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Developmental emergence of sleep rhythms enables
long-term memory in Drosophila
Amy R. Poe1, Lucy Zhu1, Milan Szuperak1, Patrick D. McClanahan2, Ron C. Anafi3,4,
Benjamin Scholl5, Andreas S. Thum6, Daniel J. Cavanaugh7, Matthew S. Kayser1,4,5*

In adulthood, sleep-wake rhythms are one of the most prominent behaviors under circadian control. However,
during early life, sleep is spread across the 24-hour day. The mechanism through which sleep rhythms emerge,
and consequent advantage conferred to a juvenile animal, is unknown. In the second-instar Drosophila larvae
(L2), like in human infants, sleep is not under circadian control. We identify the precise developmental time
point when the clock begins to regulate sleep in Drosophila, leading to emergence of sleep rhythms in early
third-instars (L3). At this stage, a cellular connection forms between DN1a clock neurons and arousal-promoting
Dh44 neurons, bringing arousal under clock control to drive emergence of circadian sleep. Last, we demonstrate
that L3 but not L2 larvae exhibit long-termmemory (LTM) of aversive cues and that this LTMdepends upon deep
sleep generated once sleep rhythms begin. We propose that the developmental emergence of circadian sleep
enables more complex cognitive processes, including the onset of enduring memories.
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INTRODUCTION
Amajor unanswered question in chronobiology is how the matura-
tion of circadian clocks is tied to the developmental emergence of
behavioral rhythms. Across species, from flies to mammals, central
molecular clocks begin cycling during very early developmental
periods; however, many behavioral rhythms, such as sleep-wake
patterns, do not emerge until later, suggesting that maturation
events downstream of the core clock are required to generate rhyth-
mic sleep output (1–10). For example, in mammals, central pace-
maker cells of the suprachiasmatic nucleus exhibit synchronous
molecular rhythms during gestation (6, 11–15) but sleep rhythms
are not present in the early postnatal period. Juvenile sleep in
rodents is highly fragmented, with rapid transitions between sleep
and wake; sleep/wake bouts eventually become more consolidated
as development proceeds (16–18). Likewise, in humans, circadian
sleep patterns are increasingly apparent between the ages of 3 and
12 months (19–21). Mechanisms controlling the emergence of sleep
rhythms remain largely unknown.

Fundamental insights into the clock neuron network andmolec-
ular mechanisms maintaining behavioral rhythms, including daily
sleep-wake patterns, come from studies in adult Drosophila mela-
nogaster (22–25). Adult flies, even immediately after eclosion,
exhibit mature behavioral and molecular rhythms (7). Therefore,
earlier developmental periods must be examined to understand
how and when clock control of sleep is initiated. Few studies have
examined behavioral rhythms in larvae (10, 26, 27), and sleep
during larval stages was only recently characterized (5, 28).
Neurons in the larval clock network are functional and encode

circadian information as early as the first instar larval stage: Light
exposure only during the first instar stage is sufficient to entrain
adult locomotor rhythms (7). However, despite the presence of a
functioning circadian clock network (7, 27, 29), sleep in second-
instar (L2) larvae [48 hours after egg laying (AEL)] is not under
clock control; sleep patterns at this stage are unaffected in molecular
clock mutants or with other manipulations to disrupt clock func-
tion (5). Thus, like mammals, sleep-wake rhythms likely emerge
later in development.

Here, we identify the precise developmental time point when the
circadian clock begins to regulate sleep inDrosophila, leading to the
emergence of sleep rhythms at the early third-instar (L3) stage. We
characterize the developmentally timed formation of a circuit motif
between larval DN1a clock neurons and arousal-promoting Dh44
neurons, using CCHamide-1 (CCHa1) signaling, which drives
sleep rhythms. Last, we find that the circadian control of sleep gen-
erates deeper sleep states and with them the onset of more persistent
memories.

RESULTS
Rhythmic sleep emerges in early third-instar larvae
To determine when sleep becomes influenced by the circadian
system, we examined sleep under constant conditions at four
times across the day [circadian time 1 (CT1), CT7, CT13, and
CT19] in developmentally age-matched L2 and early L3 (72 hours
AEL) larvae. As expected, there were no differences in sleep across
the day in L2 (Fig. 1, A and B; plotted as fold change to account for
differences across experimental replicates). However, we observed
the emergence of a diurnal sleep pattern in L3, specifically an in-
crease in sleep duration with more sleep bouts during subjective
dark times (CT13 and CT19) compared to subjective light times
(CT1 and CT7) (Fig. 1, C and D). Analysis of raw sleep values re-
vealed L2 sleep on average ~10 min/hour at all circadian time
points, while L3 mean sleep approached nearly 20 min/hour
during the subjective night; the increase in sleep at these time
points was not accompanied by an overall reduction in activity
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(fig. S1, A to H). To determine whether sleep bout duration was dif-
ferent at the two CTs, we pooled the total sleep bouts for L2 and L3
larvae at CT1 and CT13 and plotted the cumulative probability dis-
tribution. While L2 larvae showed similar bout length distributions
at CT1 and CT13 (Fig. 1E), early L3 larvae exhibited a higher pro-
portion of longer sleep bouts at CT13 compared to CT1 (P > 0.5, L2;
P < 0.0001, L3; Kolmogorov-Smirnov test; Fig. 1F and figs. S1, C and
G, and S2A). Therefore, CT affects both sleep bout number and du-
ration in L3 larvae.

To assess whether the daily pattern of sleep in early L3 is depen-
dent on the canonical circadian biological clock, we examined sleep
in null mutants for the core clock genes per and tim (30, 31). In both
per0 and tim0mutants, we observed no differences across the day in
sleep (Fig. 1, G andH, and figs. S1, I to N, and S2, B to E); moreover,

sleep differences across the day were absent in L3 larvae raised in
constant light (LL), which disrupts the molecular clock (fig. S2, F
and G). Last, cosinor regression confirmed that the temporal
pattern of L3 sleep was consistent with daily cycling (P < 0.001,
sleep midpoint = CT16.2; fig. S2H). Together, our data define the
developmental time point in Drosophila when sleep comes under
clock control.

