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Summary

The maturation of sleep behavior across a lifespan (sleep ontogeny) is an evolutionarily conserved 

phenomenon. Mammalian studies have shown that in addition to increased sleep duration, early 

life sleep exhibits stark differences compared to mature sleep with regard to sleep states. How 

intrinsic maturation of sleep output circuits contributes to sleep ontogeny is poorly understood. 

The fruit fly Drosophila melanogaster exhibits multifaceted changes to sleep from juvenile to 

mature adulthood. Here, we use a non-invasive probabilistic approach to investigate changes 

in sleep architecture in juvenile and mature flies. Increased sleep in juvenile flies is driven 

primarily by a decreased probability of transitioning to wake, and characterized by more time in 

deeper sleep states. Functional manipulations of sleep-promoting neurons in the dorsal fan-shaped 

body (dFB) suggest these neurons differentially regulate sleep in juvenile and mature flies. 

Transcriptomic analysis of dFB neurons at different ages and a subsequent RNAi screen implicate 
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genes involved in dFB sleep circuit maturation. These results reveal that dynamic transcriptional 

states of sleep output neurons contribute to changes in sleep across the lifespan.

eTOC Blurb

All animals, from humans to flies, sleep more when young. The molecular determinants of sleep 

during early life remain largely unknown. Using non-invasive probabilistic approaches, Gong et 
al. define changes in sleep architecture that occur with maturation in Drosophila. Their findings 

provide novel insight into mechanisms of sleep ontogeny.

Introduction

Across species, sleep duration peaks in early life and declines with age1–5. Early life sleep 

is also characterized by differences in sleep architecture compared to maturity. For example, 

in humans, sleep duration as well as percentage of time spent in rapid eye movement (REM) 

sleep is highest in newborn infants and decreases with age4. Several lines of evidence point 

towards the importance of early life sleep for normal neurodevelopment2,6–11. Juvenile sleep 

may thus have characteristics that fulfill specific needs for nervous system development. 

However, mechanisms underlying sleep ontogeny – the change in sleep features across 

development – are largely unknown.

The probability of transitioning between sleep and wake influence sleep duration. These 

transitions are controlled by an interplay between sleep regulatory neural substrates12–14. 

In addition, both mammals and invertebrates such as Drosophila melanogaster exhibit 

transitions between distinct sleep stages, which are defined by electrophysiologic and 

behavioral measurements15–22. In Drosophila, conditional probabilities of activity/inactivity 

state transitions as well as hidden Markov Modeling of sleep/wake substates have 

proven to be useful, non-invasive methods for probing the neurobiology underlying sleep 

architecture23. Using such approaches towards a detailed analysis of sleep/wake transitions 

and sleep states in juvenile flies has yet to be explored.

How does the development of sleep-regulatory circuits influence changes to sleep 

architecture across the lifespan? In flies, maturation of a key sleep circuit in the central 

complex of the brain contributes to sleep ontogenetic changes. Specifically, juvenile flies 

exhibit increased activity in sleep-promoting neurons of the dorsal fan-shaped body (dFB) 

compared to mature flies2. One factor governing this change in sleep output is the 

maturation of dopaminergic (DA) inputs that inhibit dFB activity24–26. These DA inputs 

are both less numerous and less active in juvenile flies, leading to increased dFB activity 

compared to mature flies2,27. However, whether sleep-promoting dFB neurons themselves 

also undergo intrinsic maturation is unknown.

Using a conditional probabilities approach applied to locomotor measurements and hidden 

Markov modeling of sleep/wake substates23, we address the question of how sleep 

architecture differs between juvenile and mature Drosophila. We find excess sleep in 

juvenile flies is driven primarily by a decreased probability of flies transitioning out of sleep. 

Juvenile flies additionally spend proportionally more time in a deep sleep state compared 
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to mature flies. In mature flies, activation of sleep-promoting neurons defined by R23E10-
GAL4 increases sleep duration, but yields sleep architecture distinct from the juvenile sleep 

state. Conversely, inhibition of the same dFB neurons in juvenile flies does not result in 

mature fly sleep architecture. Finally, we find the dFB exhibits distinct molecular signatures 

throughout the period of sleep maturation, supporting the idea of an evolving role for the 

dFB across development. An RNAi-based screen of differentially expressed genes identifies 

ringer as involved in the anatomical and functional maturation of dFB sleep neurons. 

Our results indicate that intrinsic maturation of sleep-output neurons contributes to sleep 

ontogenetic changes.

Results

Juvenile flies exhibit increased deep sleep compared to mature flies

To investigate how sleep/wake transition probabilities differ between juvenile (1 day post-

eclosion) and mature (5–7 days post-eclosion) adult flies, we recorded sleep in unmated 

iso31 female flies using a high-resolution multibeam Drosophila Activity Monitoring 

(DAM) system. Consistent with previous studies2,3,28, we observed greater total sleep 

duration, increased average sleep bout length, and decreased sleep bout number both during 

the day (ZT0–12) and night (ZT12–24) in juvenile flies compared to mature flies (Figure 

1A–C; Figure S1A). These metrics are consistent with more consolidated sleep in juvenile 

compared to mature flies2,27. P(wake) is defined as the probability of transitioning from an 

inactive to an active state, while P(doze) is the probability of transitioning from an active 

to inactive state23. P(wake) was significantly decreased during the day and the night in 

juvenile flies (Figure 1D; Figure S1B), suggesting that increased sleep duration in juvenile 

flies is driven by a lower probability of transitioning from sleep to wake. Overall, P(doze) 

was also decreased in juvenile flies during the day and night (Figure 1E); however, this 

measure exhibited far more temporal variability, with specific periods in which juvenile flies 

exhibited increased P(doze) (for example, ZT3–6 and ZT15–18; Figure S1C). Previous work 

has established that P(doze) is less closely correlated with sleep duration than P(wake)23, 

consistent with our observation that P(wake) is consistently decreased in juvenile flies and 

drives increased sleep duration. We also noted more variance in P(doze) in juvenile flies 

compared to mature when measured during 30-minute windows (Figure S1D–E), likely 

because young flies spend so much time asleep that transitioning from wake to sleep is a 

relatively rare event over this short period of time.

