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SUMMARY

Suppressing sensory arousal is critical for sleep, with deeper sleep requiring stronger sensory 

suppression. The mechanisms which enable sleeping animals to largely ignore their surroundings 

are not well understood. We show that the responsiveness of sleeping flies and mice to mechanical 

vibrations is better suppressed when diet is protein-rich. In flies we describe a signaling pathway 

through which information about ingested proteins is conveyed from the gut to the brain to 

help suppress arousability. Higher protein concentration in the gut leads to greater activity of 

enteroendocrine cells which release the peptide CCHa1. CCHa1 signals to a small group of 

dopamine neurons in the brain to modulate their activity; the dopaminergic activity regulates the 

behavioral responsiveness of animals to vibrations. The CCHa1 pathway and dietary proteins do 

not influence responsiveness to all sensory inputs, showing that during sleep different information 

streams can be gated through independent mechanisms.
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INTRODUCTION

Sleep originated early in animal evolution and has comparable characteristics across 

species1. Both the amount and quality of sleep are important for health2, with sleep quality 

depending on the timing, latency to fall asleep, frequency and duration of awakenings, 

and sleep depth3,4. Deep sleep, which is particularly restorative5 requires greatest sensory 

suppression such that most environmental signals are prevented from arousing the brain6,7. 

People who are awoken too easily often feel unrestored even after spending sufficient time 

asleep5. The mechanisms by which arousability is suppressed during sleep have not been 

well characterized in any model8–13.

Sleep is strongly influenced by genetics14 and multiple sleep-regulating genes have been 

identified using model organisms like flies15,16. Outside factors including nutrition are also 

important – while epidemiological studies cannot establish causation, they reveal correlation 

between the consumption of certain foods and changes in sleep17–19. Flies have been 

especially useful for studying the mechanisms through which nutrition impacts sleep but 

most of the work has been done in the context of starvation20, when sleep is potently 

suppressed. It is unclear how nutrition influences sleep in normal, non-starvation conditions.

From a screen for genes that regulate arousability from sleep we found a signaling pathway 

through which information about dietary proteins is conveyed from the gut to the brain, to 

help suppress sensory responsiveness. Ingestion of proteinaceous foods activates secretory 

cells in the fly gut which release the peptide CCHa1; CCHa1 signals to a group of dopamine 

neurons in the brain whose activity modulates responsiveness to mechanical vibrations. 

Higher concentration of proteins in the gut leads to higher CCHa1 levels, which enables 
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flies to sleep through stronger vibrations, while CCHa1 depletion from the gut causes easy 

awakenings even when vibrations are weak. We show that mice are also less responsive 

to vibrations, and have better-consolidated sleep, on proteinaceous food. These results are 

consistent with the observations in humans which indicate that dietary proteins can suppress 

sensory responsiveness to promote deeper sleep21. While the CCHa1 pathway powerfully 

modulates responsiveness to vibrations, it does not impact responsiveness to thermal inputs, 

demonstrating that different sensory modalities can be gated through separate mechanisms 

during sleep.

RESULTS

A screen for arousal threshold mutants

We studied sensory arousability in Drosophila using a high-throughput automated setup 

that produces mechanical vibrations (Figures S1A,B and STAR Methods). In the setup, 

loudspeakers convert an electrical signal into 2-second-long vibrations every 30–40 minutes 

throughout the night (randomized to minimize habituation), causing the locomotor activity 

monitors with flies to move up and down. Flies which started moving within 3 minutes were 

considered awoken specifically by the stimulus (STAR Methods, spontaneous awakenings 

were taken into account).

Using vibration intensities that consistently woke up many (~20%) or few (~95%) control 

flies, we screened for genetic modifiers of arousability (Figure 1A and STAR Methods). 

RNAis against ~3,400 genes (STAR Methods) were expressed using a pan-neuronal driver 

elav-Gal422 and 8 animals were used to generate each data point. The screen uncovered 

both hyper- and hypo-arousable phenotypes (Figure 1A and Table S1) which mapped to 

genes involved in diverse biological and molecular functions (Table S2). It is unsurprising 

that multiple pathways regulate arousability considering how profoundly the entire body is 

transformed by sleep.

A peptide and its receptor regulate arousability

Among strong hyper-arousability phenotypes were those produced when the neuropeptide 

CCHa1 or its receptor CCHa1R were depleted (Figure 1A), with ~85% of the animals 

waking up in response to the lower intensity stimulation (Figure 1B). CCHamides (CCHa1 

and CCHa2) regulate olfactory responsiveness and circadian behavior (CCHa1) as well as 

feeding and growth regulation (CCHa2)23–28. The receptor for CCHa1 is homologous to 

the mammalian G protein-coupled receptor gastrin releasing peptide receptor (GRPR)28 

which regulates itch sensation29, social interactions30,31, fear memory consolidation32–34, 

breathing35, food intake30,36,37 and circadian rhythms38–40. The specificity of RNAi for 

CCHa1 and CCHa1R (and not CCHa2 and CCHa2R) was shown with quantitative RT-PCR 

(Figure S1C).

Like many animals41, flies spontaneously wake up for brief periods42,43 before going back 

to sleep44. Some flies happened to be awake when vibrations were delivered and we 

analyzed their behavior (Figure S1D); animals depleted of CCHa1 or CCHa1R were more 

likely to increase their locomotion in response to vibrations, without being more active at 
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baseline than the controls (Figure S1D and STAR Methods). Sleep is an extreme state of 

sensory suppression, but during wakefulness animals can also tune the sensory world out to 

varying degrees45. Our observations suggest that CCHa1 can suppress sensory arousability 

across sleep-wake states, similarly to the best-known regulator of arousal, dopamine46,47. 

We will later show that CCHa1 acts through different populations of dopaminergic cells to 

suppress sensory arousability when the animal is asleep vs awake. Knocking down CCHa1 

or its receptor also affected several other parameters: sleep appeared more fragmented 

(evidenced by a slight decrease in the duration of individual sleep bouts and an increase in 

their frequency) (Figure S1D); latency to sleep was increased as previously described for 

CCHa1 depletion28; flies slept less when the CCHa1 receptor was depleted (Figure S1D). 

We will later explain how these different aspects of sleep can be regulated by the same 

peptide. The above results were confirmed with additional RNAi lines (Figures S1E and F) 

and mutants48 (Figures 1C and S1G). Post-developmental depletion was sufficient to cause 

hyper-arousability (Figure S1H), and we conclude that CCHa1 signaling likely plays an 

ongoing role in suppressing sensory arousal during sleep.

CCHa1 signaling originates in the gut

To find the cells in which CCHa1 originates, we raised antibodies against a previously 

validated epitope49 and expressed RNAis against the peptide using spatially-restricted 

Gal4s. CCHa1 has been detected in the nervous system28 and in a posterior subpopulation 

of enteroendocrine cells49, secretory cells sparsely distributed throughout the gut50. The 

observed signal was consistent with previous reports28,49,51,52 (Figures 2A and S2A) 

and matched the pattern of GFP expressed from the CCHa1 promoter (Figure S2B, 

heterozygotes left).

CCHa1 protein and mRNA were undetectable in the nervous system, and in the gut, in 

elav>CCHa1-RNAi flies and in CCHa1 mutants (Figures 2A, S2B homozygotes right 

and S2C). Neurons and enteroendocrine cells share developmental programs50, perhaps 

explaining why elav-Gal4, the classic pan-neuronal driver which we used in the screen, 

is expressed in both cell types53 (Figure S2D). We were surprised to see that depleting 

CCHa1 only from the gut (using a conditional version of the standard enteroendocrine driver 

pros-Gal4, prosts) (Figures 2B and S2E,F)54 was sufficient to cause increased arousability 

(Figures 2B and S2G). Unlike what we observed with elav-Gal4, there was no effect on 

the number of sleep episodes or latency to fall asleep (Figure S2G), indicating that CCHa1 

produced in the nervous system impacts sleep consolidation and timing, while CCHa1 

produced in the gut regulates arousability. We did not see any effects on feeding or food 

clearance when CCHa1 was depleted from the gut (Figure S2H) suggesting that the effect 

of CCHa1 on arousability is not due to changes in food processing. As a long-lasting state, 

sleep seems ideally suited for peptidergic regulation since peptides act on slower timescales 

than classical neurotransmitters55. It is difficult to disentangle the various functions of one 

peptide56, but in the case of CCHa1 gut-specific depletion affords an opportunity to study 

specifically how the peptide suppresses sensory arousal and promotes deeper sleep.

Titos et al. Page 4

Cell. Author manuscript; available in PMC 2024 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Secretory cells in the gut regulate arousability

The above results imply that changing the activity of enteroendocrine cells, which are 

electrically excitable57,58, should impact arousability. Expressing neuronal silencing tools 

using the enteroendocrine driver pros-Gal4 caused developmental lethality (even with 

conditional tools59, possibly due to leaky expression), but tools for neuronal activation could 

be tested. Thermogenetic activation of enteroendocrine cells using a temperature-sensitive 

cation channel TrpA160 led to suppressed arousability in both sleeping (Figure 2C, yellow) 

and awake (Figure S2I) animals. Pros-Gal4 is expressed in some neurons in addition to 

enteroendocrine cells (Figure S2F), so we asked to what degree the phenotype is mediated 

by the gut-produced CCHa1 peptide. When pros-Gal4 was used to simultaneously activate 

cells and deplete them of CCHa1, much of the effect on arousability was suppressed (Figure 

2C and Figure S2I, pink compared to yellow). Another phenotype which is produced by 

activating pros-Gal4-expressing cells (slightly less sleep, Figure S2I) was however not 

suppressed by CCHa1 depletion (Figure S2I), suggesting that it originates either in non-

CCHa1 enteroendocrine cells, or in some of the neurons labeled by pros-Gal4 (Figure S2F). 