Although L2 sleep is clock-independent, we previously described
developmental changes to sleep duration across this larval stage (5).
To determine whether L3 sleep likewise undergoes ontogenetic
changes, we held CT constant at either a subjective morning
(CT5) or subjective evening (CT21) time point and examined
sleep duration in newly molted L3 larvae (72 hours AEL; +0
hours), larvae aged 4 hours after molting (76 hours AEL; +4

Fig. 1. Rhythmic sleep emerges in early third-instar (L3). (A to D) Sleep duration and sleep bout number across the day under constant dark conditions in second-
instar (L2) (A and B) and L3 (C and D). (E and F) Cumulative relative frequency of sleep bout duration at circadian time 1 (CT1) and CT13 for L2 (E) and L3 (F). (G andH) Sleep
duration in L3 clock mutants. The subjective day is shown in light gray circles and the subjective night in black. Sleep metrics represent fold change (normalized to the
average value at CT1 for a given panel). (A to D, G, and H) n = 31 to 44 larvae. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests (A to D,
G, and H); Kolmogorov-Smirnov test (E and F). For this and all other figures unless otherwise specified, data are presented as means ± SEM; n.s., not significant; *P < 0.05,
**P < 0.01, and ***P < 0.001.
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hours), and larvae aged 8 hours after molting (80 hours AEL; +8
hours). We did not detect sleep differences in larvae from CT5 +0
hours to CT5 +4 hours, but did find a reduction in sleep by CT5 +8-
hour sleep (fig. S2I); a similar pattern was evident at CT21 (fig. S2J),
suggesting that changes to sleep with development occur during L3,
perhaps in anticipation of pupation. Under natural conditions,
larvae continue to develop as CT progresses. Is circadian control
of sleep relevant in the face of these developmental changes? We
allowed for the simultaneous influence of age and CT by focusing
on L3 sleep patterns at day-night transitions. L3 exhibited decreased
sleep in the night-to-day transition from CT21 to CT1 and in-
creased sleep in the day-to-night transition from CT9 to CT13
(fig. S2, K to M). Thus, sleep continues to cycle in relation to CT
even as larvae develop.

Dh44 neurons in central brain control arousal in second-
instar larvae
Neuropeptidergic signaling plays a central role in sleep and circadi-
an regulation in adult Drosophila (32, 33). To investigate potential
signaling molecules that regulate the emergence of sleep-wake
rhythms, we conducted a neural activation screen of peptidergic
neurons using the heat-sensitive cation channel, TrpA1 (34). We
found that activation of neurons that express the neuropeptide
Dh44 caused a substantial reduction in sleep duration in L2 larvae
(Fig. 2A and figs. S3A and S4A). Activation of Dh44 neurons result-
ed in a loss of sleep primarily due to a reduction in sleep bout du-
ration (Fig. 2, B and C, and figs. S3, B and C, and S4, B and C). The
decrease in sleep was not due to an increase in feeding rate, as there
was no difference in the number of mouth hook contractions nor-
malized to time awake (fig. S4D). Dh44-Gal4 showed restricted ex-
pression in the L2 larval nervous system, labeling only a few cells in
the brain and ventral nerve cord (VNC) (Fig. 2D). To determine
whether these neurons bidirectionally modulate larval sleep, we in-
hibited Dh44 neurons by expressing the inwardly rectifying potas-
sium channel Kir2.1 (35). Kir2.1 expression in Dh44 neurons
increased total sleep duration by increasing bout duration and
bout number (fig. S4, E to G). In addition, pan-neuronal knock-
down of Dh44 increased sleep duration, bout length, and bout
number (Fig. 2, E to G, and figs. S3, D to F, and S4, H and I). To-
gether, our data indicate that Dh44 neurons modulate arousal in L2
larvae and that Dh44 is required for maintaining normal arousal at
this stage.

We next asked which subpopulation (brain or VNC) of Dh44
neurons is sufficient to induce waking. We used intersectional
genetic approaches to restrict Dh44-Gal4 expression to either the
central brain or VNC. Activation of Dh44 neurons in the brain de-
creased sleep duration, bout length, and bout number to a similar
extent as activation of all Dh44 cells (Fig. 2, H to K, and figs. S3, G to
I, and S5, A to C). In contrast, activation of Dh44 neurons in the
VNC did not affect sleep (fig. S5, D to J). Thus, Dh44 neurons in
the L2 brain promote arousal.

Dh44 neurons connect with DN1a clock neurons in early L3
Dh44 neurons are part of the pars intercerebralis, which in the adult
is a circadian output center that conveys timing information from
the central clock to downstream effectors (24, 36); additionally, in
adulthood, Dh44 neural activity cycles across the day in a clock-de-
pendent fashion (37, 38). We wondered whether Dh44 neurons
undergo a functional change during development, taking on a

circadian role in addition to promoting arousal. To determine
whether changes in Dh44 neural activity across the day correlate
with the emergence of sleep rhythms in L3, we performed ex vivo
calcium imaging of larval brain Dh44 neurons expressing UAS-
GCaMP7f. While we observed no calcium activity differences
between CT1 and CT13 in L2 (Fig. 3, A to C), by early L3, Dh44
activity was lower at CT13 compared to CT1 (Fig. 3, D to F).
Using two-photon imaging of UAS-GCaMP7f–expressing Dh44
neurons in the brain of live L3 larvae, we found that this daily ac-
tivity pattern also occurs in vivo (fig. S6, A to D). These results are
consistent with increased sleep during the night at L3 (less Dh44
arousal activity) and suggest that Dh44 neurons begin to receive
clock input at this stage.

