

Integration of sleep and navigation
The four SpsP neurons share two uncommon features with the EPG 
neurons: (i) Their activity increases with sleep deprivation, and they 
are sleep- promoting; and (ii) they are also involved in navigation. 
EPG neurons are compass neurons that represent heading direction 
(76, 77), and SpsP neurons function in velocity tuning (42). This 
function of SpsP neurons and that of sleep- promotion occur 
through distinct downstream circuits: the neurons send signals to 
the FB through the P- FNd neurons to regulate velocity tuning 
(42, 78) and send signals to the EB through PEcG neurons to regu-
late sleep. How do the central complex and more specifically its four 
SpsP neurons coordinate these two very different functions? One 
possibility is that their plasticity is gated by sleep and wake states 
(79). Our data indicate that enhanced sleep drive caused multiple 
changes in the SpsP circuit: After sleep deprivation, the calcium ac-
tivity of all four SpsP neurons increased (Fig. 2, I and J), BRP protein 
is more abundant in the SpsP axons (Fig. 6, C and D), and the func-
tional connections of EPG- to- SpsP and SpsP- to- PEcG are stronger 
(Figs. 4, J and K, and 6, A and B). Similarly, connections of EBR5- to- 
EPG have been reported to increase with sleep deprivation (28). The 
calcium response of EPG- to- SpsP is also faster in sleep- deprived 
flies, whereas the calcium response of SpsP- to- PEcG is slower. Al-
though calcium response kinetics are not typically used as a primary 
parameter in calcium imaging, this difference indicates that plastic-
ity in the connection might occur not only in amplitude but also in 
response latency. The faster and slower changes might balance each 

other and make the total speed of EPG- SpsP- PEcG circuit consis-
tent. The functions that these kinetic changes might serve are cer-
tainly of future interest.

We suggest that these changes integrate sleep and navigation in 
opposite directions: (i) They turn down navigation when an animal 
is about to sleep. The increase of activity and BRP abundance in the 
EBR5- EPG- SpsP circuit caused by sleep deprivation is accompanied 
by strong inhibition of the P- FNd neurons; this impairs velocity tun-
ing and visual signal processing. (ii) Given the known role of the 
EPG neurons and SpsP neurons in navigation, the opposite gate 
might be enhanced by extensive navigation. For example, when the 
animal encounters a new environment, it might strengthen the con-
nection between the SpsP and P- FNd neurons at the expense of the 
SpsP- PEcG connection and sleep. Perhaps the compact nature of the 
small fly brain necessitates such switches. Verifying these gates and 
then understanding the underlying switching mechanisms are fasci-
nating topics for future study.

MATERIALS AND METHODS
Fly stocks and rearing
All flies were raised at 25°C on standard cornmeal food with a 
12- hour:12- hour light:dark cycle. The genotypes of fly strains used 
are listed in Table 1.

Generation of fly lines
To generate the split- LexA lines, pBPZpGAL4DBDUw (Addgene, no. 
26233) was firstly digested with Kpn I [New England Biolabs (NEB), no. 
R3142S] and Hind III (NEB, no. R0104S), and, then, Gal4DBDZp was 
replaced with LexADBDZp amplified from UAS- LexADBD (80) by 
Gibson assembly (NEB, no. E2611S) to generate a pBPLexADBDZp 
construct. The corresponding enhancer of each split driver was respec-
tively amplified from the genomic DNA of wild- type flies and ligated 
into Aat II (NEB, no. R0117S) and Nae I (NEB, no. 0190S) digested pB-
PLexADBDZp construct. Sequencing- verified enhancer- LexADBDZp 
plasmids were injected into attP1 site on the second chromosome by 
Rainbow Transgenic Flies Inc. (Camarillo, CA, USA). Positive transfor-
mants were screened by eye color and confirmed by polymerase chain 
reaction (PCR). Enhancer- LexADBDZp flies were then recombined 
with corresponding p65ADZp lines that were inserted at attP40 site on 
the second chromosome to make a stable split- LexA line. Flies were 
confirmed by genotyping with the following primers: p65AD geno-
typing: DSCP- F (5′- GAGCTCGCCCGGGGATC- 3′) + p65AD- R 
(5′- CGAGATCGGTGAATACGGCA- 3′) with an expected band of 785 
base pairs (bp); LexADBD genotyping: DSCP- F + LexADBD- R 
(5′- TTACAGCCAGTCGCCGTT- 3′) with an expected band of 953 bp.