The results shown so far suggest that gut-released CCHa1 suppresses arousability (Figure 

2D).

Dietary proteins activate enteroendocrine cells and regulate CCHa1 signal

The origin of the CCHa1 signal raised the possibility that nutritional cues are involved in 

its regulation. Details are emerging in flies about the mechanisms through which nutrition 

influences sleep61,63, but most of the studies have been done under starvation conditions, 

when animals sleep less. There were no changes in sleep amount with gut-specific CCHa1 

depletion (Figure S2G), indicating involvement of yet unknown mechanisms which operate 

under standard feeding conditions. Enteroendocrine cells found in the posterior midgut 

are activated by dietary proteins and amino acids58 and we asked if this is true for the 

CCHa1-producing subset as well, while also testing for potential effects of fats and sugars.

Imaging a living gut is challenging for many reasons including contractility of the organ, and 

potential obscurement of the epithelium by the luminal contents. CaLexA62 is a tool which 

relies on transcriptional changes and allows the activity of gut cells to be recorded in freely 

behaving animals. Increase in intracellular calcium levels, such as occurs when cell activity 

is increased, promotes expression of GFP which is stable for up to 24 hours64; longer 

or more frequent cell activation results in more accumulated GFP (Figure 3A). This tool 

has been shown to work in enteroendocrine cells58 in addition to in neurons65,66. CaLexA 

was expressed with pros-Gal454 and CCHa1-positive cells were identified through antibody 

staining. The percentage of cells co-expressing GFP (which indicates cell activation) and 

CCHa1 was quantified 24 hours after supplementing regular food with sugar, fat, or protein 

at several concentrations based on previous reports67–69 (STAR Methods). Three sources of 

sugar (glucose, galactose, fructose) and fat (coconut oil, propionic acid, hexanoic acid) were 

tested, while for protein supplementation we used peptone, a partially hydrolyzed dietary 

protein mix containing amino acids and peptides (STAR Methods).

The activity of CCHa1-positive enteroendrocrine cells, and the levels of CCHa1 in these 

cells, were increased specifically with peptone supplementation (Figures 3B, 3C, and 
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S3A). This does not seem to be due to calories since for every 100mL of regular food, 

peptone supplementation added 40kcal compared to 14kcal for sugar and 80kcal for 

fat supplementation (STAR Methods). When flies had access to a protein-supplemented 

diet for 24 hours, CCHa1 levels increased more than when the diet was available for 6 

hours only (Figure 3D). This suggests that enteroendocrine cells can discriminate between 

long- and short-term dietary changes, although we cannot exclude the possibility that the 

dynamics of GFP production and degradation play a role. Peptone supplementation did 

not overtly affect food consumption or clearance from the gut (Figure S3B). We note that 

some of the posterior midgut cells had high CCHa1 levels without showing evidence of 

activation (Figure 3B, magenta arrowheads), and that some of the activated cells were 

CCHa1-negative (Figure 3B, green arrowhead). To test whether specific amino acids are 

relevant, we supplemented them at their respective peptone concentrations (alone or in 

combinations, STAR Methods). CCHa1 levels were increased only if the total amino acid 

concentration matched what is present in peptone (Figures 3E,F). This result suggests that 

CCHa1-producing enteroendocrine cells monitor how proteinaceous the food is overall, as 

well as implies that enrichment of dietary proteins should promote sensory disconnect and 

deeper sleep.

To test this idea, we compared responsiveness of animals fed regular and protein-rich food 

using a stimulus of intermediate intensity (a setting which allows alterations of arousability 

in either direction to be detected). Half as many flies woke up in response to vibrations if 

their diet was supplemented with peptone for 24 hours, compared to flies fed regular diet 

(Figure 3G). Peptone-supplemented animals were also slightly less responsive if awake at 

the time of stimulation (Figure S3C). We note that according to statistical analysis there 

was an effect on basal locomotor activity (Figure S3C) and sleep amount (Figure 3G) with 

protein supplementation, but the phenotypes were very weak and we are unsure of their 

biological significance.

Even though sugar and fat supplementation did not affect the levels of CCHa1 or the 

activity of CCHa1-producing enteroendocrine cells, we tested for their possible influence 

on behavioral responsiveness. Consistent with their effect on CCHa1 levels, glucose or 

propionic acid supplementation had no effect on how the animals responded to mechanical 

stimulation (Figure S3D). To additionally control for the effect of calories vs specific 

nutrients we made the supplementation equicaloric - in each case extra 40 kcal were 

provided but of different origins (either from propionic acid, glucose, peptone or from 

glucose-peptone combinations (2/3 calories from glucose + 1/3 from peptone, or 1/3 from 

glucose + 2/3 from peptone). Arousability was most potently suppressed when the majority 

of added calories originated from dietary proteins (Figures 3H and S3E). Based on these 

results we conclude that the presence of dietary proteins, and not just the caloric content, is a 

main factor that influences arousability.

We asked to what extent CCHa1 mediates the effects of dietary proteins on arousal by 

providing protein supplementation to flies lacking CCHa1 in the gut. Because CCHa1 

knockdown itself causes hyper-arousability, lower amplitude stimulation had to be used 

for these animals in order to match their baseline (i.e. their arousability on regular food) 

with the parental controls; (the opposite conditions, where low intensity stimulation is used 
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for the parental controls and medium intensity stimulation is used for the CCHa1-depleted 

animals were also tested (Figure S3F,G). CCHa1 depletion weakened the effect of peptone 

on arousal (Figures 3I and S3F), though incomplete phenotype suppression reinforces 

the idea that dietary proteins activate multiple signaling pathways. Taken together, our 

results show that ingested proteins activate CCHa1-producing cells in the gut to suppress 

arousability (Figure 3J).

Dietary proteins promote sensory disconnect in mammals

Using mice as a model we assessed the influence of dietary proteins on arousability in 

mammals. Individual animals were housed in sleep-recording chambers atop a platform, 

with shakers providing mechanical stimulation of adjustable intensity from below (STAR 

Methods). For two consecutive days stimulations were provided at randomized intervals 

every 50–70 minutes during the light phase of the circadian cycle, which is when mice 

sleep the most70. Responsiveness was assessed within 5 minutes of stimulus delivery 

using electrical activity recordings in the brain (electroencephalogram, EEG) and muscles 

(electromyogram, EMG). Video recordings were used for confirmation. Only events where 

the animal was asleep immediately prior to stimulus delivery were considered, and data were 

normalized for spontaneous awakenings (STAR Methods).

After determining the stimulus intensity required to wake mice up approximately 50% of 

the time, we asked if the responsiveness was influenced by diet. For five days prior to 

testing mice were fed either standard or protein-enriched diets of similar caloric values 

(STAR Methods) which did not affect the body weight (Figure S4A–C). In each experiment 

two chambers were on a single platform, one with a mouse fed regular diet and the other 

protein-enriched diet. Similar to flies, mice on a protein-enriched diet were harder to wake 

up (Figure 4A); they readily responded however when stimulation was of high intensity, 

ruling out general impairment (Figure 4A). No changes in arousability were seen when food 

was enriched with sugar (Figure 4B) or fat (Figure 4C).

Enrichment of dietary proteins had no effect on the overall sleep amount (Figure 4D), 

but it led to better-consolidated sleep (longer bouts of sleep that were interrupted by 

fewer awakenings) (Figures 4D,E and S4D). Mammalian sleep consists of rapid eye 

movement (REM) and non-REM phases, with non-REM sleep comprising three stages71. 

As characterized by decreased sensory arousability, the depth of sleep is greatest during the 

last stage of non-REM sleep, and REM sleep72,73. The number of REM sleep episodes was 

increased in animals which consumed more protein, leading to increased total time spent 

in the REM phase (Figures 4F,G and S4D). In addition to defining sleep depth based on 

behavioral responsiveness, this is also done based on the pattern of brain electrical activity 

as measured by EEG74. It is unclear however to what degree the EEG pattern shapes sensory 

responsiveness, since animals are difficult to arouse during REM sleep despite brain activity 

appearing awake-like75. To assess the effect of different diets on brain activity during sleep 

and wakefulness, we performed an EEG power analysis focusing on the lower frequency 

theta and delta brain waves (associated with relaxation and sleep respectively76). There were 

no overt effects of dietary proteins (Figure S4E,F), implying that sensory responsiveness 

can be regulated by mechanisms which are independent from the mechanism that regulate 
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broad changes in brain states observed during sleep. The data were acquired with surface 

electrodes and we cannot discard the possibility that there are changes in some specific areas 

from which we did not record.