To test whether larval clock neurons anatomically connect to
Dh44 neurons in early L3, we assessed synaptic connections
between different populations of clock neurons and Dh44
neurons using neurexin-based green fluorescent protein (GFP) re-
constitution across synaptic partners (GRASP) (39–41). At both the
L2 and L3 stages, the functional larval clock network is composed of
four small ventrolateral neurons (s-LNvs), two anterior dorsal
neuron group 1 (DN1as) cells, and two dorsal neuron group 2
(DN2s) cells per brain hemisphere (42–44). Using cry-Gal4 (larval
s-LNv/DN1a–specific driver) with Dh44-LexA to express indepen-
dent GRASP components, we observed reconstituted GFP signal
around the cell body and dendrites of Dh44 neurons in early L3
but not L2 (Fig. 3, G to J). We did not observe GRASP signal
with pdf-Gal4 (larval s-LNv–specific driver) or per-Gal4 (larval
DN2-specific driver) (fig. S6, E and F), suggesting the DN1a-
Dh44 connection is key. The Dh44 central brain expression
pattern itself does not change between L2 and L3 (fig. S7A). To de-
termine whether DN1as and Dh44 neurons are also functionally
connected in early L3, we expressed adenosine 50-triphosphate
(ATP)–gated P2X2 receptors (45) in DN1a neurons and GCaMP6
in Dh44 neurons. When DN1as were activated with ATP applica-
tion to dissected brains, we observed an increase in calcium in
Dh44 neurons in L3, but not in L2 (Fig. 3, K to N). While we
cannot rule out the possibility that stronger DN1a activation
might elicit some response in Dh44 neurons in L2 as well, our
data demonstrate a marked change from L2 to L3. Dh44 neurons,
therefore, appear to form anatomical and functional connections
with DN1a clock neurons in early L3 larvae, without evidence of
such connections before this time. Given the connectivity changes
upstream of Dh44 neurons between L2 and L3, we next asked
whether the functional consequences of Dh44 neuronal activation
likewise change. We found that, as in L2, activation of Dh44
neurons in L3 promotes arousal, and Dh44 inhibition disrupts
daytime wakefulness (Fig. 3, O and P, and fig. S7, B to H), support-
ing the hypothesis that upstream input from the clock is the major
developmental switch. Thus, Dh44 neurons become connected to
the central clock in early L3, bringing arousal under clock control
to drive sleep rhythms.

CCHa1 signaling between DN1as and Dh44 neurons is
necessary for sleep rhythms
We next sought to determine the molecular signals used in the
DN1a-Dh44 circuit to drive L3 sleep rhythms. We conducted an
RNA interference (RNAi)–based candidate screen of receptors for
five neuropeptides shown to cycle in adult DN1a neurons (46).
Sleep duration at CT1 and CT13 was assessed with receptor
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knockdown in Dh44 neurons, and we found that knockdown of the
CCHamide-1 receptor (CCHa1-R) resulted in a loss of rhythmic
changes in sleep duration and bout number (Fig. 4A and figs. S8,
A and B, and S9, A to C). To determine whether CCHamide-1
release from DN1a neurons is required, we knocked down CCHa1
in DN1as and observed a loss of rhythmic changes in sleep at CT1
and CT13 (Fig. 4B and figs. S8, C and D, and S9, D to F). Manipu-
lations of CCHamide-1 signaling in L2 larvae did not affect sleep
duration or bout number at CT1 or CT13 (Fig. 4, C and D, and
figs. S8, E to H, and S9, G to L), providing further evidence that

this circuit is not yet functional at this stage. To determine
whether the diurnal changes in Dh44 neural activity observed in
L3 (see Fig. 3, D to F) require CCHa1 signaling, we performed ex
vivo calcium imaging of L3 Dh44 neurons expressing UAS-
GCaMP7f andUAS-CCHa1-R RNAi. We found that the knockdown
of CCHa1-R abolished the diurnal changes in Dh44 activity (Fig. 4,
E and F). Together, these findings demonstrate that a developmen-
tally timed circuit connecting DN1a andDh44 neurons uses CCHa1
neuropeptidergic signaling to drive circadian sleep.

Fig. 2. Dh44 neurons in the brain control arousal in second-instar (L2). (A to C) Sleep duration, bout length, and bout number in L2 expressing UAS-TrpA1with Dh44-
Gal4 and genetic controls. (D) L2 brain and ventral nerve cord showing green fluorescent protein (GFP) expression in Dh44 neurons (Dh44-Gal4 > UAS-CD8::GFP). (E to G)
Sleep duration, bout length, and bout number in L2 expressing UAS-Dh44-RNAi with elav-Gal4 + UAS-dcr2 and genetic controls. (H) L2 brain and ventral nerve cord
showing GFP expression in larvae expressing Dh44-Gal4 in the presence of tshGal80 and UAS-GFP. (I to K) Sleep duration, bout length, and bout number in L2 expressing
Dh44-Gal4 in the presence of tshGal80 and UAS-TrpA1 with genetic controls. Experiments were performed at ZT1–6. Sleep metrics represent fold change (normalized to
the average value of control) in this and subsequent figures. (A to C) n = 16 to 20 larvae; (E to G) n = 37 to 40 larvae; (I to K) n = 30 to 36 larvae. One-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests. Scale bars, 50 μm.
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Onset of sleep rhythmicity facilitates long-term memory
What advantages are conferred to an animal with the onset of cir-
cadian sleep patterns? Sleep is a critical regulator of memory forma-
tion and consolidation during development (47, 48). We first asked
if sleep rhythms are necessary for short-term memory (STM). We
used a two-odor reciprocal olfactory conditioning paradigm and
tested aversive memory performance in both L2 and L3 immediate-
ly after training (49–53). Naïve preferences for odor and aversive
stimuli were largely stable between L2 and L3 for each genetic ma-
nipulation (fig. S10, A to C). We found that both L2 and L3 control
animals showed STM with similar performance indices (Fig. 5A),
indicating that the presence of sleep rhythms is not a prerequisite.
Knockdown of CCHa1-R in Dh44 neurons had no effect on STM in
early L3 (Fig. 5A), providing further evidence that circadian control
of sleep is not required.

Deep sleep stages are important for long-term memory (LTM)
consolidation in adulthood across species (54–56). While STM
was similar in L2 and L3, we wondered if developmental sleep dif-
ferences might be relevant for more enduring memories. We there-
fore asked if clock control of sleep modulates specific sleep features,
such as sleep depth, that are beneficial to memory. To assess sleep
depth, we examined the arousal threshold in sleeping L2 and L3
animals at CT1 or CT13. While L2 showed similar levels of respon-
siveness to a low-intensity light stimulus irrespective of the time of

day, sleeping L3 were less responsive during the subjective night
(Fig. 5B), consistent with deeper sleep during this time. L3 did
not show a time-of-day difference in the percentage of larvae that
spontaneously awaken without a stimulus (fig. S10D). Providing
further evidence of increased sleep depth in L3 during the night,
L3 exhibited a higher probability of transitioning from a wake
state to sleep at CT13 compared to CT1 and decreased likelihood
of exiting a sleep state; L2 showed no differences in these measures
across the day (fig. S10, E and F) (57). Moreover, we observed that
deeper sleep in L3 at CT13 was absent in clock mutants (Fig. 5B).
These data demonstrate that in addition to an increase in sleep du-
ration at night, L3 also sleep more deeply in a clock-depen-
dent manner.