To generate the UAS- EPACH187 line, mCD8::GFP was cut out from 
pJFRC7- 20XUAS- IVS- mCD8::GFP (Addgene, no. 26220) (81) by Not I 
and Xba I and replaced with EPAC- S- H187 from Epac- S- H187 (Add-
gene, no. 170348) (38). Sequencing- verified UAS- EPACH187 plasmids 
were injected into attP1 site on the second chromosome by Rainbow 
Transgenic Flies Inc. (Camarillo, CA, USA). Positive transformants 
were screened by eye color and confirmed by PCR.

Generated constructs and fly strains in this study are available 
upon request.

Sleep monitoring and analysis with DAM system
Flies of 5 to 10 days old were collected and loaded into glass behav-
ioral tubes containing food of 5% sucrose and 2% agar. The tubes 
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Table 1. Resources of fly strains used in this study. 

Figure Fly strains Source Identifier Note

  Fig. 1 w*; UAS- caMPARi (attP40); GMR57c10- Gal4 (vK00040), GMR57c10- Gal4 
(vK00020)

Fosque et al. (15) BDSc_58763  

e- PGt: w[1118]; R15e01- p65AD (attP40); vt016114- Gal4DBD (attP2) Wolff and Rubin (24) BDSc_75922 Janelia SS02254

ibSps- P: w[1118]; R47G08- p65AD (attP40); vt012791- Gal4DBD (attP2) BDSc_75846 Janelia SS04778

P- FNd: w[1118]; R16D01- p65AD (attP40); R15e01- Gal4DBD (attP2) BDSc_75854 Janelia SS00078

P- eN: w[1118]; vt026664- p65AD (attP40); vt032907- Gal4DBD (attP2) BDSc_86624 Janelia SS54295

PF- lc: w[1118]; vt000454- p65AD (attP40); vt001980- Gal4DBD (attP2) BDSc_75926 Janelia SS02239

PFG: w[1118]; vt017491- p65AD (attP40); vt000355- Gal4DBD (attP2) BDSc_86628 Janelia SS52590

P- eG(1) : w[1118]; vt000355- p65AD (attP40); vt040589- Gal4DBD (attP2) BDSc_75924 Janelia SS02191

P- FNP/M/A: w[1118]; vt039497- p65AD (attP40); R83D12- Gal4DBD (attP2) BDSc_86616 Janelia SS52245

P- FNP/M: w[1118]; vt039497- p65AD (attP40); R48A11- Gal4DBD (attP2) BDSc_86596 Janelia SS52244

P- eG(2) : w[1118]; R33A12- p65AD (attP40); vt040589- Gal4DBD (attP2) BDSc_75811 Janelia SS27853

P- FNv: w[1118]; vt063307- p65AD (attP40); vt019742- Gal4DBD (attP2) BDSc_86625 Janelia SS52577

P- eG&P- ecG: w[1118]; vt000355- p65AD (attP40); R89F06- Gal4DBD (attP2) BDSc_75928 Janelia SS02198

P- FNA: w[1118]; R16D01- p65AD (attP40); vt016114- Gal4DBD (attP2) BDSc_75923 Janelia SS02255

PFR: w[1118]; R38B06- p65AD (attP40); vt027015- Gal4DBD (attP2) BDSc_86603 Janelia SS54549

Delta7: w[1118]; vt019012- p65AD (attP40); R38G02- Gal4DBD (attP2) BDSc_86723 Janelia SS52266

lPs- P: w[1118]; vt019012- p65AD (attP40); R38G02- Gal4DBD (attP2) BDSc_86626 Janelia SS52578

P6–8- P9: w[1118]; R24A02- p65AD (attP40); R18G01- Gal4DBD (attP2) BDSc_75856 Janelia SS00117

SpsP: w[1118]; vt019012- p65AD (attP40); R72c10- Gal4DBD (attP2) BDSc_86722 Janelia SS52267