Gut-produced CCHa1 signals to dopaminergic neurons in the brain

We returned to flies to study how a gut-derived signal influences sleep. Peptides produced 

by the enteroendocrine cells can signal synaptically when in contact with dendritic 

terminals or hormonally through circulation77. Cells that produce CCHa1 reside in a poorly 

innervated region of the Drosophila gut50, suggesting hormonal action. To find where the 

peptide is received to regulate arousability, we depleted its receptor in sparse neuronal 

populations and tested responsiveness to vibrations. Flies were not hyper-arousable when 

the CCHa1 receptor was depleted from cholinergic (Cha-Gal4), octopaminergic (Tdc2-

Gal4), glutamatergic (vGlut-Gal4), or circadian (Tim-Gal4) cells (Figure 5A). Though one 

dopaminergic driver (TH-Gal4) produced no phenotype, another one (Ddc-Gal4) led to 

increased responsiveness both during sleep (Figure 5A) and wakefulness (Figure S5A). Ddc-

Gal4 labels the PAM cluster of dopaminergic neurons (80–90 neurons/brain hemisphere) 

while TH-Gal4 does not78, which suggests that these are the relevant cells. The PAM 

cluster is labeled by two different Gal4s expressed under the control of CCHa1R regulatory 

elements (Figure S5B), supporting the idea that the receptor is expressed here.

Expressing RNAi against the CCHa1 receptor only in the PAM dopaminergic cluster was 

sufficient to make flies more arousable (Figure 5A) without affecting basal locomotion or 

sleep amount (Figure S5A). This implies that the various regulatory roles of the receptor 

are uncoupled in different neuronal populations, similarly to CCHa1 itself (Figures 2B and 

S2G). We note that the effect on awake responsiveness was not statistically significant 

with PAM-Gal4-driven CCHa1R-RNAi (Table S3), but qualitatively it appeared similar 

to what was seen with Ddc-Gal4 (Figure S5A). Regardless, we show below that distinct 

populations of dopamine neurons mediate the effects of CCHa1 on arousability during sleep 

and wakefulness.

Subpopulations of PAM dopaminergic neurons can be accessed thanks to a large-scale 

mapping and tool-generating effort79, so we further narrowed down the CCHa1 target 

cells. Flies were easier to wake up with vibrations if the CCHa1 receptor was depleted 

using PAMMB441B-Gal4 (Figure 5B,C). This driver does not label the gut (Figure S5C), 

and in each brain hemisphere it labels 8–10 cells (Figure 5B,C)79 which express the 

CCHa1 receptor according to transcriptional profiling data80. Although we cannot rule 

out involvement of other neurons from the PAM cluster, we focused on the PAMMB441B 

population because a strong phenotype maps to this small group of cells. When the CCHa1 

receptor was depleted from PAMMB441B neurons, the consumption of food and its clearance 

from the gut were unaffected (Figure S5D), as was total sleep amount (Figure S5E), while 

basal locomotion was slightly decreased (Figure S5E). The responsiveness of awake animals 

was unaffected (Figures S5E), which was also true when the activity of PAMMB441B neurons 

was manipulated (Figures 5D and S5F), and when Tyrosine Hydroxylase (TH, the rate-

limiting enzyme in dopamine synthesis) was depleted (Figures 5E and S5G). Based on these 

observations, CCHa1 is received by another subpopulation of dopaminergic neurons (which 
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we have not identified) to suppress arousal during awake periods (Figure 5F). The results 

of TH manipulation argue that the effect of PAMMB441B neurons on arousal is mediated by 

dopamine itself. This molecule is canonically thought of as arousal-promoting46,81–83, but 

our data suggest that dopamine can act on specific synapses to suppress arousal, consistent 

with some previous observations8.

Dietary proteins activate dopaminergic neurons in the brain

If PAMMB441B neurons are targeted by CCHa1, depleting them of the CCHa1 receptor 

should diminish the ability of dietary proteins to suppress arousability during sleep. This 

prediction was tested and validated (Figures 6A and S6A,B). Since depleting the CCHa1 

receptor causes hyper-arousability, the same strategy was used as in Figure 3I, where the 

parental controls were exposed to medium intensity stimulation and the receptor-depleted 

animals were exposed to low intensity stimulation to match baseline arousabilities; the 

opposite conditions were also tested (Figure S6B). Peptone supplementation resulted in 

more PAMMB441B neurons showing evidence of activation (Figure 6B), an effect that 

was suppressed with PAMMB441B-specific depletion of the CCHa1 receptor (Figure 6B), 

supporting the idea of direct gut-to-brain signaling. Protein feeding did not cause changes in 

the activity of another dopaminergic population (Figure S6C), suggesting that the increase in 

PAMMB441B neuronal activity was not an artifact of protein feeding.

Sensory gating can be modality-specific

Our results show that a physiological signal can affect the activity of dopaminergic PAM 

neurons, but it is unclear from this where the sensory inputs intersect with the system. PAM 

neurons project to the mushroom body, a brain structure which receives sensory inputs from 

different sensory modalities84–90 and controls sleep amount, feeding, learning, memory, and 

olfaction91–96,98. Dopaminergic neurons modulate synapses between Kenyon cells and the 

output neurons to contextualize and drive appropriate behavioral responses91,97. Kenyon 

cells carry olfactory and visual information89,90,99, but there is no evidence yet that they 

receive mechanical inputs. The larval100,101 and adult102 PAM neurons are on the other 

hand known to be recipients of mechanosensory information. To estimate if and how the 

PAMMB441B neuronal subset responds to mechanical stimulation, we expressed CaLexA in 

these cells and exposed flies to a night of vibrations using the same protocol as for testing 

arousability (Figure S6D). The GFP signal was quantified in the PAMMB441B cell bodies 

4 hours after stimulation (sufficient time for detecting GFP increase in case neurons are 

activated) as well as 28 hours after stimulation (sufficient time for GFP degradation in 

case the neuronal activity is reduced) (Figure S6D)64. CaLexA reported lower PAMMB441B 

neuronal activity in animals that were exposed to vibrations (Figure S6D), opposite to 

the effect induced by a protein-rich diet. To better understand the interaction of sensory 

and nutritional information, we first fed flies protein-rich food for 24 hours and then 

exposed them to vibrations; protein supplementation suppressed the ability of vibrations 

to reduce PAMMB441B neuronal activity (Figure 6C). Based on these results, it seems 

that information about external and internal circumstances converges on a small group of 

dopaminergic neurons, exerting opposite influences on the activity of these neurons. Since 

the level of behavioral responsiveness depends on dopaminergic activity (Figure 5D,E) this 

would essentially constitute a sensory gate. Given the feedback loops within the mushroom 
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body100,103 and the fact that mushroom body cells respond to movement, we cannot discard 

the possibility that the changes in dopaminergic activity elicited by vibrations are also 

influenced by the locomotor response itself104.

During sleep all sensory inputs are attenuated62 which could occur through a central gating 

mechanism. In mammals sensory gating is thought to occur in the thalamus, an area 

through which most sensory information passes before reaching the cortex105,106. Olfactory 

information however gets attenuated despite bypassing the thalamus107, suggesting more 

specialized forms of regulation and the possibility that different sensory modalities are gated 

through at least partially independent mechanisms. We tested this possibility by building 

a setup in which heat is used instead of vibrations to wake flies up (Figures 6D and S6E 

and STAR Methods). Different levels of behavioral responsiveness were detected depending 

on the stimulus intensity (Figure 6D, 35 vs 40°C, both stimuli are perceived as hot by the 

fly108), but the activity of PAMMB441B neurons was unaffected by either temperature (Figure 

S6D). While CaLexA might have technical limitations, it could also be that thermal and 

mechanosensory inputs are attenuated through separate circuitry. This possibility is likely 

since the responsiveness of flies to heat was unaffected by either peptone supplementation 

or by depletion of the CCHa1 receptor from the PAMMB441B neurons (Figures 6E, F 

and S6F,G), in contrast to what was seen with vibrations. Although we only examined 

specific conditions, we conclude that thermal and mechanosensory information can be gated 

independently (Figure 6G), consistent with the electron microscopy data indicating that 

temperature information flows through the α’/β’ lobes of the mushroom body103, while the 

CCHa1-receiving dopamine neurons innervate the γ lobe (specifically the γ3 compartment) 
79.

Mushroom Body Output Neurons might integrate information about arousability and sleep 
amount

Information from the γ3 compartment is carried further by two neurons in each brain 

hemisphere, and these neurons are accessible with the Mushroom Body Output Neuron 

driver MBONMB083C-Gal479,91 (Figure 7A) which has no apparent gut expression (Figure 

S7A). Conditional MBONMB083C inhibition caused the flies to be easily awoken by 

vibrations (Figure 7B), indicating an abnormally low arousal threshold - the same phenotype 

observed with CCHa1 removal from the gut (Figure 2B). Conditional activation had the 

opposite effect (Figure 7B). These phenotypes were specific for sleep, as arousabilty 

during wakefulness was unaffected (Figure S7B). MBONMB083C neurons might play a 

role in regulating sleep amount since their activation led to sleep suppression (perhaps 

counterintuitively the animals slept less, but deeper) (Figure S7B). We are unsure of the 

biological significance of this result however, since sleep amount was unaffected by the 

neuronal silencing and a previous report found no effect of activation109 (though different 

temperature conditions were used for activation than here). Nevertheless other studies16 

do implicate Kenyon cells and MBONs in regulating sleep amount, which suggests the 

possibility that at this locus the regulatory streams which inform sleep amount and sleep 

depth are integrated.
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CaLexA revealed higher activity of MBONMB083C neurons in animals which had access 

to peptone-supplemented food for 24 hours compared to animals which consumed regular 

food (Figure 7C). When MBONMB083C neurons were silenced, the effect of peptone on 

arousability was suppressed (Figures 7D and S7C). To test whether MBONMB083C receive 

dopaminergic instructions, we depleted them of dopamine receptors and tested arousability. 