Next, we asked how sleep/wake stages differ between juvenile and mature flies. In the 

presence of an arousing stimulus during sleep, juvenile flies are less likely to wake 

compared to their mature counterparts2. In Drosophila, an increased arousal threshold is 

indicative of a deeper sleep state23, but the proportion of time spent in specific sleep states 

across the lifespan is unknown. Locomotor recording followed by hidden Markov modeling 

has been successfully used as a non-invasive method to establish physiologically-relevant 

sleep/wake substates from DAM system activity measurements23. We trained two hidden 

Markov models (HMMs) with four hidden substates (deep sleep, light sleep, light wake, 

and full wake) using activity measurements23 from mature or juvenile iso31 flies (Table 

S1A–B; see methods section for extended information regarding terms of constraints in the 
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trained model). This same approach has previously been used to demonstrate progressively 

increased arousal thresholds with deeper sleep states in mature flies23. To determine 

whether transition and emission probabilities of the HMMs trained on mature and juvenile 

datasets (HMM-mature and HMM-juvenile) differed, we calculated the probability that 

HMM-mature or HMM-juvenile exactly fit observed activity patterns of each fly. For both 

juvenile and mature fly datasets, HMM-mature and HMM-juvenile yielded slightly different 

probabilities (Figure S2A–B), suggesting the characteristics of defined sleep/wake substates 

are dynamic across the lifespan. Applying HMM-mature and HMM-juvenile to the datasets 

yielded minor differences in the proportion of time spent in each of the four substates for 

both mature and juvenile flies. Despite these distinctions, the trends in substate differences 

between mature and juvenile flies were the same regardless of the model used (Figure 

S2C–F), showing either model can be applied to observe biologically-relevant differences 

in sleep states between juvenile and mature flies. We applied the HMM trained on mature 

fly activity to determine the proportion of time juvenile and mature flies spent in each of 

the four substates (Figure 1F–G; Figure S1F). Compared to mature flies, juvenile flies spent 

significantly more time in deep sleep across both the day and night. This proportional 

increase came at the expense of light sleep, light wake, and full wake (Figure 1G). 

Additional analysis of flies at post-eclosion day 3 demonstrated that changes to sleep 

duration, P(wake), and sleep substates are progressive across the first week of adulthood 

(Figure S3). The propensity for juvenile flies to spend more time in a less-arousable deep 

sleep state may therefore explain the lower probability of transitioning from sleep to wake. 

Finally, we examined whether ontogenetic changes in sleep substates are correlated with 

sleep duration. We found in both juvenile and mature flies that deep sleep was positively 

correlated with sleep duration, while full wake was negatively correlated (Figure S4). Thus, 

sleep duration is a strong driver of sleep substate, regardless of age.

To determine whether developmental changes in sleep/wake substates are consistent across 

different genetic backgrounds, we examined Canton-S (CS) and w1118 strains. Juvenile flies 

exhibited increased total sleep duration and sleep bout length (Figure 2A–B); sleep bout 

number was decreased at night in CS and w1118 juvenile flies and increased during the 

day in CS juvenile flies (Figure 2B). While the difference between juvenile and mature 

fly sleep duration and bout characteristics was less pronounced in w1118, similar trends 

were present. Consistent with our observations in iso31 flies, P(wake) was decreased in 

juvenile flies (Figure 2C). P(doze) exhibited more variable differences across strains: while 

both CS and w1118 juvenile flies exhibited increased P(doze) during the day, there was no 

significant difference compared to mature CS flies at night, and P(doze) was decreased at 

night compared to mature w1118 flies (Figure 2D). These findings reflect the variable nature 

of P(doze), underscoring developmental changes in P(doze) may not represent consistent 

ontogenetic effects. We then trained two separate HMMs based on activity patterns of 

mature CS or w1118 flies (Table S1C–D) in order to assess sleep/wake states changes. 

Juvenile CS and w1118 flies exhibited increased deep sleep and decreased full wake (Figure 

2E) compared to their mature counterparts, particularly from ZT0–12. In contrast to iso31 
flies, light sleep and light wake were variably different across age groups in CS and w1118 

flies (Figure 2E). Together, our data show consistent developmental differences in P(wake), 
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deep sleep, and full wake regardless of genetic background, indicating these are conserved 

ontogenetic aspects of sleep architecture.

Mated female flies sleep less and exhibit increased sleep fragmentation compared to their 

unmated counterparts29,30. In our initial experiments, mature flies were unmated to control 

for this variable in comparison to juvenile flies, which are too young at time of collection 

to have mated. We next compared mature mated and unmated iso31 female flies to address 

potential differences based on mating status. Mated mature flies exhibited decreased total 

sleep duration (Figure S5A) and bout duration (Figure S5B) across both the day and the 

night; sleep bout number was decreased during the day but increased at night (Figure S5C), 

consistent with increased nighttime sleep fragmentation. P(wake) was consistently increased 

during both the day and night in mated flies (Figure S5D), while P(doze) was decreased 

during the day and increased at night in mated flies (Figure S5E). Mated flies spent less time 

in deep sleep during both the day and the night, which was redistributed to time in full wake 

during the day and night, and increased light sleep and light wake time at night (Figure S5F). 

These results suggest mating not only decreases sleep duration as previously described, but 

additionally affects the sleep architecture of female flies: mated flies are more likely to wake 

from sleep, and spend more time in light sleep and wake states at the expense of deep sleep, 

especially during the day. To control for the effect of mating on sleep, we compared unmated 

mature flies to juvenile flies in subsequent experiments.

