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SUMMARY

Both the structure and the amount of sleep are important for brain function. Entry into deep, 

restorative stages of sleep is time-dependent; short sleep bouts selectively eliminate these states. 

Fragmentation-induced cognitive dysfunction is a feature of many common human sleep 

pathologies. Whether sleep structure is normally regulated independent of the amount of sleep is 

unknown. Here we show that, in Drosophila melanogaster, activation of a subset of serotonergic 

neurons fragments sleep without major changes in the total amount of sleep, dramatically reducing 

long episodes that may correspond to deep sleep states. Disruption of sleep structure results in 

learning deficits which can be rescued by pharmacologically or genetically consolidating sleep. 

We identify two reciprocally connected sets of ellipsoid body neurons which form the heart of a 

serotonin-modulated circuit that controls sleep architecture. Taken together, these findings define a 

circuit essential for controlling the structure of sleep independent of its amount.
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Liu et al. image, perturb, and analyze a serotonin-modulated circuit in the Drosophila brain which 

regulates sleep architecture without affecting the amount of sleep. Dysregulation of this circuit 

impairs cognitive function.

INTRODUCTION

Sleep has a regular daily structure. In both humans and Drosophila, nighttime sleep occurs 

in long consolidated bouts, while daytime sleep is much more fragmented [1, 2]. For diurnal 

animals, long periods of consolidated sleep at night facilitate progression into the deep sleep 

stages that are associated with positive health and cognitive benefits. Conversely, 

fragmentation of sleep during the daytime active period may reflect maintaining a higher 

arousal state. Sleep fragmentation is also a hallmark of sleep-maintenance insomnia, but can 

occur without changes in the amount of sleep in a number of neurological conditions. In 

humans, normal aging and disorders such as obstructive sleep apnea, restless leg syndrome, 

narcolepsy and chronic pain [3] are associated with altered sleep architecture. Fragmentation 

decreases sleep quality and is associated with learning and memory deficits, attention deficit, 

hypertension and diabetes [4], even when total sleep time is not significantly decreased [3, 

5]. Sleep structure therefore has importance that is independent of the total amount of sleep, 

and understanding its regulation will be critical to our understanding of the functions of 

sleep.

One candidate modulator of human sleep structure is serotonin (5-phydroxytryptamine, 

5HT). Drugs that increase serotonergic signaling are widely used to treat a variety of 

conditions, including mood disorders, and their use is closely associated with sleep 

fragmentation [6, 7]. 5HT has been known to be involved in regulation of sleep for many 

years, but how and where it acts is complex. In vertebrates, some evidence suggests that 

5HT functions in sleep induction and maintenance [8, 9] but other evidence suggests a role 

in promotion of wakefulness [10]. Most recent work recognizes the complexity and context-

dependence of 5HT action [11] but an understanding of how it regulates the structure of 

sleep remains elusive.

Drosophila melanogaster has been used to study sleep for almost two decades [12, 13]. 

Strong conservation of molecular processes across phyla, coupled with the more genetically 

tractable and smaller central nervous system of Drosophila, make it a powerful system for 

uncovering basic mechanisms of brain function. A role for 5HT in promoting sleep has been 

demonstrated using mutants lacking tryptophan hydroxylase (Trh; the rate-limiting synthetic 

enzyme) and mutants for the 5HT1a and 5HT2b receptors [14, 15]. 5HT has also been 

implicated in other forms of quiescence and behavioral suppression and appears to achieve 

this suite of effects via independent modulation multiple brain loci [16].

In the present study, we show that sleep/wake structure is regulated independently of the 

amount of sleep by a 5HT-modulated neural circuit in the ellipsoid body (EB), a prominent 

brain structure of the central complex, which mediates sensory integration and motor 

coordination [for review see 17]. Activation of two anatomically distinct sets of EB neurons 

results in a similar fragmentation pattern with no change in total sleep. Functional 

connectivity between these two sets of EB neurons suggests they form an interactive loop 
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that responds to external inputs to sculpt sleep structure. Inappropriate activation of this 

circuit by increasing the activity of serotonergic inputs generates sleep fragmentation and a 

learning deficit. Together, our data suggest that sleep structure is regulated separately from 

the amount of sleep and that this regulation is required for normal cognitive function.