To test whether circadian induction of deeper sleep in L3 pro-
vides advantages to memory function, we assessed a protein synthe-
sis-dependent aversive LTM based on three odor-quinine training
cycles (fig. S11A) (49, 58). We found that L2 did not show LTM, but
early L3 exhibited a strong persistent memory of the aversive cue
with training and testing at CT12 to CT15 (Fig. 5C). We did not
observe LTM in early L3 at CT1 to CT4 (Fig. 5C), suggesting that
deeper sleep stages are necessary for LTM in this paradigm.We then
tested if LTM in early L3 is clock-dependent by examining memory
performance in tim0 and clkJRK mutants (59) and found that both
mutations rendered L3 unable to show LTM (Fig. 5C). Critically, L3

Fig. 3. Dh44 neurons anatomically and functionally connect with DN1as in early third-instar (L3). (A and B) Dh44-Gal4 > UAS-GCaMP7f expression in second-instar
(L2) brains at circadian time 1 (CT1) and CT13. (C) GCaMP intensity in Dh44 neurons in L2 at CT1 and CT13. Yellow dotted lines = Dh44 cell bodies. (D and E) Dh44-Gal4 >
UAS-GCaMP7f expression in L3 brains at CT1 and CT13. (F) GCaMP intensity in Dh44 neurons in L3 at CT1 and CT13. (G to J) Neurexin-based green fluorescent protein (GFP)
reconstitution (GRASP, GFP reconstitution across synaptic partners) between DN1as (cry-Gal4) and Dh44 neurons (Dh44-LexA) in L2 (G and H) and L3 (I and J) brains.
Yellow dotted lines = brain; blue arrows = Dh44 cell bodies. Higher magnification of the region of interest in (G) and (I) is shown in (G0) and (I0). (K andM) GCaMP6 signal in
Dh44 neurons with the activation of DN1a neurons in L2 (K) and L3 (M). The red bar indicates adenosine 50-triphosphate (ATP) application and the gray bar indicates
artificial hemolymph (AHL) application. (L andN) MaximumGCaMP change (ΔF/F ) for individual cells in L2 (L) and L3 (N). (O) Sleep duration in L3 expressing Dh44-Gal4 >
UAS-TrpA1 and genetic controls at CT1 and CT13. (P) Sleep duration in L3 expressingDh44-Gal4 > UAS-Kir2.1 and genetic controls at CT1 and CT13. (C) n = 32 to 37 cells, 10
to 11 brains; (F) n = 30 cells, 10 brains; (G to J) n = 8 to 10 brains; (K to N) n = 9 to 15 cells, 8 brains; (O) n = 20 to 36 larvae; (P) n = 27 to 33 larvae. Unpaired two-tailed
Student’s t test (C, F, M, and N); one-way analyses of variance (ANOVAs) followed by Tukey’s multiple comparison tests (O and P). Scale bars, 25 μm (for A, B, D, and E) and,
50 μm (for G to J). A.U. arbitrary units.
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and L2 tim0 and clkJRKmutants still showed STM (fig. S11, B and F),
arguing against a more generalized inability to exhibit memories in
clock mutants; moreover, we detected no differences in baseline
preference to odors or quinine with regard to larval stage or clock
mutants (fig. S11, C to E and G to I). We next examined whether the
knockdown of CCHa1-R in Dh44 neurons, which specifically dis-
rupts sleep rhythms in L3 (see Fig. 4A), alters LTM. First, as expect-
ed, given that CCHa1-R knockdown has no effect on sleep in L2, we
found L2 RNAi control larvae did not show that LTM andCCHa1-R
knockdown had no further effect. By contrast in L3, the knockdown

of CCHa1-R in Dh44 neurons blocked LTM (Fig. 5D). Consistent
with deeper sleep being necessary for LTM, L3 Dh44 > CCHa1-R
RNAi larvae failed to exhibit the increased arousal threshold nor-
mally observed during the night (Fig. 5E). We tested if sleep itself
is necessary for LTM in early L3 by using a high-intensity light stim-
ulus to sleep-deprived larvae during the 1.5 hours following training
(fig. S11J) and found that sleep deprivation between training and
testing disrupted LTM (Fig. 5D). Moreover, mild activation of
Dh44 neurons in L3 was associated with impaired deep sleep
without a major reduction in sleep duration, also leading to loss
of LTM (Fig. 5, F and G, and fig. S12, A to G). Our data indicate
that sleep rhythms emerge in early L3 larvae to promote deeper
sleep at night, which facilitates LTM.

DISCUSSION
The core molecular clock begins cycling during nascent develop-
mental stages (6–10), but numerous behavioral rhythms, including
sleep-wake cycles, are not apparent until far later. Here, we discover
in Drosophila that precisely timed completion of a circuit motif
allows information to flow from the central clock network to behav-
ioral output cells, generating sleep rhythms. Our findings suggest
that unchecked arousal is a primordial driver of state changes
between sleep and wake during early life until clock input brings
arousal under circadian control. A key molecular signal in this
bridge, CCHa1, is known to be involved in circadian intercellular
coordination as well as gut-to-brain signaling (60, 61), and our
results demonstrate an additional clock network-extrinsic role for
CCHa1/CCHa1-R in behavioral rhythms. The mammalian
homolog of CCHa1-R, a gastrin-releasing peptide receptor, is also
implicated in intrinsic clock network coordination (62). Coupled
with the fact that—as in flies—sleep-clock loci do not exhibit
mature circuit connectivity in young rodents (16), both the circuit
and molecular findings described here might be evolutionarily
conserved.