The juvenile sleep state is distinct from rebound sleep in deprived mature flies

Following sleep deprivation, rebound sleep in mature flies is characterized by increased 

sleep duration as well as increased P(doze)23. Does sleep architecture in juvenile flies 

appear similar to a sleep-deprived mature fly? To test this directly, we mechanically sleep 

deprived mature iso31 flies from ZT12–24, and recorded rebound sleep in single beam 

activity monitors (necessitated by the method of deprivation) during the entire 24-hour 

period afterwards (Figure 3A). We first binned our analyses into 12-hour intervals (Figure 

S6A–F), and noted less pronounced nighttime differences in sleep duration between juvenile 

and mature flies, presumably due to lower spatial resolution of the activity monitors. 

Nonetheless, deprived mature flies slept significantly more than non-deprived mature 

controls both during the day and night, with comparable total sleep duration compared to 

juvenile flies (Figure S6A). Sleep bout length was significantly increased in rebounding 

mature flies during the day (Figure S6B), while bout number remained unchanged in 

rebounding mature flies (Figure S6C). P(wake) was decreased in rebounding mature flies 

during the day but was unchanged at night compared to non-deprived controls (Figure 

S6D). Strikingly, P(doze) following deprivation was increased both during the day and 

night compared to either juvenile and mature control flies (Figure S6E). These results 

emphasize the utility of sleep/wake transition probabilities to understand unique aspects 

of sleep fragmentation beyond sleep bout length and number: although rebounding mature 

flies exhibit similar bout characteristics as juvenile flies (Figure S6B–C), there are marked 

differences in P(doze) that are not reflected solely by bout length or number (Figure S6E). 

Finally, regarding sleep/wake states, deep sleep was significantly increased in rebounding 

mature flies compared to mature controls during both the day and night, while full wake was 

significantly decreased even in comparison to juvenile controls (Figure S6F).
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Next, we binned the data into 3-hour intervals to assess sleep architecture changes with 

greater temporal resolution. During the day, deprived mature flies slept significantly more 

than control mature flies and juvenile flies from ZT0–6, after which sleep duration tapered 

off to non-deprived mature fly levels (Figure 3B). At night, deprived flies continued to 

exhibit increased sleep compared to non-deprived controls from ZT12–21 (Figure 3B). 

P(wake) in rebounding mature flies was decreased compared to control mature flies from 

ZT0–6 and ZT15–21 (Figure 3C), while P(doze) was increased during ZT0–9 and ZT15–

24 compared to mature controls. Of note, even though sleep duration in deprived mature 

flies and juvenile flies was comparable from ZT6–9 and throughout ZT12–24 (Figure 3B), 

P(doze) in deprived mature flies remained elevated across the entire day and night periods 

compared to juvenile flies (Figure 3D; Figure S6E). Finally, we assessed sleep substates 

(Figure 3E–H) and found deep sleep was significantly increased in rebounding mature flies, 

although the deep sleep changes did not persist across the entire day as in juvenile flies 

(Figure 3E); however, rebounding mature flies continued to exhibit increases in deep sleep 

into the night compared to control flies from ZT12–21 (Figure 3E). Together, these results 

support the idea that juvenile fly sleep is a unique state that is distinct from mature fly 

homeostatic sleep rebound.

Do juvenile flies respond to mechanical sleep deprivation in a similar manner compared to 

mature counterparts? Rebounding juvenile flies exhibited increased sleep duration during 

parts of both the day and night (Figure S6G), without major changes in sleep bout length 

or number (Figure S6H,I). Daytime P(wake) was decreased from ZT0–6 in sleep-deprived 

juvenile flies (Figure S6J) and P(doze) was increased during the day and night, both similar 

to mature flies (see Figure 3C). Rebounding juvenile flies additionally exhibited similarities 

to mature flies in sleep/wake substate changes (increased deep sleep and decreased full 

wake; Figure S6L). Together, these results show changes in sleep architecture in the setting 

of homeostatic rebound sleep are conserved regardless of age.

Sleep-promoting dorsal fan-shaped body neurons exhibit differential function between 
juvenile and mature flies

During sleep rebound following sleep deprivation, the dFB exhibits increased activity 

in mature flies31. Since the dFB is also more active in juvenile flies2, we next asked 

whether activation of the dFB in mature flies results in a juvenile-like sleep state. 

We thermogenetically activated a sleep-promoting subset of dFB neurons using R23E10-
GAL431,32 to drive a heat-sensitive cation channel, UAS-TrpA133 (R23E10-GAL4>UAS-
TrpA1) in mature flies. Compared to a baseline 24 hours at 22°C (Figure 4D), raising 

the temperature to 31°C significantly increased sleep duration (Figure 4A, E) and bout 

length (Figure 4F), and decreased bout number (Figure 4G) during the day and the night 

compared to genetic controls in mature flies (Figure 4A, E). Activation of dFB neurons 

decreased P(wake) and increased P(doze) during both the day and the night (Figure 4B–C; 

4H–I). Activation of dFB neurons also increased light wake while decreasing full wake 

(Figure 4J). Time spent in light and deep sleep were not affected (Figure 4J). Thus, dFB 

neuron activation increases sleep in mature flies and mirrors some aspects of juvenile sleep, 

specifically differences in sleep bout length, sleep bout number, and P(wake); however, this 

manipulation fails to increase deep sleep, distinct from differences observed in juvenile 
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flies, and also increases P(doze). These results underscore the utility of sleep/wake transition 

probabilities and HMM sleep substates in understanding sleep, revealing that dFB activation 

in mature flies does not fully recapitulate the juvenile sleep state.

Increased dFB activity is thought to drive increased sleep in juvenile flies2, leading us to ask 

the converse question of whether dFB inhibition in juvenile flies result in a mature-like sleep 

state. We drove expression of the inwardly-rectifying potassium channel, Kir2.1, in R23E10-
GAL4 neurons. To account for developmental effects of inhibiting the dFB, we utilized 

a ubiquitously-expressed temperature-sensitive GAL80 repressor protein (tub-GAL80ts)34. 