RESULTS

Serotonergic neurons control sleep structure

To examine the role of 5HT in regulation of sleep structure in Drosophila, we targeted 

expression of warmth-activated dTrpA1 [18] and light-gated Chrimson (Hoopfer et al., 

2015) channels to a subset of 5HT+ neurons using Trh-GAL4 [Trh-GAL4(III), 19]. 

Activation of these neurons for 24 h by either increasing ambient temperature from 21 °Cto 

27 °C or pulsing light (5 sec on/5 sec off ) (Figure 1A-B) dramatically increased the number 

of sleep episodes, indicating that increased serotonin release fragments sleep. This can be 

seen in the raw data (Figures 1C and E), but is more clearly demonstrated by calculating the 

change from baseline (Figures 1D and F) during the activation day. This method compares 

each genotype to itself (thus controlling for small differences in genetic background) and 

also allows the general, genotype-independent, effects of neuronal activation conditions [c.f. 

20] to be directly measured. While both heat and light affected baseline sleep, 5HT+ neuron 

activation did not have a uniform effect on total sleep across different manipulations 

compared to controls. Activation with heat had no effect on total sleep compared to controls 

(Figure 1G-H), while light activation increased nighttime sleep compared to controls (Figure 

1I-J). This total sleep effect with light was seen in Trh lines (see Figures 1E-F and S1L-M), 

but not in downstream circuit element lines (Figure S5F and S6F), suggesting that it may be 

a dominant light-interaction phenotype from upstream of the fragmentation circuit. 

Interestingly, there was a consistent and effector-independent increase in the amount of sleep 

at the beginning of the day after cessation of both dTrpA1 and Chrimson activation 

compared to controls (Figure 1H and J), suggesting that homeostatic mechanisms may be 

engaged by “low quality” sleep even when total sleep is unchanged (dTrpA1) or increased 

(Chrimson). A second, independent Trh-GAL4 line produced the same fragmentation and 

rebound sleep phenotypes with both dTrpA1 and Chrimson, (Trh-GAL4 (II); Figure S1).

To explore the effects of activation of this subset of serotonergic neurons on sleep structure, 

we examined the distribution of sleep episode durations over the course of the day (Figure 

2). dTrpA1 activation of serotonergic neurons robustly decreased episode length, which is 

visualized by the shift of the cumulative distribution of the experimental population to the 

left (middle panel of Figure 2A for daytime, Figure S2 for night and Chrimson activation). 

Long sleep episodes, which occur almost exclusively during the nighttime, may reflect a 

behaviorally important deep sleep state [21]. Since an episode length of 200 min reflected 

the midpoint of the distribution, we looked at changes using this cutoff as a threshold for 

“long” episodes. Activation significantly reduced the ratio of long episodes in both the day 

and night (Figure 2D). Importantly, this was the result of fewer flies exhibiting long episodes 

(Figure 2E), suggesting the population data reflects the state of the majority of the animals 

rather than arising from the behavior of a few outliers. Similar results were obtained using 

thresholds <200 min (Table S1 and S2).

Liu et al. Page 3

Curr Biol. Author manuscript; available in PMC 2020 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The changes in sleep structure we see with activation of this subset of serotonergic neurons 

reflect changes in the probabilistic processes underlying sleep. The probability of 

transitioning from a sleep to an awake state, P(wake), and the probability of falling asleep 

from a wake state, P(doze), can be approximated using power law distributions, suggesting 

that they are history-dependent and consistent with sleep being a multi-stage process [2, 22]. 

P(wake) can be thought of as arousal and P(doze) as sleep drive. In wild type flies, P(wake) 

is the major determinant of total sleep time and is increased by elevated dopaminergic tone 

[2]. Calculation of these metrics during and after activation of serotonergic neurons shows 

that during activation there are significant increases in P(doze), leading to more transitions 

between wake and sleep, but no alteration in P(wake) (Figures 2BC, S1–2). After release 

from activation, there is a significant decrease in arousal, or P(wake), during the recovery 

day that is associated with an increase in total sleep (Figure 1H and J and S1). These 

analyses show that activation of these neurons alters the state-dependent transitions that 

define the structure of sleep and wake and imply that a decrease in arousal is a homeostatic 

response to fragmentation.