Our functional data support a model in which CCHa1 release
from DN1as is excitatory to Dh44 neurons, promoting daytime
arousal in L3; disrupted CCHa1 signaling between these cells is as-
sociated with loss of deep sleep at night. We note that with regard to
raw sleep values, the major change from L2 to L3 in iso31 flies that
coincides with the development of this arousal circuit is actually an
increase in night sleep, not an increase in daytime arousal (fig. S1, A
and E). This precise pattern appears to be background-dependent,
as control flies from other experiments do show an increase in
daytime wakefulness with maturation from L2 to L3 (fig. S9, A, D,
G, and J). How might the emergence of a new arousal cue lead to
more sleep at night without apparent less sleep during the day in
some cases? We speculate that the quality of daytime experience
might be enriched, which is known to affect subsequent sleep (63,
64); additionally, the baseline set point of sleep and Dh44 neural
activity might change from L2 to L3, so that a direct comparison
of raw values across development obscures a relative reduction in
daytime sleep in L3. Last, beyond a connection with the clock,
larval Dh44 cells also receive extensive sensory inputs (65) that
likely further modulate the arousal state in a complex manner in
conjunction with circadian regulation. Regardless, our findings un-
derscore a role specifically for sleep rhythms in LTM: Inappropriate
day sleep dissipates sleep drive, limiting cognitive processes depen-
dent upon developmentally emergent sleep features at night. The

Fig. 4. CCHa1 signaling between DN1a and Dh44 neurons is necessary for
sleep rhythms. (A and B) Sleep duration in third-instar (L3) expressing UAS-
CCHa1-R-RNAi with Dh44-Gal4 (A) and UAS-CCHa1-RNAi with cry-Gal4 pdf-Gal80
(DN1as) (B) and genetic controls at circadian time 1 (CT1) and CT13. (C and D)
Sleep duration in second-instar (L2) expressing UAS-CCHa1-R-RNAi with Dh44-
Gal4 (C) and UAS-CCHa1-RNAiwith cry-Gal4 pdf-Gal80 (DN1as) (D) and genetic con-
trols at CT1 and CT13. (E and F) GCaMP intensity (normalized fluorescence) in Dh44
neurons in L3 expressing UAS-CCHa1-R-RNAi with Dh44-Gal4 and genetic controls
at CT1 and CT13. Sleep metrics represent fold change (normalized to the average
value of control). (A to D) n = 64 to 68 mCherry larvae, 29 to 37 other genotypes; (E
and F) n = 18 to 25 cells, 10 brains. Two-way analyses of variance (ANOVAs) fol-
lowed by Sidak’s multiple comparisons tests (A to D); unpaired two-tailed Stu-
dent’s t test (E and F). n.s., not significant.
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pattern of sleep depth, rather than duration, appears to be most crit-
ical, as we describe manipulations that disrupt sleep rhythms
through an increase in day sleep, a decrease in night sleep, or a
mixture of the two, all of which ultimately impair night sleep
depth and LTM.

We hypothesize that in immature stages of life, metabolic
demand is high and nutritional storage capabilities are low, neces-
sitating rapid alterations between sleep and feeding. At this devel-
opmental time, clock control of sleep and resultant consolidated
sleep periods would be disadvantageous and risk malnourishment.
With growth, as prolonged periods without feeding become more
sustainable, circadian sleep emerges through a newly formed
clock-to-arousal neuronal circuit. In flies, this rhythmic sleep is
deeper at night, unlocking more sophisticated brain functions. Mat-
uration of sleep patterns in human infancy likewise occurs coinci-
dentally with enhanced cognitive capabilities (66–68). Our data
suggest a direct link between these events, with the onset of daily
sleep rhythms and deeper sleep states enabling persistent memories.

METHODS
Fly stocks
The following lines have been maintained as laboratory stocks or
were obtained from A. Sehgal: iso31, clockJrk (59), per0 (31), tim0
(30), Dh44VT-Gal4 (VT039046) (69), cry-Gal4 pdf-Gal80 (70),
UAS-TrpA1 (34), UAS-Kir2.1 (35), elav-Gal4 UAS-dcr2, UAS-
mCherry RNAi, VDRC KK control (60100), tsh-Gal80 UAS-
TrpA1, tsh-Gal80 UAS-mCD8::GFP, UAS-GCaMP7f UAS-tdTom
(71), LexAOP-sp-GFP11; UAS-CD4-spGFP1–10::nrxn (39), pdf-
Gal4 (72), LexAOP-GCaMP6 UAS-P2X2 (45). Dh44-LexA
(80703), per-Gal4 (7127), cry-Gal4 (24774), CCHa1-R RNAi
(51168), CNMaR RNAi (57859), Gyc76D RNAi (57315), pdfr
RNAi (38347), Dh44-R1 RNAi (28780), and CCHa1 RNAi
(57562) were from the Bloomington Drosophila Stock Center
(BDSC). Dh44 KK RNAi (108473) was from the Vienna Drosophila
Resource Center (VDRC). tub>Gal80>; tsh-LexA LexAOP-Flp;
UAS-TrpA1 and tub>Gal80>; tsh-LexA LexAOP-Flp; UAS-GFP
were gifts from W. Grueber.

Fig. 5. Sleep rhythms facilitate long-term memory. (A) Short-term aversive memory performance in second-instar (L2) and third-instar (L3) expressing Dh44-Gal4 >
CCHa1-R-RNAi and genetic controls. (B) Arousal threshold in L2 controls (yellow shaded), L3 controls, and L3 tim0 and clkJRKmutants (blue shaded) at circadian time 1 (CT1)
and CT13. (C) Long-term aversive memory performance in L2 and L3 controls and L3 tim0 and clkJRKmutants. (D) Long-term aversive memory performance in L2 and L3
genetic controls (Dh44-Gal4 >mCherry RNAi); L3 CCHa1-R-RNAi/+; L2 and L3 expressing Dh44-Gal4 > CCHa1-R-RNAi; and in sleep-deprived (SD) L3 genetic controls (Dh44-
Gal4 > mCherry RNAi). (E) Arousal threshold in L3 genetic controls and L3 expressing Dh44-Gal4 > CCHa1-R-RNAi at CT1 and CT13. (F) Arousal threshold in L3 genetic
controls and L3 expressing Dh44-Gal4 > UAS-TrpA1 at CT1 and CT13 at 28°C. (G) Long-term aversive memory performance in L3 expressing Dh44-Gal4 > UAS-TrpA1 and
genetic controls at 28°C. (A, C, D, and G) n = 8 performance indices (PIs) (240 larvae) per genotype; (B and E) n = 200 to 430 sleep episodes, 36 larvae per genotype; (F) n =
120 to 200 sleep episodes, 18 larvae per genotype. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests (A, C, F, and G); one-way ANOVAs
followed by Sidak’s multiple comparisons tests (B and D); two-way ANOVAs followed by Sidak’s multiple comparison tests (E). n.s., not significant.
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Larval rearing and sleep assays
Adult flies were maintained on a standard molasses-based diet
(8.0% molasses, 0.55% agar, 0.2% Tegosept, 0.5% propionic acid)
at 25°C on a 12:12 light:dark (LD) cycle. For experiments performed
in the subjective evening (CT12 to CT21), adult flies were main-
tained on a 12:12 reverse dark:light (DL) cycle. To collect synchro-
nized L2 and L3 larvae, adult flies were placed in an embryo
collection cage (Genesee Scientific, catalog no. 59-100) and eggs
were laid on a petri dish containing 3% agar, 2% sucrose, and
2.5% apple juice with yeast paste on top (for L2) or a molasses-
based diet with yeast paste on top (for L3). Animals developed on
this media for 2 days (for L2) or 3 days (for L3). To examine sleep in
either L2 or L3 larvae at constant conditions, petri dishes were
moved to constant darkness (DD) after the first day of entrainment.