Raising the temperature rapidly degrades GAL80ts, expressing the downstream UAS 
transgene. In juvenile flies, expressing Kir2.1 in R23E10-GAL4 neurons (tub-GAL80ts; 
R23E10-GAL4>UAS-Kir2.1) decreased sleep duration during the night (Figure 5A–C). 

Sleep/wake transition probabilities were unaffected with dFB inhibition in juvenile flies 

(Figure 5D–E); however, nighttime deep sleep was decreased, while light sleep and light 

wake increased (Figure 5F). Thus, dFB inhibition in juvenile flies did not fully reflect 

mature-like sleep architecture. Previous studies have shown that inhibition of the dFB 

in mature flies via ablation, transmitter knockdown, or chronic silencing can reduce 

sleep24,25,31,32,35, but acute manipulations of dFB activity using sleep-neuron specific 

drivers have yielded mixed results36. How does inhibition of the dFB in mature flies affect 

sleep architecture? Driving Kir2.1 expression in R23E10-GAL4 neurons in mature did not 

reliably effect sleep duration (Figure 5G–H), sleep/wake transition probabilities (Figure 

5I–J), or sleep/wake substates (Figure 5K) compared to parental controls. Consistent with 

previous work36, these results indicate acute dFB inhibition in mature flies does not strongly 

affect daily sleep. Together, our findings suggest the dFB regulates different aspects of sleep 

architecture in mature and juvenile flies.

Pdm3 knockdown abolishes developmental changes in P(wake) and deep sleep

How do molecular regulators of sleep ontogeny contribute to developmental changes in 

sleep states? Pdm3 encodes a transcription factor that is necessary for patterning of 

dopaminergic arousal neurons involved in sleep maturation27. As previously described, 

knocking down pdm3 in neurons using the elav-GAL4 driver (elav-GAL4>UAS-pdm3 
RNAi) abolished differences in sleep duration between juvenile and mature flies (Figure 

6A). Pdm3 knockdown caused sleep fragmentation in both age groups, but sleep bout length 

and number changes across development were largely unaffected (Figure 6B–C). We noted 

a redistribution in sleep duration from night to day in the setting of pdm3 knockdown 

(Figure 6A), consistent with known circadian disruptions27. Thus, we assessed sleep/wake 

transition probabilities and time spent in sleep/wake substates across 24 hours to control 

for independent circadian effects of pdm3 knockdown. While ontogenetic differences in 

P(wake) and deep sleep were intact in genetic controls, this effect was lost in the setting 

of pdm3 knockdown (Figure 6D–F). Interestingly, age-dependent differences in full wake 

remained intact, albeit diminished. Together, these results show pdm3 knockdown interferes 

with normal maturation of sleep transitions and substates in addition to sleep duration.
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Distinct molecular profiles in juvenile vs mature dorsal fan-shaped body neurons reflects 
differential sleep-regulatory functions across the lifespan

Maturation of dopaminergic projections to the dFB is a key event for sleep ontogeny2,27, but 

whether sleep-promoting dFB neurons undergo intrinsic maturation is unknown. Single-cell 

RNA-Seq analysis of the adult fly brain at different ages previously identified a cluster of 

cells that contain those matching the expression profile of R23E10-GAL4 sleep-promoting 

neurons37. This cluster exhibited 55 differentially expressed genes (DEGs) between mature 

(day 9 post-eclosion) and juvenile (day 0–1 post-eclosion) flies (Figure 7A)37. We used 

this dataset to ask how the transcriptomic profiles of dFB cells change during development. 

First, to identify mechanisms that might be responsible for dFB function in juvenile and 

mature flies, we performed gene set enrichment analysis (GSEA). GSEA38,39 revealed that 

DEGs more highly expressed in mature flies were enriched for ribosomal and translational 

processes (Table S2A). Conversely, while DEGs more highly expressed in juvenile flies 

were not significantly enriched for specific processes, we noted several of these genes 

were involved in transmembrane ion transport, synaptic transmission, and neurodevelopment 

(Table S2B). Thus, dFB cells exhibit distinct gene expression profiles in juvenile and mature 

flies.

Next, we sought to determine whether developmental changes in the molecular landscape 

of R23E10-GAL4+ neurons relate to functional maturation of these cells. We reasoned 

that DEGs with higher expression in the juvenile compared to mature dFB cells could be 

involved in the post-eclosion development of this sleep center. Specifically, we hypothesized 

that knockdown of these genes would stunt dFB sleep neurons in a more juvenile state 

– thus, we would expect to observe juvenile-like sleep architecture in mature flies. Using 

the R23E10-GAL4 driver, we individually knocked down 12 genes that were more highly 

expressed in the juvenile dFB neurons using 16 RNAi lines (Table S3) and recorded sleep 

using the multibeam DAM system in mature flies. When compared to genetic controls 

(R23E10-GAL4>UAS-mCherry RNAi and +; UAS-DEG RNAi), knockdown of DEGs 

with increased expression in juvenile flies did not differentially affect total sleep duration 

(Figure S7A), sleep bout length, or bout number (Figure S7C,D) during the day or night. 

However, focusing solely on sleep duration fails to capture more nuanced differences in 

sleep states between juvenile and mature flies. To examine sleep states, we trained a 

HMM on data from mature R23E10-GAL4>UAS-mCherry RNAi control flies to account 

for genetic background (Table S1G). We focused on P(wake), deep sleep, and full wake, as 

these metrics demonstrate robust ontogenetic changes. This approach did not identify any 

individual gene that, with knockdown, resulted in significant changes to all three of these 

sleep variables, or to P(doze), light sleep, or light wake (Figure S7). However, R23E10-
GAL4-driven knockdown of ringmaker (ringer) was associated with a decrease in full wake 

in mature flies compared to both genetic controls, without significant effects on other sleep 

measures (Figure 7B–G; Figure S7A–I). Ringer encodes a tubulin polymerization promoting 

protein (TPPP) involved in neurodevelopment40,41, supporting the possibility that it may 

be important in dFB neuron maturation. Of note, knockdown of one of the RNAi lines for 