Depletion of either DopR1 or DopR2 but not D2R or DopEcR from MBONMB083C neurons 

caused increased arousability from sleep (Figures 7E and Figure S7D). This result suggests 

that PAMMB441B and MBONMB083C neurons communicate through dopamine to regulate 

arousability from sleep, and that DopR1 and DopR2 are the relevant receptors in this 

context. Since the Kenyon Cells also express dopamine receptors80, we cannot rule out the 

possibility of their involvement.

DISCUSSION

Taken together our data suggest a model where information about dietary proteins is 

conveyed from the gut to the brain through peptidergic signaling, to regulate arousability 

from sleep (Figures 7F and S7F).Sleep depth is defined based both on brain electrical 

activity and reduced behavioral responsiveness to stimulation75. Since sleep is thought to 

have originated in the earliest animals, whose nervous systems were rudimentary1, it stands 

to reason that there are core sleep regulatory mechanisms which involve molecular signaling 

and are not reflected at the level of global brain activity changes. Electrical activity is 

not commonly used to define and study sleep states in invertebrate models110, yet the 

mechanistic findings have been translating well from such models to mammals15. Through a 

genetic screening approach, we were led to a signaling pathway which offers several insights 

into the regulation of arousability and sleep depth.

Signals secreted from the gut modulate arousability

Food availability is a primary determinant of survival and animals adjust how much 

they sleep depending on their need for nutrients61,112. Both flies and rodents increase 

wakefulness at the expense of sleep during starvation111,113, and satiety can promote 

sleep114,115. The contribution of different nutrients to sleep regulation is unclear, but other 

studies together with ours indicate that dietary proteins are particularly important19. For 

example, postprandial sleep is promoted in flies when the meal contains proteins but not 

sugar, even when caloric values are comparable114. Of all the nutrients, proteins effect the 

highest level of satiety per calorie116 which might explain why they seem better than sugars 

or fats at promoting sleep and suppressing arousal.

Enteroendocrine cells are sparse but play critical roles in monitoring the contents of the gut 

lumen and passing the information to the rest of the body77. The extent to which these cells 

are neuron-like is only becoming apparent117,118. The elav-Gal4 driver used in the screen is 

a common neuronal driver but is also expressed in enteroendocrine cells, presumably due to 

the similarities between the cell types. This is how we serendipitously identified the gut as 

a site that regulates arousability. Enteroendocrine cells can directly synapse with neurons118 

or secrete peptides77. Peptides might be ideal for regulating long-lasting states like sleep 

because of their slower action mode compared to classical neurotransmitters55. The receptor 
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for CCHa1 is conserved28 and its mammalian homolog regulates itch sensation29, a form of 

mechanosensory processing.

The same peptide regulates multiple aspects of sleep

CCHa1 evidently regulates different aspects of sleep (latency28, amount, and depth) but our 

data indicate that these functions map to different cellular origins of the peptide. CCHa1 

produced in the gut regulates arousability and was the focus of our study, while CCHa1 

produced in the nervous system regulates sleep latency28 and amount (we note that the 

observed effects on arousability were much stronger than the effects on sleep amount). 

Identifying various components of sleep regulation is important for eventually generating 

therapies that can target specific sleep problems. Although the different aspects of sleep can 

be uncoupled there are likely to be regions in the brain where the regulatory pathways for 

sleep amount and depth converge, as suggested here. Arousability varies not only during 

sleep but also during wakefulness, and CCHa1 can act across these states. Specificity for 

sleep vs wakefulness is achieved by the peptide acting on different dopaminergic neuronal 

population. During sleep most sensory processing is attenuated, and our data suggest 

that this is done through at least partially independent mechanisms, as the CCHa1 signal 

regulates responsiveness to mechanical stimulation but not to heat. Since different types of 

environmental information have different meaning for animals, being able to separately tune 

responsiveness for each might improve the chance of survival. The modularity detected 

throughout the system likely helps generate a spectrum of arousal states and confers 

behavioral flexibility.

Dopaminergic signaling in the mushroom body regulates arousability

Much of the arousability regulation we describe takes place in the mushroom body, a 

brain structure with multiple compartments that are innervated by modulatory dopaminergic 

neurons79. Dujardin proposed in 1850 that the mushroom body is a site at which 

intelligence arises in insects119 after observing that bigger and more complex mushroom 

bodies endow animals with a greater degree of what he called free will, as opposed to 

reflex. Large amounts of information are received by the mushroom body, but only 34 

neurons carry information to other brain areas59,91. A recent study of sensory arousal 

in sleeping flies also pointed to the mushroom body as a critical regulatory locus120 

albeit a different compartment was implicated, presumably because a different sensory 

modality (olfaction) was examined; olfactory information is received by the γ5 compartment 

while the mechanosensory information is received by the γ3 compartment. Dopaminergic 

neurons exert their modulatory influence at the mushroom body output sites79,97, where 

the mechanisms regulating sleep amount and depth seem to converge. Dopamine is 

involved in seemingly all nervous system functions121, steering them according to need 

and circumstance by modulating synapses and receptor availability122–124, but not much is 

known about how the dopamine signal itself is controlled. Our study shows that the activity 

of dopaminergic neurons can be regulated by direct signaling from the gut.

Limitations of the study

We have not identified the subpopulation of dopaminergic neurons which regulate 

arousability during wakefulness, and have not determined how mechanosensory information 
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is conveyed to the sleep system. We used CaLexA to report neuronal and enteroendocrine 

cell activity but we acknowledge that this tool offers an indirect measurement that depends 

on transcription. In our study we supplemented food with different macronutrients at 

different concentrations and only protein supplementation changed arousability, but we 

cannot rule out the possibility that other sources of macronutrients, at other concentrations, 

would be effective. Even though protein-enriched food decreases arousability in mice as 

in flies, we do not know whether this is regulated by signals from the gut and the CCHa1/

CCHa1R homologues.

Closing remarks

This work provides an updated framework for thinking about sleep regulation. Sleep 

consumes the entire body, but most efforts to understand this state are focused on 

the nervous system. The observations described here, together with other emergent 

findings125–127, argue that a more integrative approach taking into account not only the 

nervous system but other organs, is needed to solve some of the biggest mysteries in biology. 

The centuries-old idea that digestive and nervous systems are critically linked in normal 

physiology and disease128 seems to merit particular attention.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Dragana Rogulja 

(dragana_rogulja@hms.harvard.edu).

Materials Availability—The antibody generated during this study is available upon 

request.

Data and Code availability—Data are available from the corresponding 

author upon request. Codes are available on GitHub for sleep 

analysis (https://github.com/CrickmoreRoguljaLabs/SleepAnalysis), stimulus generation 

(https://github.com/IrisTitos/ATanalysis/blob/master/Goodmorning.md), and stimulus 

analysis (https://github.com/IrisTitos/ATanalysis/blob/master/ReadDamsPullDown, https://

github.com/ArousalThreshold/Software).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Flies—Flies were grown in 12-hour light: 12-hour dark cycles at 25 °C unless indicated 

otherwise. Experiments were performed in Percival Scientific Inc. (DR36VL model) 

incubators. Flies were raised on a cornmeal-agar medium125. Briefly, our regular food 

contained (measured in % weight (g) / volume (100 ml)) 1.57% (wt/vol) agar (Spectrum), 

2.72% (wt/vol) yeast (MP Biomedicals), 11.96% (wt/vol) sugar (Domino) and 5.14% (wt/

vol) cornmeal (Bunge). Ingredients were heated until the temperature reached 97 °C while 

stirring. After the temperature of the solution decreased to 75 °C, 2.5% Tegosept, 23.8 g/L 

Ethanol (Koptic #V1001), and water to compensate for evaporation were added.
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All Drosophila stocks used in this study are listed in the key resources table. All the stocks 

used for behavioral experiments were outcrossed at least five times to an isogenised (iso31) 

genetic background. In the case of UAS-CCHa1-RNAi (BDSC #57562) and UAS-CCHa1R-

RNAi (BDSC #51168), UAS-GFP-RNAi from the same library was used as a control 

(BDSC #41552). The two RNAis against CCHa1R target non-overlapping coding sequences: 

VDRC #103055 targets nucleotides 16–333, and BDSC #51168 targets nucleotides 375–

397. The RNAis used for CCHa1 target partially overlapping coding sequences: VDRC 

#104974KK targets nucleotides 241–539, and BDSC #57562 targets nucleotides 525–547. 

For all the Gal4/UAS experiments, heterozygous controls were used (UAS crossed to the 

Gal4 genetic background, and Gal4 crossed to the UAS genetic background).

Mice—2-month-old male CBA/CaJ (JAX 000654) mice were housed according to standard 

protocols approved by the Harvard University Standing Committee on Animal Care in 

accordance with federal guidelines. On arrival at our animal facility, mice were housed in 

pathogen-free cages (max 5/cage) under 12-hour light: 12-hour dark cycles at 23 °C and 

50% humidity. They were given ad libitum access to food and water.

METHOD DETAILS

Flies

Arousal threshold screen: Random RNAi lines from the Kyoto Stock Center, the Vienna 

Drosophila Resource Center, and the Transgenic RNAi Project (TRiP) (available at the 

Bloomington Drosophila Stock Center and generously shared with us by Norbert Perrimon’s 

laboratory) were used in the genetic screen. In addition, we screened RNAi stocks that were 

already being used in our laboratory related to neuropeptides, neurotransmitters, and sleep 

amount phenotypes. All RNAi lines were crossed to flies expressing elav-Gal4. 8 males, 

3–5 days old, were tested in the system described below. In all graphs, each dot represents 

the average behavior of 8 flies. That is, to calculate the % arousability (either during sleep 

or wake), we included the data of 8 flies. Flies were exposed to low amplitude stimulation 

(0.2V) on the first night and high amplitude stimulation (2V) on the second night.