While artificial activation of a neuron can reveal potential functions, it is important to know 

if, and in what context, activation normally occurs. To determine the normal activity pattern 

of Trh-GAL4+ neurons in freely behaving flies, we employed Tric-LUC, a calcium sensor 

which drives luciferase expression in response to neuronal activity [23]. Luciferase levels 

peaked after lights on and then again before lights off, exhibiting generally higher activity 

during the day than the night (Figure 2F-G and S1O); this may reflect synchronization with 

circadian- driven locomotor activity [24] and is similar to the behavior of vertebrate 5HT 

neurons [9]. The function of the nighttime peak is unclear, but given the many functions of 

5HT may not be sleep-related. Our data are consistent with the observation that sleep is 

normally more fragmented during the day than during the night [2] and with the fact that 

5HT+ neurons are wake-active in mammals [10].

Sleep fragmentation disrupts learning

Sleep fragmentation results in impairment of daytime function and cognitive processing in 

humans, mammals and flies [25–28]. In mammals, these effects can occur in the absence of 

sleep loss and are believed to be the result of a failure to enter deep sleep stages required for 

the cognitive benefits of sleep [29]. To determine whether fragmented sleep induced by 

increasing the activity of 5HT neurons leads to cognitive deficits, we measured associative 

learning in an odor-shock aversive paradigm. Activation of the Trh-GAL4+ subset of 

serotonergic neurons for 24 h prior to training resulted in a significant impairment in 

aversive learning measured immediately after training (Figure 3A). No learning deficit was 

observed when flies were trained and tested at permissive temperature (Figure S3A).

To ask whether this learning deficit was due to changes in sleep structure, we consolidated 

sleep with gaboxadol (THIP), a GABAA agonist that promotes sleep in Drosophila [30] and 

specifically increases deep non-REM sleep in humans and rats [31, 32]. Feeding of 0.1 

mg/ml THIP during activation of 5HT neurons across all genotypes significantly increased 

daytime sleep but did not increase nighttime sleep, likely due to a ceiling effect (Figure 3B). 

Locomotor activity during wake periods was not decreased (data not shown), indicating 
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enhancement of sleep by the drug, rather than sedation. The number of sleep episodes was 

rescued to the level of control flies by the drug (Figure 3B, compare orange-striped bars to 

gray- striped bars) indicating that this drug has effects on sleep structure as well as amount. 

Treatment of flies with 0.1 mg/ml THIP during activation of Trh-GAL4+ neurons 

completely rescued post-activation learning deficit (Figure 3C). Importantly, control flies 

receiving THIP the day before training did not show any apparent enhancement of learning, 

implying that the improvement in learning resulted from rescue of fragmented sleep rather 

than a direct effect of the drug or the change in total sleep. Similar results were obtained 

with genetic rescue of 5HT-induced fragmentation. Co-activation of the sleep-promoting 

dorsal fan-shaped body [FB, 33] in the central complex significantly rescued both sleep 

fragmentation (Figure 3D) induced by activation of 5HT+ neurons and learning (Figure 3E). 

Activation of this area by itself before training did not enhance learning (Figure S3B). 

Together these rescue experiments implicate serotonergic regulation of sleep structure as a 

significant determinant of behavioral plasticity.

Serotonergic signaling to the ellipsoid body (EB) regulates sleep structure via 5HT7

To determine the cellular mechanisms controlling sleep structure, we needed to determine 

the targets of Trh-GAL4+ neurons and the 5HT receptor subtype they contained. Previous 

work using 5HT receptor mutants had shown that signaling via 5HT2b in a subset of FB 

neurons and 5HT1a in the mushroom bodies (MB, a learning center that also regulates sleep) 

is important for normal amounts of sleep (Yuan et al., 2006; Qian et al., 2017). Serotonergic 

innervation of mushroom bodies comes from dorsal paired medial neurons [34] which, when 

activated with dTrpA1, strongly increase total sleep [35]. Likewise, FB neurons promote 

sleep [15, 33, 36]. Because we saw no change in the amount of sleep compared to controls 

when we activated the Trh-GAL4+ neurons using dTrpA1, we suspected that 5HT regulation 

of sleep architecture involved a different 5HTR and likely a different brain region. To 

identify candidate regions and receptors, we expressed mCD8::GFP under control of Trh-
GAL4 and co-stained with anti-5HT. Figure 4A shows that serotonergic neurons in this 

GAL4 line project to FB and ellipsoid body (EB), a region known to regulate locomotor 

activity in response to sensory inputs [17], but do not innervate the MB.