14–3-3zeta also decreased full wake in mature flies compared to genetic controls (Figure 

S7I; line 3, BL 41878). However, given the variable effects of knockdown across different 

RNAi lines, we chose to focus on ringer.
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To further investigate how ringer knockdown might impact development of dFB neurons, 

we examined the morphology of R23E10-GAL4 dFB projections in mature flies in the 

setting of ringer knockdown by driving the expression of mCD8::GFP in conjunction 

with ringer RNAi (R23E10-GAL4 > UAS-mCD8::GFP; UAS-ringer RNAi). Knockdown 

of ringer decreased dFB volume compared to control flies (Figure 7H,J), reflecting reduced 

R23E10-GAL4 neurite abundance in the dFB. Next, given that dFB neurons are normally 

more active in juvenile compared to mature flies2, we asked whether dFB activity in mature 

flies was altered by ringer knockdown. To measure this, we drove expression of a calcium-

dependent GFP reporter (calcium-dependent nuclear import of LexA system, CaLexA)2,42 in 

the setting of ringer knockdown. Indeed, ringer knockdown was associated with an aberrant 

increase in activity in dFB neurons of mature flies compared to RNAi control (Figure 7I,K), 

suggesting ringer knockdown may affect the functional maturation of these cells. These 

results provide evidence that distinct biological processes present in juvenile fly dFB cells 

are important for R23E10-GAL4 neuron maturation.

Discussion

Sleep duration in early life is elevated across species, but how maturation of individual 

neural circuits contributes to ontogenetic changes in sleep architecture is unclear. In this 

study, we describe sleep/wake transition probabilities and substates in Drosophila that 

accompany changes in sleep duration across the lifespan. Using these probabilistic methods, 

we identify mechanisms underlying intrinsic dFB development that contribute to sleep 

maturation. Our results link changes in the molecular profile of sleep output neurons to sleep 

ontogeny.

Here, we demonstrate quantifiable differences in sleep architecture across the lifespan 

that extend beyond traditional measurements of sleep fragmentation, which utilize sleep 

bout length and number. How does the unique sleep quality in juvenile flies contribute to 

neurodevelopment? In developing mammals, REM and non-REM sleep are thought to play 

different roles43. The proportion of REM sleep is significantly increased in neonates4, and 

plays a critical role in plasticity of the developing visual cortex11,44,45 as well as selective 

strengthening of synaptic contacts46. A preponderance of motor twitches also occurs during 

REM sleep in young animals, and increased REM is thought to be important for patterning 

of sensorimotor circuits47–49. Despite these lines of evidence, we understand little about 

the genetic mechanisms linking REM sleep to brain development. Furthermore, non-REM 

sleep is proportionally decreased compared to REM sleep, but still plays a role in synaptic 

pruning50 and cortical maturation51, especially during later developmental periods beyond 

the neonatal stage. However, as with REM sleep, the molecular mechanisms connecting 

NREM sleep to neurodevelopment remain unknown. Our study establishes a genetically-

tractable model to identify molecular regulators of sleep states that are important for sleep-

dependent neurodevelopment.

Development of arousal-promoting dopaminergic neurons is known to be important for 

normal sleep ontogeny27. Pdm3 is a key factor in this process, and we show here that 

pdm3 knockdown also disrupts the normal ontogenetic progression of sleep architecture. 

Beyond dopaminergic changes, we demonstrate that intrinsic maturation of sleep output 
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neurons contributes to differences in sleep between mature and juvenile animals. The dFB 

normally exhibits increased activity in juvenile compared to mature flies, which results in 

excess sleep duration in early life2. While dFB inhibition decreases daily sleep in juvenile 

flies, this manipulation does not result in “mature-like” sleep architecture. Conversely, even 

though dFB activation in mature flies increases sleep duration, this sleep does not fully 

recapitulate the juvenile state. In mature flies, the dFB is involved in rebound following 

sleep deprivation, and disrupting the function of the dFB by knocking down various 

signaling components blunts rebound31,32,35. These results suggest that the dFB regulates 

sleep during periods of increased homeostatic drive, such as during early life and in the 

sleep-deprived mature adult. Yet, several lines of evidence, including results presented 

here, demonstrate sleep in juvenile flies is distinct from rebound sleep in mature flies3. 

Additionally, single-cell RNA Seq analysis reveals distinct molecular profiles in the dFB in 

juvenile flies compared to mature flies, supporting the hypothesis that these neurons undergo 

intrinsic development that may govern differential sleep-regulatory functions. Indeed, our 

functional studies suggest the sleep-promoting dFB neurons have a changing role in sleep 

across development: while they influence baseline sleep in juvenile flies, they play a more 

specific role in rebound sleep in mature flies.

Are the distinct molecular signatures present in juvenile fly dFB cells relevant for dFB 

development? Our results suggest ringer, a member of the TPPP family, may be important 

for dFB maturation: ringer knockdown decreases time spent in full wake in mature flies 

from ZT12–24. We suspect ringer is one of many molecules potentially involved in dFB 

maturation, and our work sets the stage for this future investigation. A limitation of the 

current study is that our findings cannot account for how ringer knockdown specifically 

affects time spent in full wake, but not other sleep metrics. Ringer knockdown does 

impinge on the morphologic and functional maturation of dFB neurons. Additional work 

is needed to determine how such changes translate into alterations in sleep ontogeny, which 

would more precisely establish a role for ringer in R23E10-GAL4 neuron maturation. 