Sleep assays for L2 larvae were performed using the LarvaLodge
and image acquisition parameters as described previously (5).
Briefly, molting L2 larvae were placed into individual wells of the
LarvaLodge containing 120 μl of 3% agar and 2% sucrose media
covered with a thin layer of yeast paste. Sleep assays in molting L3
larvae were performed using a modified LarvaLodge, with 20
rounded wells of 20-mm diameter and 1.5-mm depth. Molting L3
larvae were placed into individual wells of the modified LarvaLodge
containing 95 μl of 3% agar and 2% sucrose media covered with a
thin layer of yeast paste. The LarvaLodge was covered with a trans-
parent acrylic sheet and placed into a DigiTherm (Tritech Research)
incubator at 25°C for imaging. Experiments were performed in the
dark. For thermogenetic experiments, adult flies were maintained at
22°C. Larvae were then placed into the LarvaLodge (as described
above) which was moved into a DigiTherm (Tritech Research) in-
cubator at 30°C for imaging.

For analysis of L3 sleep across development while holding CT
constant, adult flies were maintained in two separate incubators
on a 12:12 LD cycle set 4 hours apart. Newly molted L3 larvae
were selected 1 hour before the desired CT (for +0 time points)
and placed into individual wells of the LarvaLodge for sleep analy-
sis. For the +4 and +8 time points, newly molted L3 larvae were se-
lected 4 or 8 hours before the desired CT, and then allowed to
develop on a petri dish containing a standard molasses-based diet
with yeast paste in DD for either 4 hours (+4) or 8 hours (+8).
Larvae were then placed into individual wells of the LarvaLodge
and experiments were performed as described above.

For analysis of L3 sleep as both CT and developmental age
proceed across the day, adult flies were maintained in a single incu-
bator on a 12:12 LD cycle. Newly molted L3 larvae were selected and
placed into individual wells of the LarvaLodge for sleep analysis (for
the first time point) or allowed to develop on a petri dish containing
a standard molasses-based diet with yeast paste in DD for either 4
hours or 8 hours (for the later time points). Larvae were then placed
into individual wells of the LarvaLodge and experiments were per-
formed as described above.

For analysis of sleep in animals raised in LL, larvae on petri
dishes in egg lay chambers were entrained to a 12:12 LD or a
reverse 12:12 DL cycle for 24 hours. Then, the petri dishes were
moved to LL conditions for 48 hours. Molting L3 larvae were
moved to the dark for adaptation for 3 hours before placing
larvae into individual wells of the adapted LarvaLodge. Sleep
assays were then conducted in DD.

LarvaLodge image acquisition and processing
Images were acquired every 6 s with an Imaging Source DMK
23GP031 camera (2592 × 1944 pixels, The Imaging Source, USA)
equipped with a Fujinon lens (HF12.55A-1, 1:1.4/12.5 mm; Fujifilm
Corp., Japan) with a Hoya 49mm R72 Infrared Filter. We used IC
Capture (The Imaging Source) to acquire time-lapse images. All ex-
periments were carried out in the dark using infrared light-emitting
diode (LED) strips (Ledlightsworld LTD, 850-nm wavelength) po-
sitioned below the LarvaLodge.

Images were analyzed using custom-written MATLAB software
[see (28) and (5)]. Temporally adjacent images were subtracted to
generate maps of pixel value intensity change. A binary threshold
was set such that individual pixel intensity changes that fell below
40 grayscale units within each well were set equal to zero (“no
change”) to eliminate noise. For L3, the threshold was set to 45 to
account for a larger body size. Pixel changes greater than or equal to
the threshold value were set equal to one (“change”). The activity
was then calculated by taking the sum of all pixels changed
between images. Sleep was defined as an activity value of zero
between frames. For L2 sleep experiments done across the day,
total sleep was summed over 6 hours beginning 2 hours after the
molt to L2. For sleep experiments performed at certain CTs, total
sleep in the second hour after the molt to the second (or third)
instar was summed. For all experiments, sleep metrics were normal-
ized to the average value for the control for a given biological
replicate.

For experiments examining raw sleep or development and circa-
dian interactions (figs. S1 and S2), activity values were normalized
to account for developmental differences in body size. We adjusted
the binary thresholding values to define sleep episodes as less than a
2% change in activity.

Sleep bout distribution analysis
Sleep bout distribution analysis was performed as described previ-
ously (73). Briefly, we calculated the duration of every sleep bout for
the second hour of the experiment for L2 and L3 larvae at CT1 and
CT13. All sleep bouts for a given condition were pooled together.
The pooled data were then used to generate cumulative relative fre-
quency plots. The cumulative relative frequency for any given sleep
episode duration (in seconds) was calculated as the total number of
bouts equal to and shorter than that sleep episode duration divided
by the total number of all bouts. The resulting cumulative relative
frequency was plotted on the y axis and the x axis represented the
continuous time interval with a bin size of 6 s. For comparing sleep
bout distributions, Kolmogorov-Smirnov tests were used.

Circadian analysis
To assess whether sleep in L3 larvae followed a circadian pattern,
normalized sleep duration at CT1, -7, -13, and -19 was fit with a
standard cosinor regression model (74) in R (v4.0.5).