Analysis of screen results: To identify hits from the screen, the arousabilty values were 

averaged across genotypes (separately for weak and strong vibrations). Hyper-arousable 

hits were those with phenotypes exceeding two standard deviations from the mean (when 

weak vibrations were used). Hypoarousable hits were those with phenotypes exceeding 

two standard deviations from the mean (when strong vibrations were used). For the genes 

whose disruption caused hypo- or hyper-arousability phenotypes, gene ontology (GO) 

analysis was performed. We used the GO Term Mapper (https://go.princeton.edu/cgi-bin/

GOTermMapper) to bin individual GO categories into more general terms. In order to 

normalize the different GO terms, we took into account their representation in the genome 

(i.e., how often the term appears in all the genes from the organism). For every GO term, the 

% of hits containing that term in our screen was normalized to the % of genes in the whole 

genome that contain that term. The data are represented on a log10 scale.

Locomotor activity and sleep monitoring: Locomotor activity was recorded using the 

Drosophila Activity Monitoring System (DAM3, TriKinetics, Waltham, MA). Flies were 

Titos et al. Page 14

Cell. Author manuscript; available in PMC 2024 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://go.princeton.edu/cgi-bin/GOTermMapper
https://go.princeton.edu/cgi-bin/GOTermMapper


individually housed in 65 mm-long glass tubes (TriKinetics) filled with ~40 mm of 

cornmeal-agar food unless otherwise indicated. This left ~25 mm of space for flies to 

walk back and forth. An infrared light beam bisects this space and gets interrupted when 

flies walk through; this is automatically scored as a movement. Sleep was defined as five 

minutes of inactivity 42,43. Sleep quantification was performed with a custom MATLAB 

(The MathWorks, Natick, MA) software (available on GitHub at https://github.com/

CrickmoreRoguljaLabs/SleepAnalysis).

The setup for probing arousal threshold with mechanical vibrations: DAMs were 

mounted on custom-made platforms positioned on top of large bass loudspeakers (381 

mm, Delta 15 LFA, Eminence, Eminence, KY). Each speaker/platform holds up to 8 

DAMs. To stimulate the flies, a custom program (Good Morning, available on GitHub at 

https://github.com/IrisTitos/Atanalysis/blob/master/Goodmorning.md) written in MATLAB 

generates a multisine signal (40 Hz – 200 Hz) using a multifunction device (USB-6211, 

National Instruments, Austin, TX). The signal is fed into an amplifier (SLA-1, Applied 

Research, and Technology, Rochester, NY) connected to the speaker. A range of frequencies 

was used to avoid the frequency-specificity of the response. With this setup, the mechanical 

vibrations of the loudspeaker translate into up and down movements of the platform on 

which the DAMs are mounted. Accelerometers (ADXL335, Analog Devices, Norwood, 

MA) measure movements of individual DAMs, at different positions on the platform 

to ensure that vibrations are uniform across all monitors. In our experiments, 2-second 

vibrations were delivered at random intervals every 30–40 minutes, starting 1.5 hours after 

the lights turned off (for 10 hours during the night (dark phase)). The data were processed 

in MATLAB together with locomotor data from the DAMs (available on GitHub at 

https://github.com/IrisTitos/Atanalysis/blob/master/ReadDamsPullDown, https://github.com/

ArousalThreshold/Software).

Scoring arousability from sleep: Only flies that were asleep (more than 5 minutes of 

locomotor inactivity) when the stimulus was applied were considered when calculating 

arousability from sleep. If the locomotor activity was triggered within 3 minutes of vibration 

onset, the fly was considered awoken by the stimulus. To control for the increased chance 

of spontaneous awakenings in genetic manipulations that affect sleep architecture (number 

of bouts and/or bout length), we normalized for spontaneous awakenings: % flies awoken 

by stimulation = 100*(total % flies that wake up - % spontaneous awakenings) / (100 - 

% spontaneous awakenings). To calculate spontaneous awakenings, the activity data from 

the same night and the same flies were used to calculate the “total % flies that wake up”. 

Normalization can result in negative percentage values when spontaneous arousals occur 

more frequently than arousals after stimulation; this is seen more commonly with weak 

vibrations and is probably a result of chance. We used a modified timestamp file in which 

the stimulation timings are shifted by 10 minutes preceding the stimulation to calculate 

spontaneous awakenings. Next, we performed the same analysis previously done with the 

original timestamp; only flies that were asleep at the modified timestamp were considered 

for analysis, and flies that showed locomotor activity within the 3 minutes following the 

modified timestamp were considered to be awoken.
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Scoring arousability during periods of wakefulness: Only flies that were awake (i.e. 

that showed activity during the 5 minutes prior to the stimulation) when the stimulus was 

applied were considered when calculating arousability during wakefulness. For those flies, 

we calculated the average activity during the 3 minutes prior to stimulation and the average 

activity during the 3 minutes after the stimulation. Flies were considered reacting to stimuli 

if the average activity after the stimulation was higher than prior to it.

The setup for probing arousal threshold with temperature: To probe arousability with 

temperature, we used a flat multi-beam activity monitor (DAM5M TriKinetics) in which 

the fly-containing tubes lay horizontally. A heating pad (McMaster-Carr 35765K469, 

Elmhurst, IL) controlled by a PID Temperature Controller (Omega CN 7800, Norwalk, CT) 

covers the surface of the monitor. A MATLAB custom-made software (https://github.com/

ArousalThreshold/Temperature) turns on the heating pad, increasing the temperature to 40 

°C (unless otherwise indicated) for 2 minutes, at random intervals (30–40 minutes) during 

the night. The same protocol as described for the mechanical setup was used to calculate the 

% of flies awoken by heat.

Feeding experiments: Male flies, 3 to 5 days old, were transferred from regular food 

to different food conditions approximately 10 hours after lights turned on (i.e., ZT10 in 

12-hour light: 12-hour dark cycles) unless otherwise indicated. After 24 hours, they were 

dissected or examined for behavior. The cornmeal-agar food was melted, and different 

components were added to achieve these final concentrations: 10% coconut oil, 1% 

propionic acid (Figures 3H, S3A and S3D), 0.5% propionic acid (Figure S3E), 0.5% 

hexanoic acid, 200 mM glucose (Figures 3C, 3H and S3D), 566 mM glucose (Figure S3E, 

glucose 40 kcal), 377 mM glucose (Figure S3E, 2/3 glucose), 189 mM glucose (Figure S3E, 

1/3 glucose), 200 mM fructose, 200 mM galactose, 10% peptone, 3.3% peptone (Figure 

S3E, 1/3 peptone), 6.7% peptone (Figure S3E, 2/3 peptone) or the same concentration as in 

peptone for each of the single amino acids. In order to control for the fact that liquid was 

added to the supplemented food, the same volume of water was added to the regular food 

used for the controls.

Food intake measurement: 3–5 day old male flies were transferred from regular food 

to either regular food containing 2% (wt/vol) FD&C Blue #1 (Spectrum #FD110), or to 

regular food supplemented with peptone containing the same concentration of FD&C Blue 

#1. After 24 hours, flies were frozen at −20 °C. Frozen flies were decapitated (to avoid 

the eye pigment interfering with the measurement), aliquoted in groups of 5 into Eppendorf 

tubes containing 50 μL of 1% Triton X-100 (Amresco #M143) 1X-PBS (Phosphate Buffered 

Saline 10X SeraCare #5460–0030) and homogenized with a motorized pestle (Argos #9950–

901). Samples were centrifuged, and the supernatant was measured at 660 nm (A660) in 

a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). A standard curve was 

generated using serial dilutions of the blue dye, and the sample dye concentration was 

extrapolated from that curve.

Food clearance assay: To assess whether food digestion is altered when flies are fed a 

protein-rich diet or when CCHa1 or its receptor are knocked down, we performed a food 
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excretion assay. Briefly, flies were fed food with blue dye for 24 hours, then transferred to 

vials with only agar for 6 hours, after which they were frozen at −20 °C. The remaining blue 

dye concentration present in the abdomen was quantified using the same protocol as for food 

intake measurements.

Immunohistochemistry: Adult males were anesthetized with carbon dioxide, washed 

briefly with 70% ethanol (Koptic #V1001), and dissected in 1X-PBS (Phosphate Buffered 

Saline 10X SeraCare #5460–0030). Guts were fixed overnight at 4 °C in PBS with 4% 

paraformaldehyde (PFA, Electron Microscopy Sciences #15710). Dissected brains and 

ventral nervous systems were fixed for 30 minutes in 4% PFA at room temperature. Tissues 

were washed 3 times for 20 minutes in 1X-PBS containing 0.2% Triton X-100 (Amresco 

#M143), and then blocked for 2 hours in 1X PBS, 0.2%Triton X-100, 2% bovine serum 

albumin (BSA Gemini #700–101P) at room temperature. Samples were incubated with 

primary antibodies overnight (except for when Bruchpilot (Brp) antibody was included, in 

which case the samples were incubated for ~48 hours) at 4 °C in 1X PBS, 0.2% Triton 

X-100, 2% BSA, at the indicated dilutions. Tissues were washed 3 times for 20 minutes in 

1X-PBS, 0.2% Triton X-100 and then incubated with secondary antibodies for 2 hours in 

the blocking solution at room temperature at the indicated dilutions (except when Bruchpilot 

was included in the stainings which were incubated for ~48 hours at 4 °C). Samples were 

then washed 3 times for 20 minutes in 1X-PBS, 0.2% Triton X-100, and mounted between 

glass slides and coverslips (Electron Microscopy Sciences #72230–01 and 64321–10) in 

Prolong Gold Antifade medium (Invitrogen #1942345).