However, in both vertebrates and invertebrates, TPPPs have been implicated both in 

neurodegeneration52,53 and neurodevelopment40,54. Ringer is the only known Drosophila 
ortholog of mammalian TPPP40. Like other members of the TPPP family, ringer is involved 

in microtubule polymerization and stabilization important for neurite extension40,41. One 

possibility is that R23E10-GAL4 neurite elaboration in the dFB throughout the juvenile 

period is critical for appropriate connectivity with arousal-promoting dopaminergic inputs, 

and eventual suppression of high sleep drive in the mature fly. Consistent with this idea, 

ringer knockdown leads to a reduction in R23E10-GAL4 projection volume in the dFB 

in mature flies (Figure 7F). Another possibility lies in the heterogeneity of dFB sleep 

neurons: individual dFB neurons exhibit vastly different excitabilities25,31, suggesting the 

dFB contains a diverse group of sleep cells. Knockdown of genes that are overexpressed 

in juvenile flies may inhibit the development of dFB neuronal subpopulations that are 

specifically relevant in mature flies. Intersectional approaches to investigate the contribution 

of specific sub groups of dFB neurons to sleep in juvenile and mature flies would be 

informative. Notably, knockdown of ringer did not affect total sleep duration or standard 

sleep bout characteristics, even though we observed significant effects on time spent in full 

wake. These results highlight the utility of non-invasive computational approaches in the 
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fly for investigating sleep, and provide a framework for understanding molecular processes 

governing sleep ontogeny.

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, Matthew Kayser 

(kayser@pennmedicine.upenn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• This paper analyzes existing, publicly available data. The accession numbers for 

the datasets are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental model and subject details

Drosophila melanogaster were raised and maintained on standard molasses food (8.0% 

molasses, 0.55% agar, 0.2% Tegosept, 0.5% propionic acid) at 25 °C on a 12hr:12hr 

light:dark cycle. Female flies were used in all experiments.

Method details

Sleep assays—For ontogeny experiments unless otherwise specified, newly-eclosed 

female flies were collected and aged in group housing on standard food. Juvenile flies were 

collected on the day of eclosion and loaded into the DAM system between ZT4–6, along 

with mature flies aged 5–9 days post-eclosion. Unless otherwise specified, sleep assays were 

run at 25 °C on a 12-hour/12-hour light/dark schedule.

Thermogenetic activation and inhibition experiments—Animals were raised at 

18 °C to prevent TrpA1 activation or Kir2.1 expression during development. For TrpA1 

activation experiments, adult female flies were collected at eclosion and aged at 18 °C on 

standard fly food. 5–9 day old flies were loaded into the DAM system to monitor sleep and 

placed at 22 °C on a 12:12: LD schedule for 3 days. TrpA1 activation was performed by 

a temperature shift to 31 °C across non-consecutive 12-hour light or 12-hour dark periods. 

Between increases in temperature, flies were maintained at 22 °C. For Kir2.1 inhibition 

experiments, adult female flies were collected at eclosion and aged at 18 °C in group-housed 

conditions. Juvenile flies were collected at eclosion from ZT4–6 and loaded into the DAM 

system along with 5–9 day old flies at 31 °C.

Sleep/wake transition probabilities and hidden Markov modeling analysis—
P(wake) and P(doze) were calculated from 1-minute bins of activity collected in the 
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DAM system in Matlab as previously described23. Hidden Markov modeling of sleep/wake 

substates was constrained with parameters as previously described23: a transition from 

deep sleep to full wake could only do so through light wake, while a transition from full 

wake to deep sleep could only do so through light sleep. HMMs were trained on the 

transitions (wake or doze) between 1-minute bins of activity (for 24 hours, 1439 transitions 

per fly). HMM fitting and hidden state analysis was performed as previously described 

using the Matlab Statistics and Machine Learning Toolkit23. For characterizing ontogenetic 

differences in juvenile vs mature iso31 fly sleep/wake substates (Figure 1 and associated 

supplemental figures), HMMs were trained based on transitions as measured using the 

DAM5H multibeam system (Trikinetics) (Table S1A–B). For experiments involving Canton-
S and w1118 flies, HMMs were trained based on transitions as measured in mature Canton-
S or w1118 flies using the DAM5H multibeam system (Table S1C–D). For iso31 sleep 

deprivation experiments (Figure 3) and R23E10-GAL4+ neuron functional manipulations 

(Figure 4–5), an HMM was trained on mature iso31 activity transitions measured using the 

single beam DAM system (Trikinetics) (Table S1E). For pdm3 knockdown experiments, an 

HMM was trained on mature elav-GAL4; + (attP40) activity transitions measured using the 

single beam DAM system (Table S1F). A separate HMM was trained on activity transitions 

measured using the multibeam DAM system from all R23E10-GAL4>UAS-mCherry RNAi 
flies for assessing sleep/wake substates in the setting of R23E10-GAL4 driven RNAi 

knockdown (Table S1G). Trained HMMs were used to calculate the proportion of time 

spent in sleep/wake hidden states.

Single cell RNA-Seq analysis—Using published single-cell data from Drosophila 
brains, cells annotated as dFB neurons were extracted from previously performed 

clustering37 (cluster 61 in the 57K dataset with clustering resolution 2.0) and collapsed 

into pseudobulk transcriptomes per replicate. Differential expression comparing young (d0 

or d1 flies) vs old (d9 flies) was performed on both sets of pseudobulk transcriptomes using 

DESeq255. Genes significantly differentially expressed (p-adj < 0.1) formed the candidate 

list for the RNAi-based screen.

Gene set enrichment analysis of differentially expressed dFB genes—Gene set 

collections for Gene Ontology annotations were downloaded from public sources56. To 

compare DEGs upregulated in mature or juvenile flies, a gene signature was generated by 

ranking all DEGs with p-adj > 0.1 according to DEseq2-derived test statistics. Enrichment 

analysis was performed with GSEA v4.038 using weighted statistical analysis. Gene sets 

with a false discovery rate < 0.25 were considered significantly enriched.