The EB has been shown to express several 5HT receptors including 5HT7 [37, 38], a 

receptor subtype implicated in mammalian sleep [11]. Expressing CD8::GFP under control 

of 5HT7-GAL4 and co-staining with anti-5HT revealed a colocalization of serotonergic 

inputs and 5HT7-GAL4+ processes [Fig 4B and 37]. To determine if these neurons 

responded to 5HT, we expressed EPAC, a cyclic nucleotide sensor, in the cells and bath 

applied 5HT in the presence of TTX. There was a dose-dependent increase in cAMP levels 

consistent with expression of 5HT7 in that subset of EB cells (Figure 4C). 5HT was also 

able to increase calcium levels in 5HT7-GAL4+ neurons, but only in the absence of TTX, 

implying that 5HT modulates the efficacy of basally active excitatory inputs to these cells 

rather than directly depolarizing them (Figure S4A).

To determine the role of 5HT7 in regulation of sleep fragmentation, we assessed the effects 

of loss of receptor function with mutants and a specific inhibitor. Figure 4D shows data from 

transheterozygote Mi{MIC}5HT7MI08096/ Mi{ET1}5HT7MB01344 animals which have 
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reduced 5HT7 mRNA levels (Figure S4D). These flies have much more consolidated sleep 

in both the day and the night, with only a small increase in total sleep at night. To confirm 

the acute role of 5HT7 receptors in regulation of sleep structure, the selective 5HT7 receptor 

antagonist SB258719 [37] was fed to wildtype flies. Sleep became more consolidated, with 

again a mild effect on total sleep that was limited to the nighttime (Figure 4E). The 

consolidation effects of reduced 5HT7R activity could not be explained by locomotor 

dysfunction since animals were either normal (drug) or mildly hyperlocomotor (mutant) 

rather than less active when awake (Figure 4E). In aggregate, these results suggest that 5HT7 

in the central complex regulates sleep and sleep structure in a manner opposite to that of 

5HT1a and 5HT2b [14, 15].

Multiple EB neuron populations control sleep structure

Because the FB has been shown to strongly regulate the amount of sleep [15, 33, 36] and 

because we had implicated 5HT7, which is expressed in EB, in fragmentation, we focused 

our attention on EB to identify the circuitry involved in the amount-independent regulation 

of sleep structure. Early anatomical studies of EB described 5 subtypes of neurons, grouped 

according to their projections to the characteristic “rings” of the EB: R1, R2, R3, R4 m and 

R4d [39, 40]. More recent functional and anatomical studies suggest that there is substantial 

diversity within these subgroups [41, 42]. To begin to determine the elements involved in 

regulation of sleep architecture, we screened 41 EB-expressing GAL4 lines from Janelia, 

VDRC and other published collections for sleep fragmentation using dTrpA1 [43] and 

identified two lines that, when expressing dTrpA1, generated activation-dependent sleep 

fragmentation without changing total sleep.

The first was 5HT7-GAL4 (Figure 5A; Video S1) which we have shown receives 

serotonergic inputs and responds directly to 5HT (Figure 4). This line projects to R2, R3 and 

R4d and expresses in about 100 cells. Activation of 5HT7-GAL4+ neurons with either heat 

or light had no significant effect on total sleep in the experimental genotype compared to 

controls, but increased the number of sleep episodes during the day by over 4-fold (Figure 

5B, S5). Similar to the effects of stimulating Trh-GAL4+ neurons, there was a rebound 

increase in total sleep after activation ceased (Figure 5B, S5). The second line identified in 

the screen was VT038828-GAL4 (Figure 5D; Video S2). This line, which we abbreviate as 

“VT-GAL4”, labels a smaller population of 16–18 EB neurons that project only to R2. 