Rabbit anti-CCHa1 antibodies were raised against the peptide QIDADNENYSGYELT49 by 

Genscript, and were affinity purified by the company.

Primary antibodies used: mouse anti-Bruchpilot (1:7, DSHB nc82), rabbit anti-CCHa1 

(1:50), chicken anti-GFP (1:1000, Aves #GFP-1020), mouse anti-prospero (1:50, DSHB 

pros) and mouse anti-tyrosine hydroxylase (TH) (1:1000 ImmunoStar #22941), rabbit anti-

β-galactosidase (1:1000 MP Biomedicals #56033).

Secondary antibodies used: Alexa Fluor 488 goat anti-chicken (1:1000 Life technologies 

#A11039), Alexa Fluor 488 goat anti-rabbit (1:1000 Life technologies #A11034), Alexa 

Fluor 647 goat anti-rabbit (1:1000 Life technologies #A21244) Alexa Fluor 647 donkey 

anti-mouse (1:1000 Life technologies #A31571).

Fluorescence microscopy: Fluorescent images were acquired with a Leica SP8 confocal 

microscope. All the imaging conditions remained constant within each experiment; only the 

Z start and end settings were adjusted individually for each sample. The average distance 

between Z-stacks was 100 microns.

Image quantification: All images were scored blind.

Gut quantifications for CCHa1 levels and CaLexA experiments: Quantification of 

CCHa1 and GFP signals was performed with Fiji. For every image, a Z-stack summation 

projection of the whole gut was obtained. To quantify CCHa1 antibody staining in the gut, 
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the CCHa1 signal was used to define the region of interest (ROI). The average pixel intensity 

and area of that ROI were measured. A region with a similar area adjacent to the ROI was 

selected to measure the average background pixel intensity. The amount of CCHa1 was 

quantified by subtracting the background from the CCHa1 signal and multiplying it by the 

CCHa1 ROI area.

For Figures 3C, 3D, 3E, 3F, and S3A, the CCHa1 signal in the gut was normalized to regular 

food. To do that, for each individual experiment, the mean of the CCHa1 signal in all the 

guts of flies exposed to regular food was calculated. That mean was then used to divide all 

the experimental values.

For Figures 3C and S3A, the percentage of activated CCHa1 cells in the gut was calculated 

based on CaLexA-dependent GFP levels. First, we quantified how many CCHa1-expressing 

cells were present in the posterior midgut using the “counter” function of Fiji. Then, we 

counted how many of those cells also had a GFP signal. To determine the % of CCHa1 

cells that were activated, we used the formula: (CCHa1 and GFP-positive cells/all CCHa1-

positive cells)*100.

Brain quantifications for CaLexA experiments: To quantify GFP intensity in Figures 6B, 

6C, 7C, S6C and S6D we projected the summation of the Z-stacks containing the cells 

of interest. Each cell was manually selected, and the average pixel intensity of the GFP 

signal was quantified. A region next to the cells of interest but containing no GFP-positive 

cells was used to measure the background signal. To calculate the GFP signal, we used 

this formula: (GFP average pixel intensity from the cell – GFP background average pixel 

intensity).

Quantitative RT-PCR: For each condition, either 2 whole flies, 5 brains, or 10 guts of 

3–5 days old males were dissected and immediately transferred into 100 μl of ice-cold 

TRIzol (Thermo fisher #15596026) one by one, flash-frozen on dry ice, and stored at −80 

°C. To extract RNA, samples were homogenized with a pestle (Argos #9950–901) for 20 

seconds on ice before adding 200 μl of TRIzol and 60 μl of chloroform. Samples were 

then centrifuged for 15 minutes at 15000 rpm, at 4 °C. The supernatant was collected and 

diluted in an equal amount of ethanol 99% (Koptec #V1001), mixed, and transferred to a 

purification column (Zymo kit Direct-zol R2061). The manufacturer’s instructions for RNA 

purification and subsequent DNAse treatment were followed (DNAse Turbo DNA-free kit 

AM1907). RNA was quantified using NanoDrop. 500ng of RNA was used for the reverse 

transcriptase reaction (Biorad iScript cDNA Synthesis #1708890). DNA product was diluted 

1:10 and used to set up quantitative PCR reactions using Sybr Green (Biorad #170–8880). 

Primers were obtained from ID Technologies:

CCHa1 (F-ACTGACGTCGGACAATTTGC and R-ACACGAATGTCCGTATTCCA)51

CCHa1R (F-GTTCCAAACACCTACATTTTATCAC and R-

CGGATAATGCAGTCAGCGTA)51

CCHa2 (F-AAACAGCAACAGCAGCAAAC and R- AGGACCACGGTGCAGATAAC)51 

CCHa2R (F-CATACCCAACACATACATTCTTTC and R- 
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GAAAGGGCGGTCAGTGTAAA)51 rp49 (F-ATCGGTTACGGATCGAACAA and R-

GACAATCTCCTTGCGCTTCT)

Conditional experiments: Adult-specific knockdown of CCHa1 or its receptor was 

achieved using a temperature-sensitive allele of Gal80131, a Gal4 inhibitor (Gal80ts) 

combined with either elav-Gal4 or pros-Gal4. Flies were raised at 21 °C, a temperature 

at which Gal80ts is stable and interferes with Gal4 function. Two days after eclosion, the 

temperature was raised to 29 °C, the temperature at which Gal80ts is degraded, and the Gal4 

driver becomes functional.

For TrpA1 and shits experiments, flies were raised at 21 °C, a temperature at which TrpA1 

and shits are not active. Flies were transferred to 27 °C for behavior analysis. In Figures 

2C and S2I, because the Gal4-UAS system depends on temperature (Gal4 expression is 

higher at higher temperatures), the experiments had to be performed above 25 °C to ensure 

CCHa1-RNAi expression. Since TrpA1 has been reported to be active at temperatures above 

25 °C, as low as 26 °C 24, we cannot entirely discard the possibility that some mild TrpA1 

activation occurs at 25 °C.

Mice

Food and diet: Upon arrival at our animal facility, mice were given standard Pico Lab 

Rodent Diet 20 # 5053. After surgery, 5 days prior to baseline sleep recording, their diet was 

changed to either ‘standard diet’ (#D11112201, Research Diets, Inc.), or ‘protein-enriched 

diet’ (#D1311070, Research Diets, Inc.). The recipes are calculated based on 1071.05 g of 

food. The standard diet is composed of: 200 g casein, 3 g L-cystine, 381 g corn starch, 

110 g maltodextrin 10, 150 g dextrose, 75 g cellulose BW200, 25 g inulin, 70 g soybean 

oil, 10 g mineral mix S10026, 13 g dicalcium phosphate, 5.5 g calcium carbonate, 16.5 g 

potassium citrate, 10 g vitamin mix V10001, 2 g choline bitartrate, 0.025 g yellow dye #5 

FD&C and 0.025 g blue dye #1 FD&C. The protein enriched diet is composed of: 600 g 

casein, 9 g L-cystine, 50 g corn starch, 35 g maltodextrin 10, 150 g dextrose, 75 g cellulose 

BW200, 25 g inulin, 70 g soybean oil, 10 g mineral mix S10026, 13 g dicalcium phosphate, 

5.5 g calcium carbonate, 16.5 g potassium citrate, 10 g vitamin mix V10001, 2 g choline 

bitartrate, and 0.05 g red dye #40 FD&C. The sugar-enriched food is composed of: 200 g 

casein, 3 g L-cystine, 41 g maltodextrin 10, 600 g sucrose, 75 g cellulose BW200, 25 g 

inulin, 70 g soybean oil, 10 g mineral mix S10026, 13 g dicalcium phosphate, 5.5 g calcium 

carbonate, 16.5 g potassium citrate, 10 g vitamin mix V10001, 2 g choline bitartrate, 0.04 g 

red dye #40 FD&C and 0.01 g blue dye #1 FD&C. The fat-enriched food is composed of: 

200 g casein, 3 g L-cystine, 41 g maltodextrin 10, 150 g dextrose, 75 g cellulose BW200, 

25 g inulin, 25 g soybean oil, 245 g coconut oil, 10 g mineral mix S10026, 13 g dicalcium 

phosphate, 5.5 g calcium carbonate, 16.5 g potassium citrate, 10 g vitamin mix V10001, 2 g 

choline bitartrate, 0.01 g yellow dye #5 FD&C and 0.04 g red dye #40 FD&C. In all types 

of diet, 1071.05 g of food contained 4084 kcal. Animals remained on their respective diet up 

until the end of the study. Mice were weighted daily from the start of the diet change until 

the end of the study.
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Sleep monitoring: To monitor sleep, a single male was placed in a circular cage (Pinnacle 

Technology 9000-K5-S) equipped with a 3-channel tethered EEG/EMG system (Pinnacle 

Technology 8200-K1-iSL). Head-mounted preamplifiers (Pinnacle Technology 8201-SS) 

were implanted surgically. For electroencephalography/electromyography (EEG/EMG), 

mice were anesthetized with isoflurane and mounted onto a stereotactic apparatus (Kopf) 

for surgery. The head was shaved, a 1.5 cm rostral-caudal incision was made starting from 

approximately 3.5 mm anterior to bregma, and the EEG/EMG headmount was adhered 

onto the surface of the dry skull with Loctite 404 Instant Adhesive (Fisher Scientific 

#NC0619400). Screws (Pinnacle Technology 8209, 8212) were drilled into the skull at 

the corresponding holes in the headmount for hippocampal and cortical EEG recordings. 