RNAi-based ontogeny screen of differentially expressed dFB genes—Virgin 

collected from the R23E10-GAL4 fly stock were crossed to males of RNAi fly stocks from 

the Transgenic RNAi Project (TRiP) collection57. We utilized all available VALIUM10, 

VALIUM20, or VALIUM22 lines for a given gene (Table S3). For controls, we used 

R23E10-GAL4 × UAS-mCherry RNAi and iso31 × UAS-RNAi. Sleep ontogeny assays were 

performed as described above. The multibeam DAM system was used to collect 1-minute 

bins of activity for calculating sleep/wake transition probabilities and HMM hidden states.
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Immunohistochemistry—Fly brains were dissected in 1xPBS and fixed in 4% PFA in 

PBS with 0.3% Triton-X 100 (PBST) for 20 minutes at room temperature. For experiments 

involving CaLexA, brains were dissected at ZT8. Following 3x10 minute washes in PBST, 

brains were incubated overnight at 4 °C with rabbit anti-GFP primary antibody (Invitrogen, 

Cat# A11122) at 1:500 dilution. Brains were washed 3x10 minutes in PBST, and incubated 

in donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher) at 1:250 for 2 hours at room 

temperature. After 3x10 minute washes in PBST, brains were cleared in 50% glycerol and 

mounted in Vectashield.

Imaging and analysis—Images were taken using a Leica TCS SP8 confocal microscope 

and processed in NIH Fiji. All settings were kept constant between conditions within a 

given experiment. Images were taken in 1.0um steps. To quantify R23E10-GAL4 projection 

volume to the dFB, for each Z-slice, R23E10-GAL4 dFB projections were manually 

outlined. The full volume of the projections was measured using the 3D Objects counter 

function in Fiji with the following settings: threshold = 1 and minimum puncta size = 100. 

For experiments involving CaLexA, single optical sections were selected from a z-stack. The 

dFB was manually outlined. Mean GFP fluorescence was measured from this selection and 

normalized to mean fluorescence from the background, which was chosen as a consistently-

sized square area in the ventral FB (normalized fluorescence = dFB mean fluorescence / 

mean background fluorescence). Imaging and analysis were done blind to experimental 

condition.

Quantification and statistical analysis

All statistical analyses were performed using GraphPad Prism (version 8.4.1). For all 

figures, data are presented as mean ± SEM. Significance values within figures are denoted 

as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For each experiment, 

the Shapiro-Wilk test was used to test for normality to determine usage of a parametric 

vs nonparametric statistical test. Sample sizes and specific tests are denoted in the figure 

legends. Means and/or median values, error values, and full statistical test results and tables 

are reported in data file S1.

Supplementary Material

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

• Juvenile flies spend more time in deep sleep compared to mature flies.

• Elevated juvenile sleep drive is distinct from sleep rebound in mature flies.

• Manipulating key sleep cells differentially affects juvenile and mature sleep.

• Sleep output neurons exhibit distinct molecular signatures at different ages.
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Figure 1: Excess deep sleep in juvenile flies results from decreased probability of transitioning 
from sleep to wake.
A) Sleep duration, B) average bout length, C) average bout number, D) P(wake), and E) 

P(doze) in mature (black, n = 87) vs juvenile (red, n = 82) iso31 flies. Left: sleep metric 

traces. Right: Quantification of sleep metrics across the lights-on (ZT0–12) or lights-off 

(ZT12–24) periods. F) Deep sleep (brown), light sleep (blue), light wake (green), and full 

wake (purple) traces in juvenile (left) and mature (right) iso31 flies. G) Quantification of 

proportion of time spent in each sleep stage across the lights-on or lights-off periods (Mann 

Whitney-U tests for all graphs in this figure). For this and all subsequent figures, sleep 

metric traces are generated from a rolling 30-minute window sampled every 10 minutes 

unless otherwise specified. See also Figure S1, S2, S3, S4, S5, and Table S1.
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Figure 2: Ontogenetic changes in P(wake) and deep sleep are conserved across genetic 
backgrounds.
A) Sleep duration, B) average bout length and number, C) P(wake), and D) P(doze) in 

mature (black) vs juvenile (red) CS (left; n = 95 for mature and n = 93 for juvenile flies) and 

w1118 flies (right; n = 96 for mature and n = 95 for juvenile flies). (E) Proportion of time 

spent in deep sleep, light sleep, light wake, and full wake in juvenile and mature CS (left) 

and w1118 flies (right) Left: sleep metric traces. Right: Quantification of sleep metrics across 

the lights-on (ZT0–12) or lights-off (ZT12–24) periods (Mann Whitney tests for all graphs 

in this figure). See also Table S1.
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Figure 3: The juvenile sleep state is distinct from homeostatic sleep rebound in mature flies.
A) Schematic of deprivation period and period of recorded rebound sleep in mature flies. 

B) Sleep duration, C) P(wake), D) P(doze), and proportion of time spent in E) deep sleep, 

F) light sleep, G) light wake, and H) full wake in non-deprived iso31 mature flies (black, 

n = 85), juvenile iso31 flies (red, n = 90), and rebounding mature iso31 flies (blue, n = 

90) (Kruskal-Wallis test with post-hoc Dunn’s multiple comparison test). For figures B-H, 

data shown is from ZT0–24 after previous overnight ZT12–24 deprivation. Left: sleep metric 

traces. Right: quantification of sleep metrics binned into 3-hour windows across ZT0–24. 