P- ecG: w[1118]; vt000355- p65AD (attP40); R47A08- Gal4DBD (attP2) BDSc_75868 Janelia SS02195

ePG: w[1118]; vt026664- p65AD (attP40); vt032907- Gal4DBD (attP2) BDSc_86602 Janelia SS50574

UAS- dtrpA1 Kang et al. (87) N/A  

  Fig. 2 UAS- mRFP Bloomington Drosophila Stock 
center

BDSc_7119  

empty- splitGal4: w[1118]; P65ad (attP40); Gal4DBD (attP2) hampel et al. (88) BDSc_79603  

20xUAS- shibirets- p10 (attp5) Pfeiffer et al. (89) N/A  

UAS- caMPARi2 (su(hw)attP5); UAS- cAMPARi2 (vK00005) Moeyaert et al. (16) BDSc_78317; 
BDSc_78316*

 

  Fig. 3 UAS- DenMark, UAS- Syt.eGFP Nicolai et al. (35) BDSc_33065  

  Fig. 4 UAS- mcD8::GFP lee and luo (37) N/A  

UAS- mcD8::RFP (attP18), lexAop- mcD8::RFP (su(hw)attP8) Pfeiffer et al. (81) BDSc_32229  

ePG- splitlexA: vt026664- p65AD (attP40), vt032907- lexADBD (attP1) this study N/A  

lexAop- P2X2 Yao et al. (90) N/A  

UAS- ivS- jGcaMP7b (vK00005) Bloomington Drosophila Stock 
center

BDSc_79029  

  Fig. 5 transtANGO talay et al. (43) BDSc_77123  

QUAS- GcaMP3 Bloomington Drosophila Stock 
center

BDSc_52231  

UAS- nSyb- spGFP1- 10, lexAop- cD4- spGFP11 Macpherson et al. (44) BDSc_64314  

  Fig. 6  SpsP- splitlexA: vt019012- p65AD (attP40), R72c10- lexADBD (attP1) this study N/A  

UAS- StaR chen et al. (49) BDSc_55751  

  Fig. 7 UAS- mRFP, DopR- tango, lexAop- GFP inagaki et al. (55) N/A  

lexAop2- rcD2::RFP, UAS- mcD8::GFP Bloomington Drosophila Stock 
center

BDSc_67093  

Dop2R- lexA Deng et al. (91) N/A  

UAS- Dop2Rrnai Perkins et al. (92) BDSc_50621  

 Fig. S2 UAS- eGFP Bloomington Drosophila Stock 
center

BDSc_5430  

 Fig. S3 UAS- cschrimson- mvenus (attP18) Bloomington Drosophila Stock 
center

BDSc_55134  

(Continued)
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were then put onto the Drosophila Activity Monitors (DAM; TriKinetics 
Inc., Waltham, MA) system in an incubator of 25°C unless noted 
otherwise. Locomotion and sleep were analyzed by the 2020 version 
of Sleep and Circadian Analysis MATLAB Program (SCAMP) 
MATLAB Program.

Thermogenetic neuronal manipulation
Flies were collected, loaded into the DAM system, and entrained at 
19°C with a 12- hour:12- hour light:dark cycle. Baseline sleep was 
measured at 19°C for at least 1 day and then transferred to 31°C for 
thermogenetic activation or inhibition. The temperature was then 
reduced back to 19°C for recovery measurements. Changes were 
calculated by subtracting the value of the baseline from the manipu-
lation and then compared between groups.

For the thermogenetic activation mini- screen of PB- expressing 
neurons, the sleep duration change was calculated and plotted by 
first subtracting the sleep durations on day 2 (activation) by the 
sleep durations on day 1 (baseline) for each fly, and, then, the aver-
age sleep duration change of the Gal4/+ control group was subtract-
ed from each fly in the corresponding Gal4/dTrpA1 group.

Sleep deprivation
Flies were collected and loaded into the DAM system, and, then, the 
DAM boards were loaded onto a vortexer mounting plate (TriKinetics 
Inc., Waltham, MA) mounted to a VWR shaker. Flies were vor-
texed for 2 s every ~20 s (uniformly distributed randomized) dur-
ing the sleep deprivation period (82). Cumulative rebound rate 
of each individual fly was calculated as cumulative rebound rate = 
n
∑

i=1

SleepPostSD(i) − BaselineSleep(i)

TotalBaselineSleep − TotalSleepDuringSD
, where i is the bin 

being analyzed, and sleep was analyzed in 30- min bins, with 48 bins 
in each day. TotalBaselineSleep was calculated as the total sleep du-
ration of the corresponding ZT time to sleep duration on the base-
line day. For example, when sleep is deprived from ZT12 to ZT0, 
sleep duration from ZT12 to ZT0 on the day before was counted as 
TotalBaselineSleep.