To insert the EMG wires, small pockets in the nuchal muscles were made. C&B Metabond 

Adhesive Luting Cement (Parkell) was applied to the head-mount to protect and insulate 

EEG/EMG leads. The skin around the headmount was sutured, and mice were allowed 

to recover for one week and were tested for behavior within the following week. The 

mice were tested for behavior within the next week. Implanted mice were tethered to the 

3-channel EEG/EMG system in the sleep-recording chamber (Pinnacle Technology 9000-

K5-S) and allowed to acclimate for 2 days before baseline sleep recording. Recordings were 

acquired for 48 hours.

Sleep scoring: Sleep recordings were scored in 10-second epochs over 48 hours with the 

sleep analysis software Sirenia Sleep Pro (Pinnacle Technology). Non-REM EEG epochs 

were scored as low frequency (0.5–4 Hz range), high amplitude (+/− 150–250 μV) delta 

waves with low-amplitude EMG waves. REM EEG epochs contained mixed frequencies 

with predominantly theta waves (5.5–8.5 Hz range), low amplitude (+/− 50–100 μV), and 

flat EMG waves. Wake epochs were scored as high frequency (8–50 Hz), low amplitude 

(+/− 50–100 μV) EEG waves with high amplitude EMG. Automated scored epochs were 

visually inspected to ensure that each epoch was scored according to our definitions of 

non-REM, REM, and Wake, and epochs that were not scored by the set rules were manually 

scored. Epochs that contained movement artifacts were removed.

To better compare the 24-hour sleep-related behavioral patterns for mice fed a standard and 

protein-enriched diet, an average hourly value for time spent in awake and sleep (non-REM, 

REM) stages, as well as the length and the number of wake and sleep (non-REM, REM) 

bouts was calculated during baseline recordings (prior to mechanical stimulation) using 

the Sirenia Sleep Pro software (Figure S4D). Similarly, the 24 hours average and hourly 

(averaged for each hour during 24 hours) delta (0.5–4 Hz) and theta power (5.5–8.5 Hz) was 

calculated during baseline recordings using Sirenia Sleep Pro for mice fed a standard and 

protein-enriched diet (Figure S4E,F). The power analysis is based on Fast Fourier transform 

algorithm and the EEG power represents the amount of activity in certain frequency bands 

of the signal129. The baseline daily and hourly graphs show the average of the 48 hour 

recordings. The wave power spectrum reflects the frequency content of the signal or the 

distribution of signal power over frequency130. For the wave power representation, we 

averaged the data from EEG1 and EEG2 channels present in the recording device.
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Arousal threshold measurement: To probe arousability in mice, we used a mechanical 

setup composed of a shaker (VWR VS-2500) housed on a cart. The vibrations caused 

by the shaker (accelerometer data for low intensity: X=0.029, Y=0.066, Z=−0.987; high 

intensity: X=0.176, Y=0.32, Z=−0.878) translate into lateral movements of the cart on which 

sleep-recording chambers are housed. The shaker was programmed to deliver 15-second 

stimulations at randomized intervals centered on 50–70 minutes for two consecutive days 

during the light phase (that is when mice sleep the most), and for up to 11 hours. EEG/EMG 

recordings (please see ‘Sleep scoring’ for details) were used to score arousal and sleep. 

The changes in behavior were confirmed with video recordings. Only stimulations that were 

preceded by at least 5 minutes of sleep were considered. For each mouse, arousability 

was quantified as the number of events in which that animal transitioned from sleep 

to wakefulness within 5 minutes after mechanical stimulation. To normalize the data for 

differences in spontaneous awakenings, we analyzed the undisturbed behavior of individual 

mice 20 minutes before each stimulation. At those time points, we quantified the % of 

events in which the animal spontaneously transitioned from sleep to wakefulness. The % 

of awakenings that were due to stimulation was calculated as in flies, but in this case 

for individual animals: % awakenings to stimulation = 100*(total % events in which 

an individual animal wakes up - % spontaneous awakenings of the animal) / (100 - % 

spontaneous awakenings of the animal).

QUANTIFICATION AND STATISTICAL ANALYSIS: Statistical analyses were 

performed using GraphPad Prism software 7 (GraphPad Software Inc., San Diego, CA). 

Except for the screen (Figure 1A), Figures 3E, S3C, and 5A, all experiments were performed 

at least 3 times independently. Data were tested for normality, and all the statistical tests 

were two-sided. In all figures * p<0.05, ** p<0.01 and *** p<0.001. Only when the 

experimental condition/genotype was different from all the controls the statistical test was 

shown in the figures.

Graph data are presented as mean ± S.E.M. Please see Table S3 for sample sizes, tests, and p 

values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Enrichment of dietary proteins can make flies and mice less arousable from 

sleep

2. Dietary proteins activate cells in the fly gut to secrete the peptide CCHa1

3. CCHa1 signals to brain dopamine neurons to modulate sensory 

responsiveness

4. Different sensory modalities can be gated by independent mechanisms during 

sleep

A protein-rich diet results in the release of a peptide secreted in the gut that signals to 

brain dopaminergic neurons that makes flies and mice less arousable from sleep
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Figure 1. CCHa1 and its receptor suppress arousability from sleep.
(A) Schematized screen for genes that regulate arousability from sleep, using weak (top) and 

strong (bottom) mechanical vibrations. Hyper- and hypo-arousable phenotypes exceeding 

two standard deviations from the mean are highlighted (data in Tables S1 and S2). Data 

were normalized for spontaneous arousals from sleep, and negative values are seen when 

spontaneous arousals are more frequent than arousals after stimulation. (B) Percent of 

flies awoken by weak mechanical vibrations when RNAis against CCHa1 or its receptor 

are expressed using elav-Gal4. (C) Mutants for CCHa1 or its receptor. In B and C grays 

represent parental controls. Error bars, mean and S.E.M. Genotypes, sample sizes and 

statistical analyses, Table S3. See also Figure S1. In all figures * p<0.05, ** p<0.01, *** 

p<0.001.
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Figure 2. CCHa1 peptide signals from the gut to suppress arousability.
(A) Antibody staining against CCHa1 in the nervous system and the posterior midgut, 

in control animals (UAS-CCHa1-RNAi) and animals in which CCHa1 is depleted using 

elav-Gal4 (elav>CCHa1-RNAi). (B) CCHa1 staining, and arousability from sleep, when 

CCHa1 is conditionally depleted using pros-Gal4 (prosts>CCHa1-RNAi). In A and B, scale 

bars: 100 μm. (C) Arousability from sleep when enteroendocrine cells are activated (yellow), 

or when they are activated and simultaneously depleted of CCHa1 (pink). UAS-GFP 
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was included to control for UAS number. (D) Schematic. Error bars, mean and S.E.M. 

Genotypes, sample sizes and statistical analyses, Table S3. See also Figure S2.
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Figure 3. CCHa1-expressing enteroendocrine cells are activated by dietary proteins and promote 
deeper sleep.
(A) Schematized CaLexA tool. (B) A representative image showing the effect of protein 

supplementation on the levels of CaLexA-dependent GFP, and CCHa1, in enteroendocrine 

cells. Area outlined in the second panel in magnified in the third panel. White asterisks: 

activated CCHa1-producing cells. Magenta arrows: non-activated cells that produce CCHa1. 

Green arrows: activated cells that do not produce CCHa1. Scale bars: 100 μm and 

25μm (zoom-in). (C) Quantification of enteroendocrine cell activity, and their levels of 
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CCHa1 protein and mRNA. (D) CCHa1 protein levels after 6 or 24 hours of peptone 

supplementation. (E) CCHa1 levels in the gut when food is supplemented with individual or 

combined amino acids (at their respective concentrations in peptone). (F) CCHa1 levels 

relative to supplemented amino acid concentration. (G) Effect of dietary proteins on 

arousability from sleep, and total sleep amount. (H) Effect of equicaloric supplementation 

with different macronutrients on arousability from sleep. (I) Arousability from sleep on 

regular food (gray) vs peptone-supplemented food (blue), in controls (prosts>GFP-RNAi and 

UAS-CCHa1-RNAi) and in flies with gut-depleted CCHa1 (prosts>CCHa1-RNAi, purple 

outline). (J) Schematic. For (C , D, and E), normalized to regular food (STAR Methods). 

Error bars, mean and S.E.M. Genotypes, sample sizes and statistical analyses, Table S3. See 

also Figure S3.
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Figure 4. Dietary proteins suppress arosuability from sleep in mice.
(A) Arousability from sleep in response to weak and strong vibrations in mice fed 

regular or protein-enriched food (equicaloric). (B,C) Arousability from sleep in response 

to weak vibrations in mice fed regular food, vs sugar-enriched (B) or fat-enriched (C) food 

(equicaloric). (D-G) Effect of dietary protein enrichment on various sleep parameters. Error 

bars, mean and S.E.M. Sample sizes and statistical analyses, Table S3. See also Figure S4.
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Figure 5. CCHa1 regulates arousability through dopaminergic neurons in the brain.
(A) Arousabilty from sleep when the CCHa1 receptor is depleted with various Gal4 

drivers. (B) Schematized dopaminergic neurons in the fly brain, and narrowing down of 

the population to which CCHa1 signals. (C) PAMMB441B-Gal4 expression in the brain 

is visualized with membrane-targeted GFP. Presynaptic protein Brp marks the neuropil, 

allowing visualization of the mushroom body (dashed outline). Scale bar: 100 μm. 