Normalized sleep was fit to the following equation

Sleep ¼ A Cos
CT
12

π
� �

þ B Sin
CT
12

π
� �

þ ε

An F test evaluated the null hypothesis A = B = 0 (P = 0.00014).
Sleep acrophore (midpoint) is given by tan−1 (B/A) = CT 16.23.
Log-transforming normalized sleep data, for variance stabilization,
before regression analysis resulted in a similarly significant result.
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Calculation of p(wake) and p(doze)
p(wake) and p(doze) were calculated as described previously (57).
p(doze) is defined as the number of wake (active) to sleep (quies-
cent) transitions divided by the number of frames awake (active).
p(wake) is defined as the number of sleep (quiescent) to wake
(active) transitions divided by the number of frames asleep
(quiescent).

Feeding behavior analysis
Newly molted L2 larvae were placed in individual wells of the Lar-
vaLodge containing 120 μl of 3% agar and 2% sucrose media
covered with a thin layer of yeast paste. Larvae were then imaged
continuously with a Sony HDR-CX405 HD Handycam camera
(B&H Photo, catalog no. SOHDRCX405) for 10 min. The
number of mouth hook contractions (feeding) was counted manu-
ally over the imaging period and divided by the time awake.

Aversive olfactory conditioning
We used an established two-odor reciprocal olfactory conditioning
paradigm with 10 mM quinine (quinine hydrochloride, EMSCO/
Thermo Fisher Scientific, catalog no. 18-613-007) as a negative re-
inforcement to test STM or LTM performance in L2 and early L3
larvae (49) at CT1 to CT4 or CT12 to CT15. Experiments were con-
ducted on assay plates (100 × 15 mm, Genesee Scientific, catalog no.
32-107) filled with a thin layer of 2.5% agarose containing either
pure agarose (EMSCO/Thermo Fisher Scientific, catalog no.
16500-500) or agarose plus reinforcer. As olfactory stimuli, we
used 10 μl of amyl acetate (AM; Sigma-Aldrich, catalog no.
STBF2370V, diluted 1:50 in paraffin oil, Sigma-Aldrich, catalog
no. SZBF140V) and octanol (OCT; Thermo Fisher Scientific,
catalog no. SALP564726, undiluted). Odorants were loaded into
the caps of 0.6-ml tubes (EMSCO/Thermo Fisher Scientific,
catalog no. 05-408-123) and covered with parafilm (EMSCO/
Thermo Fisher Scientific, catalog no. 1337412). For naïve preferenc-
es of odorants, a single odorant was placed on one side of an agarose
plate with no odorant on the other side. A group of 30 larvae were
placed in the middle. After 5 min, individuals were counted on the
odorant side, the non-odorant side, or in the middle. The naïve
preference was calculated by subtracting the number of larvae on
the non-odorant side from the number of larvae on the odorant
side and then dividing by the total number of larvae. For naïve pref-
erence of quinine, a group of 30 larvae was placed in the middle of a
half agarose–half quinine plate. After 5 min, individuals were
counted on the quinine side, the agarose side, or in the middle.
The naïve preference for quinine was calculated by subtracting the
number of larvae on the quinine side from the number of larvae on
the agarose side and then dividing by the total number of larvae.
Larvae were trained by exposing a group of 30 larvae to AM while
crawling on an agarose medium plus quinine reinforcer. After 5
min, larvae were transferred to a fresh petri dish containing
agarose alone with OCT as an odorant (AM+/OCT). A second
group of 30 larvae received reciprocal training (AM/OCT+).
Three training cycles were used for all experiments. For LTM,
larvae were transferred after training onto agarose plates with a
small piece of Kimwipe moistened with tap water and covered in
dry active yeast (LabScientific, catalog no. FLY804020F). Larvae
were then kept in the dark for 1.5 hours before testing memory per-
formance. Training and retention for thermogenetic experiments
were conducted at 28°C (for Fig. 5). For STM, larvae were

immediately transferred after training onto test plates (agarose
plus reinforcer) on which AM and OCTwere presented on opposite
sides of the plate. After 5 min, individuals were counted on the AM
side, the OCT side, or in the middle. We then calculated a prefer-
ence index (PREF) for each training group by subtracting the
number of larvae on the conditioned stimulus side from the
number of larvae on the unconditioned stimulus side. For one set
of experiments, we calculated two PREF values: (i) PREFAM+/OCT =
(#AM − #OCT)/# TOTAL and (ii) PREFAM/OCT+ = (#OCT −
#AM)/# TOTAL. We then took the average of each PREF value to
calculate an associative performance index (PI) as a measure of as-
sociative learning. PI = (PREFAM+/OCT + PREFAM/OCT+)/2.

Arousal and sleep deprivation
Blue light stimulation was delivered as described in (5) using two
high-power LEDs (Luminus Phatlight PT-121, 460-nm peak wave-
length, Sunnyvale, CA) secured to an aluminum heat sink. The
LEDs were driven at a current of 0.1 A (low intensity) (for arousal
experiments) or 1 A (high intensity) (for sleep deprivation experi-
ments). For sleep deprivation, we used a high-intensity stimulus for
30 s every 2min for 1 hour beginning the second hour after themolt
to L3. Undisturbed control animals were placed in a separate incu-
bator during deprivation. For arousal experiments, we used a low-
intensity stimulus for 4 s every 2 min for 1 hour beginning the
second hour after the molt to the second (or third) instar. We
then counted the number of larvae that showed an activity change
in response to a stimulus. The percentage of animals that moved in
response to the stimulus was recorded for each experiment. For each
genotype, at least four biological replicates were performed. We
then plotted the average percentage across all replicates. To
compare arousal thresholds in L2 larvae to those in larger L3
larvae at different CT times, we normalized the activity values for
L3 to their relative body size. We used the standard binary thresh-
olding to define sleep episodes and then subtracted 35 pixels to
achieve a similar degree of change in response to the light stimulus.
To calculate the percentage of early L3 that spontaneously awaken
in the absence of a stimulus, we counted the number of larvae that
showed an activity change in the alternating 2 min between light
stimuli for 1 hour beginning at the second hour after the mold to L3.