Optogenetic neuronal manipulation
Optogenetic experiments were carried out in the video- recording 
FlyBox (83). Fly food consisting of 5% sucrose, 2% agar, and 400 μM 
all trans- retinal (ATR) was dispensed into 96- well plates. ATR (40 mM) 
stock was made by dissolving the ATR powder (Sigma- Aldrich) 
in ethanol and stored in the dark at −20°C. Flies were transferred 

to the 96- well plates 4 days before the optogenetic stimulation. 
Each fly was put in an individual well. Flies were entrained with 
12- hour:12- hour light:dark at 5 lux. Red light (LEDSupply, 624 
to 634 nm, 0.1 mW mm−2) pulsing at 5 Hz was used for CsChrimson 
experiments. Green light (LEDSupply, 520 to 540 nm, 0.1 mW mm−2) 
was used for GtAcr1 experiments. The activity of the flies was cap-
tured every 10 s by WebCamImageSave (NirSoft). Locomotion was 
then analyzed by the PySolo software (84), trimmed into DAM 
readable format, and sleep was analyzed by the 2020 version of 
SCAMP (85).

Immunohistochemistry and confocal imaging
Flies at 5 to 10 days old were dissected in 1× PBS, and the brains and 
VNC were then fixed in 4% paraformaldehyde in PBS for 55 min. 
Tissues were then washed three times for 10 min in 0.5% Triton X- 
100 in PBS (PBT), blocked in PBT with 10% normal goat serum 
(NGS) at 4°C overnight, and incubated with primary antibodies in 
PBT with 10% NGS at 4°C overnight. Tissues were then washed 
three times for 15 min in PBT and incubated with corresponding 
secondary antibodies in PBT with 10% NGS at 4°C overnight. Next, 
tissues were washed three times for 15 min in the PBT and 15 min 
in the PBS, mounted in VectaShield mounting medium, and imaged 
using Leica Stellaris 8 confocal microscope with a white light laser. 
Images were processed and analyzed with ImageJ.

For GFP and RFP immunostaining, chicken anti- GFP (Abcam, 
catalog no. ab13970, RRID: AB_300798; 1:1000) and rabbit anti- 
dsRed (Takara Bio, catalog no. 632393, RRID: AB_3083500; 1:300) 
were used. For GRASP experiments, the reconstituted GFP was 
immunostained with rabbit anti- recombinant GFP (Thermo Fisher 
Scientific, no. G10362, RRID:AB_2536526; 1:100) and Alexa Fluor 
488 anti- rabbit (Thermo Fisher Scientific, catalog no. A- 11008, 
RRID:AB_143165; 1:400). For STaR experiments, the V5 tag was 
immunostained with mouse anti V5- tag conjugated to DyLight 550 
(Bio- Rad catalog no. MCA1360D550GA, RRID:AB_2687576; 1:400).

CaMPARI imaging
For ex vivo CaMPARI imaging, brains were first dissected in adult 
hemolymph- like saline (AHL), and UV light (LEDSupply, 400 to 
410 nm) was then illuminated onto freshly dissected brains rinsed 
in AHL (fig. S1A, bottom). The brains were then imaged using Leica 
Stellaris 8 confocal microscope. The UV light was pulsing in a 500- ms 
on and 200- ms off cycle (fig. S1C, top), this cycle was on for 60 s 
and then off for 30 s with a duration of 150 s in total to avoid 

 (Continued)

Figure Fly strains Source Identifier Note

 Fig. S4 UAS- ePAch187 (vK00027) this study N/A  

 Fig. S5 PecG- splitlexA: vt000355- p65AD (attP40); R47A08- lexADBD (attP1) this study N/A  

 Fig. S9 UAS- cas9.P2 (attP40) Bloomington Drosophila Stock 
center

BDSc_58985  

UAS- Dop2RgRNA Schlichting et al. (57) N/A  

UAS- GtAcr1- YFP (attP2) Mohammad et al. (93) BDSc_92983  

*A stable line with UAS- caMPARi2 on the second and third chromosomes was made and crossed to the Gal4 line for Fig. 2 (i and J).
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overheating (fig. S1C, bottom) for a total duration of 150 s. The par-
adigm was verified by high K+ buffer application or dTrpA1 expres-
sion and activation.