Arousabilty from sleep when the CCHa1 receptor is depleted from PAMMB441B neurons 

(PAMMB441B>CCHa1-RNAi). (D) Arousability from sleep when PAMMB441B neurons 
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are inhibited (green) or activated (yellow). (E) Arousability from sleep when tyrosine 

hydroxylase (TH) is depleted from PAMMB441B neurons (PAMMB441B>TH-RNAi). (F) 
Schematic summary. Error bars, mean and S.E.M. Genotypes, sample sizes and statistical 

analyses, Table S3. See also Figure S5.
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Figure 6. Dopaminergic activity is influenced by dietary proteins and CCHa1. Different sensory 
modalities can be gated independently.
(A) (I) Arousability from sleep on regular food (gray) vs peptone-supplemented food 

(blue), in controls (PAMMB441B>GFP-RNAi and UAS-CCHa1R-RNAi) and in flies with the 

CCHa1 receptor depleted from PAMMB441B neurons (PAMMB441B >CCHa1-RNAi, purple 

outline). (B) Activity of PAMMB441B neurons on regular vs protein-supplemented food. 

Purple outline, flies in which the CCHa1 receptor is depleted from PAMMB441B neurons. (C) 
Activity of PAMMB441B neurons on regular vs protein-supplemented food, with or without 

exposure to mechanical vibrations. (D) Arousability from sleep in response to heat. (E) 
Arousability by heat on regular vs peptone-supplemented food. (F) Arousability by heat 

in controls vs animals with the CCHa1 receptor depleted from PAMMB441B neurons. (G) 
Schematic. Error bars, mean and S.E.M. Genotypes, sample sizes, and statistical analyses, 

Table S3. See also Figure S6.
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Figure 7. Mushroom body output neurons regulate arousability.
(A) The output neurons from the γ3 mushroom body compartment, visualized by 

MBONMB083C-Gal4-driven GFP. Brp labels synaptic terminals, allowing the mushroom 

body visualization (outlined). Scale bar: 100 μm. (B) Arousability from sleep when 

MBONMB083C are inhibited (green) or activated (yellow). (C) Activity of MBONMB083C 

neurons on regular vs peptone-supplemented food. (D) Arousability from sleep on regular 

vs protein-supplemented food. Green outline, flies in which MBONMB083C neurons are 

silenced. (E) Arousability from sleep when different dopamine receptors are depleted from 
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MBONMB083C neurons. (F) Model. Error bars, mean and S.E.M. Genotypes, sample sizes, 

and statistical analyses, Table S3. See also Figure S7.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-CCHa1 This study N/A

mouse anti-Bruchpilot DHSB
(Developmental Studies 
Hybridoma Bank)

Cat# nc82; RRID: AB_2314866

chicken anti-GFP Aves Cat# GFP-1020; RRID:
AB_10000240

mouse anti-prospero DSHB Cat# pros; RRID: AB 528440

mouse anti-tyrosine hydroxylase ImmunoStar Cat# 22941 ;
RRID: AB 572268

Rabbit anti-β-galactosidase MP Biomedicals Cat#56033
LOT#06026

Alexa Fluor 488 goat anti-chicken Life technologies Cat# A11039; RRID: AB_142924

Alexa Fluor 488 goat anti-rabbit Life technologies Cat# A11034; RRID:
AB 2576217

Alexa Fluor 647 goat anti-rabbit Life technologies Cat# #A21244; RRID: AB 2535812

Alexa Fluor 647 donkey anti-mouse Life technologies Cat# A31571; RRID: AB_162542

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

Coconut oil Spectrum essentials Cat# L215562P-006

Propionic acid Sigma-Aldrich Cat# P1386; CAS: 79–09-4

Hexanoic acid Sigma-Aldrich Cat# P21530; CAS 142–62-1

Glucose Sigma-Aldrich Cat# 158968–1KG; CAS: 492–62-6

Fructose Sigma-Aldrich Cat# F0127; CAS:57–48-7

Galactose Sigma-Aldrich Cat# G0750; CAS: 59–23-4

Peptone Apex Cat# 20–260

Single amino acids Sigma-Aldrich Cat# LAA21–1KT

FD&C Blue #1 Spectrum Cat# FD110; CAS: 3844–45-9

Triton X-100 Amresco Cat# M143; CAS: 9002–93-1

PBS 10x SeraCare Cat# 5460–0030

Ethanol (pure) Koptic Cat# V1001; CAS: 64–17-5

PFA (16%) Electron Microscopy Sciences Cat# 15710; CAS: 30525–89-4

BSA Gemini Cat# 700–101P; CAS: 9048–46-8

Microscope glass slides Electron Microscopy Sciences Cat# 63421–10

Microscope coverslips Electron Microscopy Sciences Cat# 72230–01

Prolong Gold Antifade medium Invitrogen Cat# 1942345

TRIzol Thermo fisher Cat# 15596026

iScript cDNA Synthesis Biorad Cat# 1708890

Sybr Green Biorad Cat# 170–8880
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Direct-zol RNA Microprep Zymo Research Cat# R2061

DNAse Turbo DNA-free kit Thermo fisher Cat# AM1907

Deposited data

Experimental models: Cell lines

Experimental models: Organisms/strains

wild type iso31 Gift from Kyunghee Koh N/A

elav-Gal4 Gift from Kyunghee Koh N/A

UAS-TrpA1 Gift from Kyunghee Koh N/A

UAS-Shits Gift from Kyunghee Koh N/A

elav-Gal4;UAS-Dcr2 Gift from Nicholas Stavropoulos N/A

PAM-Gal4 BDSC (Bloomington Drosophila 
Stock Center)

RRID:
BDSC_41347

UAS-CCHa1-RNAi BDSC RRID:
BDSC_57562

UAS-CCHa1-RNAi #2 VDRC (Vienna Drosophila 
Recourse Center)

RRID:SCR_013805 #104074

UAS-CCHa1R-RNAi BDSC RRID:
BDSC_51168

UAS-CCHa1R-RNAi #2 VDRC RRID:SCR_013805 #103055

UAS-GFP-RNAi BDSC RRID:
BDSC_41552

UAS-DopR1-RNAi BDSC RRID:
BDSC_31765

UAS-DopR2-RNAi BDSC RRID:
BDSC_65997

UAS-D2R-RNAi BDSC RRID:
BDSC_36824

UAS-DopEcR-RNAi BDSC RRID:
BDSC_31981

Tdc2-Gal4 BDSC RRID:
BDSC_9313

vGlut-Gal4 BDSC RRID:
BDSC_26160

PAMMB441B BDSC RRID:
BDSC_68251

MBONMB083C BDSC RRID:
BDSC_68287

CaLexA BDSC RRID:
BDSC_66542

UAS-nlsGFP BDSC RRID:
BDSC_4776

UAS-TH-RNAi BDSC RRID:
BDSC_25796

UAS-Dcr2 BDSC RRID:
BDSC_24650

CCHa1 mutant Mi{MIC}CCHa1MI09190 BDSC RRID:
BDSC_51261
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REAGENT or RESOURCE SOURCE IDENTIFIER

CCHa1R mutant Mi{MIC}CCHa1RMI08118 BDSC RRID:
BDSC_44750

TI{2A-GAL4}CCHa1-R[2A-GAL4] BDSC RRID:
BDSC_84601

P{GMR23H07-GAL4}attP2 BDSC RRID:
BDSC_47498

UAS-CD8GFP Gift from Michael Crickmore N/A

UAS-nlsLacZ Gift from Michael Crickmore N/A

TH-Gal4 Gift from Michael Crickmore N/A

ddc-Gal4 Gift from Michael Crickmore N/A

Cha-Gal4 Gift from Michael Crickmore N/A

Tim-Gal4 Gift from Michael Young N/A

TH-D4-Gal4 Gift from Michael Crickmore N/A

pros-Gal4 Gift from Norbert Perrimon N/A

CBA/CaJ mice Jackson Laboratories JAX 000654

Oligonucleotides

CCHa1 (F-ACTGACGTCGGACAATTTGC and R-
ACACGAATGTCCGTATTCCA)

ID Technologies Custom made

CCHa1R (F-GTTCCAAACACCTACATTTTATCAC and R-
CGGATAATGCAGTCAGCGTA)

ID Technologies Custom made

CCHa2 (F-AAACAGCAACAGCAGCAAAC and R-
AGGACCACGGTGCAGATAAC)

ID Technologies Custom made

CCHa2R (F-CATACCCAACACATACATTCTTTC and R-
GAAAGGGCGGTCAGTGTAAA)

ID Technologies Custom made

rp49 (F-ATCGGTTACGGATCGAACAA and R-GACAATCT 
CCTTGCGCTTCT)

ID Technologies Custom made

Recombinant DNA

Software and algorithms

Sleep recording Drosophila TriKinetics

Arousal threshold stimuli delivery Drosophilas This study

Sleep analysis Drosophila Vaccaro et al 2020

Arousal threshold analysis Drosophila This study

Sleep recording mice Pinnacle 
Technology Inc

9000-K5-S; 8200-K1-iSL

Sleep scoring mice Pinnacle Technology Inc Sirenia Sleep Pro

Other
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