See also Figure S6 and Table S1.
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Figure 4: Activation of R23E10-GAL4+ neurons in mature flies does not fully recapitulate the 
juvenile sleep state.
A) Sleep duration, B) P(wake), and C) P(doze) sleep traces in R23E10-GAL4>UAS-TrpA1 
(red, n = 53) flies and genetic controls (black, n = 51 and gray, n = 53). Gray bars at 

the top denote periods at 22°C, while red bars denote periods at 31°C. D) Formula used 

to calculate changes in sleep metrics. To account for differences in baseline sleep metrics 

at 22°C, changes in sleep metrics for individual flies was calculated. Change in E) sleep 

duration, F) average sleep bout length, G) sleep bout number, H) P(wake), and I) P(doze) 

across ZT0–12 and ZT12–24. Changes in the proportion of time spent in J) deep sleep, 

light sleep, light wake, and full wake in the setting of thermogenetic R23E10-GAL4 neuron 

activation (Kruskal-Wallis with post-hoc Dunn’s multiple comparison test). See also Table 

S1.
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Figure 5: dFB inhibition decreases sleep duration in juvenile flies but does not recapitulate 
mature fly sleep architecture.
A) Formula used to calculate normalized sleep metric. Sleep was recorded in juvenile 

flies one day post-eclosion, and sleep metrics were normalized to the average of the 

baseline at 22°C. Sleep duration traces of B) juvenile and G) mature tubGAL80ts; R23E10-
GAL4>UAS-Kir2.1 (blue) vs genetic controls (black and gray) at 22°C (left) and 31°C 

(right). Normalized C) sleep duration, D) P(wake), E) P(doze), and F) time spent in each 

sleep state in juvenile flies and mature flies (H, I, J, K, respectively). For juvenile flies, 

n = 75, 60, 54 from left to right. For mature flies, n = 28, 56, 58 from left to right 

(Kruskall-Wallis with post-hoc Dunn’s multiple comparison test). See also Table S1.
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Figure 6: Ontogenetic changes in sleep architecture are lost in the setting of Pdm3 knockdown.
A) Sleep duration in mature (black) and juvenile (orange) in genetic controls and elav-
GAL4>UAS-pdm3 RNAi flies (left to right) during ZT0–24, ZT0–12, and ZT12–24. B) 

Average sleep bout length and C) number during ZT0–12 and ZT12–24. D) P(wake), E) 

P(doze), and (F) proportion of time spent in deep sleep, light sleep, light wake, and full wake 

in genetic controls compared to elav-GAL4>UAS-pdm3 RNAi flies. From left to right, n = 

46, 35, 101, 76, 103, 94 (Two-way ANOVA with post-hoc Sidak’s multiple comparison test). 

See also Table S1.
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Figure 7: Ringer is involved in behavioral sleep maturation and the development of sleep-
promoting dFB neurons.
A) DEGs based on published datasets37. Purple: genes that are more highly expressed in 

juvenile vs mature flies, green: genes that are more highly expressed in mature vs juvenile 

flies, red: ringer expression in mature vs juvenile flies, based on an adjusted p-value cut-off 

(p-adj > 0.1). B) Total sleep duration, bout length, D) bout number, E) P(wake), F) P(doze), 

and G) proportion of time spent in deep sleep, light sleep, light wake, and full wake between 

ZT0–12 and ZT12–24 in R23E10-GAL4>UAS-ringer RNAi (red, n = 63) compared to 

R23E10-GAL4>UAS-mCherry RNAi (black, n = 64) and +; UAS-ringer RNAi controls 

(gray, n = 63) (Kruskall Wallis with post-hoc Dunn’s multiple comparison tests for B-G). 

H) Representative images of maximum intensity projections of z-stacks used to quantify 

R23E10-GAL4 projection volume in the dFB in R23E10-GAL4>UAS-mCherry RNAi 
controls (top) and R23E10-GAL4>UAS-ringer RNAi. White outlines on the right denote 

the borders of dFB projections in R23E10-GAL4>; UAS-mCherry RNAi control flies. I) 
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Representative optical sections used to quantify dFB activity in 104y-GAL4>CaLexA; UAS-
mCherry RNAi controls (left) and 104y-GAL4>CaLexA; UAS-ringer RNAi flies (right). 

Quantified dFB J) volume and K) activity in controls (black) and in the setting of ringer 
knockdown (red). For J and K, from left to right n = 24, 28, 17, 14 brains (Mann-Whitney 

tests for J and K). Scale bars = 20 µm. See also Figure S7, Table S1, Table S2, and Table S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-GFP antibody Invitrogen Cat#A11122

donkey anti-rabbit AlexaFluor488 antibody ThermoFisher Cat#A21206

Deposited Data

Single-cell RNASeq of Drosophila brains 37 GEO: GSE107451 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE107451)

Experimental Models: Organisms/Strains

D. melanogaster: Iso31 strain Laboratory stock N/A

D. melanogaster: Canton-S strain Laboratory stock N/A

D. melanogaster: w1118 strain Laboratory stock N/A

D. melanogaster: UAS-dTrpA1 Gift from Dr. 
Leslie Griffith (Brandeis 
University)

N/A

D. melanogaster: R23E10-GAL4: P{y[+t7.7] 
w[+mC]=GMR23E10-GAL4}attP2

Bloomington Drosophila 
Stock Center

BDSC#49032; FlyBase: FBti0134066

D. melanogaster: UAS-Kir2.1-GFP: P{w[+mC]=UAS-
Hsap\KCNJ2.EGFP}7

Bloomington Drosophila 
Stock Center

BDSC#6595; FlyBase: FBti0017552

D. melanogaster: mCherry RNAi control for TRiP 
lines: y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=UAS-
mCherry.VALIUM10}attP2

Bloomington Drosophila 
Stock Center

BDSC#35787; FlyBase: FBti0143387

D. melanogaster: RNAi for pdm3: y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMJ21205}attP40

Bloomington Drosophila 
Stock Center

BDSC#53887; Flybase: FBti0158267

D. melanogaster: RNAi for ringer: y[1] sc[*] v[1] sev[21]; 
P{y[+t7.7] v[+t1.8]=TRiP.HMS01740}attP40

Bloomington Drosophila 
Stock Center

BDSC#38287; Flybase: FBti0149487

Software and Algorithms

Sleep/wake transition probabilities and hidden Markov modeling 
of sleep substates

23 https://github.com/Griffith-Lab/
Fly_Sleep_Probability

DESeq2 55 http://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html

Gene Set Enrichment Analysis 38 https://www.gsea-msigdb.org/

Gene set collections for gene ontology annotations 56 http://www.bioinformatics.org/go2msig/
releases/

Other

Drosophila Activity Monitoring system Trikinetics Single-beam DAM system, DAM5H 
multibeam system
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