For in vivo CaMPARI imaging, flies were put into a Sylgard plate 
covered by a piece of qPCR film, holes were poked in the film to al-
low the flies to breathe (fig. S1A, top). The UV light was pulsing in 
the same pattern as ex vivo CaMPARI imaging but with a duration 
of 900 s. Flies were then dissected, brains were fixated in 4% parafor-
maldehyde for 2 hours, washed three times with wash buffer for 
15 min each time, mounted onto a glass slide, and imaged.

To compare the fluorescence signals between samples of different 
conditions, same settings of laser and detectors were used during 
each experiment. Sleep of each fly was first analyzed and picked be-
fore imaging, flies that had normal sleep were picked for the CTRL 
group, and flies that were sleep deprived were picked for the SD 
group. The signals were quantified by ImageJ, and Fred/Fgreen was cal-
culated using the method in Edward et al. (17). Briefly, background 
was subtracted from each channel and then the Fred/Fgreen ratio was 
calculated.

GCaMP imaging
Male flies of 5 to 10 days old were used. Brains were dissected in ice- 
cold AHL and then mounted onto small pieces of poly- l- lysine–coated 
coverslips (Neuvitro, no. GG- 12- PLL) on SYLGARD 184–coated Sis-
kiyou perfusion chambers (Automate Scientific). ValveBank II perfu-
sion system (Automate Scientific) was used to set up the perfusion 
flow. Briefly, solutions of AHL, ATP, and 85 mM K+ buffer were put 
in individual channels. The flow rate was set to 1 drop per second. 
The brain was bathed in AHL before the focal plane was set. Each 
brain was put through three sets of flow consequentially: (i) AHL- 
AHL- AHL for a saline control, switching between two channels of 
AHL; (ii) AHL- 2.5 mM ATP- AHL, switching between a channel 
of AHL and a channel of 2.5 mM ATP solution flow for stimulation, 
followed by AHL flow for recovery and wash; and (iii) AHL- 85 mM 
K+ buffer as a positive control. Only brains that were responding to 
85 mM K+ buffer were selected for analysis of the saline control and 
the response to 2.5 mM ATP stimulation.

UAS- GCaMP7b and UAS- mRFP were recombined and imaged 
at the same time, mRFP serving as an endogenous control. Images 
were captured one frame per second on Leica Stellaris 8 confocal 
microscope, analyzed with custom MATLAB program modified 
from Adel et al. (86). The change of mRFP over time was subtracted 
from GCaMP for correction. ΔF/F0 of the GCaMP signal was then 
calculated as (F − F0)/F0, where F is the signal at the given frame, 
and F0 is the baseline signal that is defined as the average signal of 
the first 10 frames.

cAMP imaging
Male flies of 5 to 10 days old were used for cAMP imaging using the 
EPAC FRET sensor. The perfusion protocol was similar with that of 
GCaMP imaging, but 20 μM forskolin (cAMP agonist) was used as 
positive control instead of 85 mM K+ buffer. Only brains that were 
responding to 20 μM forskolin were selected for analysis of the sa-
line control and the response to 2.5 mM ATP stimulation.

For analysis, background- subtracted cyan fluorescent protein 
(CFP) and yellow fluorescent protein (YFP) signals were measured for 
every frame, and the inverse FRET (iFRET) signals were calculated 
with methods modified from Shafer et al. (39) to reflect the cAMP 
level: F = CFP/[YFP − (CFP × 0.27)], where 0.27 is the measured CFP 

spillover into the YFP channel in our scope settings. ΔF/F of the 
iFRET signal was then calculated as (F − F0)/F0, where F is the 
signal at the given frame and F0 is the baseline signal that is defined 
as the average signal of the first 10 frames.

Statistical analysis
Statistical tests were performed using the Statistics Kingdom website.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
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