Immunohistochemistry & imaging
Brains were dissected in phosphate-buffered saline (PBS) and fixed
in 4% paraformaldehyde for 20min at room temperature. Following
3× 20 min washes in PBS with Triton X-100 (PBST), brains were
incubated with primary antibody at 4°C overnight. Following 3×
20 min washes in PBST, brains were incubated with secondary an-
tibody at 4°C overnight. Following 3× 20 min washes in PBST,
brains were mounted in VECTASHIELD (Vector Laboratories).
Primary antibodies included Rabbit anti-GFP (1:200; A-11122,
Thermo Fisher Scientific), Mouse anti-GFP (for GRASP dissec-
tions) (1:200; EMSCO/Thermo Fisher Scientific, catalog no.
G6539-.2ML), and Rabbit anti-Dh44 [1:500; Johnson et al. (75)].
Secondary antibodies included Alexa Fluor donkey anti-rabbit
488 (1:500; The Jackson Laboratory) and goat anti-mouse 488
(1:500; The Jackson Laboratory). Brains were visualized and
imaged with a Leica SP8 confocal microscope.
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P2X2 activation and GCaMP imaging
For all live imaging experiments (GCaMP and P2X2), brains were
dissected in artificial hemolymph (AHL) buffer consisting of (in
millimolar): 108 NaCl, 5 KCl, 2 CaCl2, 8.2 MgCl2, 4 NaHCO3, 1
NaH2PO4-H2O, 5 trehalose, 10 sucrose, 5 Hepes (pH 7.5). Brains
were placed on a small glass coverslip (Carolina Cover Glasses,
Circles, 12 mm, catalog no. 633029) in a perfusion chamber filled
with AHL. Solutions were perfused over the brains using a gravity-
fed ValveLink perfusion system.

For baseline GCaMP7f imaging at CT0 and CT12, brains were
chosen for imaging based on the UAS-tdTomato signal (except
for experiments in Fig. 4, E and F). AHL buffer was perfused over
the brains throughout imaging. Twelve-bit images were acquired
with a 40× water immersion objective at 256 × 256 pixel resolution.
Z Stacks were acquired every 30 s for 10 min. Image processing and
measurement of fluorescence intensity were performed in ImageJ.
A max intensity Z projection of each time step and smooth thresh-
olding was used for analysis. Regions of interest (ROIs) were man-
ually drawn in ImageJ to encompass individual tdTomato-positive
cell bodies and mean fluorescence intensities were measured for
each ROI at each time point. GCaMP7f signal was normalized to
the tdTomato signal (FGCaMP7f/tdTom) for each ROI. For each
cell, the average FGCaMP7f/tdTom over the 10-min imaging
period was used as a measure of relative fluorescence (A.U., arbi-
trary units). All analysis was done blind to experimental conditions.

For P2X2 imaging, dissections were performed at CT12 to CT15,
and AHL buffer was perfused over the brains for 1 min of baseline
GCaMP6 imaging, then ATP was delivered to the chamber by
switching the perfusion flow from the channel containing AHL to
the channel containing 2.5 mM ATP in AHL, pH 7.5. ATP was per-
fused for 2 min and then AHL was perfused for 2 min. Twelve-bit
images were acquired with a 40× water immersion objective at 256 ×
256 pixel resolution. Z Stacks were acquired every 5 s for 3 min.
Image processing and measurement of fluorescence intensity were
performed in ImageJ. Amax intensity Z projection of each time step
and smooth thresholding was used for analysis. ROIs were manually
drawn in ImageJ to encompass individual GCaMP-positive cell
bodies and mean fluorescence intensities were measured for each
ROI at each time point. For each cell body, fluorescence traces
over time were normalized using this equation: ΔF/F = (Fn − F0)/
F0, where Fn is the fluorescence intensity recorded at time point n,
and F0 is the average fluorescence value during the 1-min baseline
recording. Maximum GCaMP change (ΔF/F) for individual cells
was calculated using this equation: ΔF/Fmax = (Fmax − F0)/F0,
where Fmax is the maximum fluorescence intensity value recorded
during ATP application, and F0 is the average fluorescence value
during the 1-min baseline recording. All analysis was done blind
to experimental conditions.

For in vivo imaging, early L3 larvae were anesthetized with
diethyl ether as described previously (76). Briefly, larvae were
placed in a plastic Eppendorf tube cup on a glass dish and were
exposed to ether vapor for up to 10 min. Anesthetized larvae were
immobilized between two glass slides elevated by four layers of
scotch tape. Baseline GCaMP7f imaging at CT0 and CT12 was per-
formed using a Bruker 2P Plus two-photon resonant scanning mi-
croscope, a 16× Nikon objective (0.8 numerical aperture), and a
Coherent Chameleon Ultra II laser (925 nm, 30-mW average
power). Images (512 × 512 pixels) were acquired as Z stacks (1-
μm step) at a resolution of 1.8 pixels/μm. Each stack slice was

generated by averaging 32 frames (acquired at 30 Hz). Multiple
stacks were collected over 10 min. Analysis was conducted using
ImageJ and MATLAB. For each animal, Z-stack slices with target
neurons in focus were used for analysis; circular ROIs were drawn
around visible cell bodies to extract mean tdTomato and GCaMP
signal values. Images without resolvable tdTomato signal were ex-
cluded from the analysis. Data are reported as the ratio of mean
GCaMP and tdTomato and value for each cell body.

Cycloheximide treatment
Early L3 larvae were fed 75 μl of 35 mM cycloheximide (Sigma-
Aldrich, catalog no. 01810-1G) in 5% sucrose or 75 μl of 5%
sucrose alone (ctrl) for 20 hours before the experiment (49).
Before the experiment, larvae were transferred to an empty petri
dish and washed with tap water before training and testing.

Statistical analysis
All statistical analysis was done in GraphPad (Prism). For compar-
isons between two conditions, two-tailed unpaired t tests were used.
For comparisons between multiple groups, ordinary one-way anal-
yses of variance (ANOVAs) followed by Tukey’s multiple compar-
ison tests were used. For comparisons between different groups in
the same analysis, ordinary one-way ANOVAs followed by Sidak’s
multiple comparisons tests were used. For comparisons between
time and genotype, two-way ANOVAs followed by Sidak’s multiple
comparisons tests were used. For comparison of p(wake) and
p(doze) values, a two-sided Wilcoxon rank sum test was used. For
comparison of the GCaMP signal in CCHa1 experiments, the
Mann-Whitney test was used. For comparison of sleep bout distri-
butions, Kolmogorov-Smirnov tests were used. *P < 0.05, **P < 0.01,
and ***P < 0.001. Representative confocal images are shown from at
least 8 to 10 independent samples examined in each case. For live
imaging, ~15 to 20 neurons in 5 to 10 brains were used for each
condition.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
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