Activation of VT-GAL4+ neurons had no effect on total sleep compared to controls but 

significantly increased the number of daytime sleep episodes (Figure 5E, S6). Unlike Trh-
GAL4+ and 5HT7-GAL4+ neurons, however, there was no sleep rebound following release 

from activation. These R2 neurons are distinct from the group that was recently shown to 

influence sleep homeostasis [44, data not shown].

The underlying parameter that drives fragmentation in both VT-GAL4+ and 5HT7-GAL4+ 
neurons is P(doze), or sleep drive (Figure 5, S5–6). As was seen with stimulation of Trh-
GAL4+ neurons, activation of either group of neurons elevates the probability of transition 

from the wake to sleep state with almost no change in P(wake). The sleep rebound seen after 

activation of 5HT7-GAL4+ neurons is associated with a decrease in arousal, or P(wake), 

mirroring the effects of Trh-GAL4+ neurons. These analyses suggest that these three sets of 
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neurons are affecting the same process to increase sleep fragmentation during their 

activation and that neither directly affects the arousal system.

An intra-EB circuit controls sleep structure

Given that 5HT7-GAL4+ neurons project to R2, R3 and R4d, we asked whether VT-GAL4+ 
R2 neurons were a subset of the 5HT7-GAL4+ neurons. To do this, we generated a LexA 

line (VT-LexA) using the promoter fragment present in VT038828-GAL4. This driver 

largely recapitulates the expression pattern of the VT-GAL4 line, staining all but two of the 

16–18 VT-GAL4+ neurons (Figure S7A). To our surprise, VT-LexA did not label any of the 

5HT7-GAL4+ neurons (Figure 6A, Video S3). Consistent with this, the 5HT responsiveness 

of the VT-GAL4+ cells was much lower than that of the 5HT7-GAL+ cells (Figure S7B). 

These data indicate that 5HT7-GAL4+ and VT-GAL4+ cells represent two distinct 

populations of neurons, both of which regulate sleep structure without affecting the amount 

of sleep.

To test the hypothesis that VT- and 5HT7-GAL4+ neurons are part of the same circuit, we 

employed active GRASP [45], a technique that uses reconstitution of holoGFP to determine 

if one cell population releases vesicles at synapses that contact a second cell type. Figure 6B 

shows that when the presynaptic fragment of GFP is expressed in VT-LexA+ neurons 

(Figure S7C), synapses with postsynaptic 5HT7-GAL4+ neurons can be visualized. GRASP 

is present both in the R2 ring and in the lateral triangle. Active GRASP experiments 

performed with 5HT7-GAL4 as the presynaptic cell and VT-LexA as the postsynaptic 

partner demonstrate that the connectivity between these two groups is reciprocal (Figure 6B, 

S7C).

To probe the functionality of these connections, we expressed P2X2, an ATP-gated cation 

channel, in VT-LexA+ cells and GCaMP in 5HT7-GAL4+ cells [46]. Application of ATP 

led to a large decrease in calcium levels in 5HT7-GAL4+ cells compared to controls (Figure 

6C), suggesting an inhibitory connection. GCaMP signals from VT-LexA+ neurons were too 

dim to reliably assess the ability of activation of 5HT7-GAL4+ neurons to alter their calcium 

levels.

The EB fragmentation circuit sends outputs to multiple areas

Testing the connectivity of VT-LexA+ and 5HT7-GAL4+ neurons with active GRASP and 

P2X2 indicated that they are part of the same circuit, but these experiments did not provide 

insight into how they transfer information to the rest of the brain. To determine the outputs 

of these cell groups, we utilized trans-Tango [47]. This technique allows the identification of 

all neurons that receive synaptic inputs from a GAL4 population. Figure 7 shows the 

downstream connections made by VT-GAL4+ and 5HT7-GAL4+ respectively (Videos S4 

and S5).

VT-GAL4+ neurons have a very limited connectivity (Figure 7 A-E). Within the EB, VT-
GAL4+ neurons make strong synapses with ca. 60 other EB neurons whose morphology 

suggests the 5HT7-GAL4+ group. This would indicate that the VT-GAL4+ group is 

connected to over 50% of the 5HT7-GAL4+ neurons. Two to three of the cells in each 

hemisphere express both markers (Figure S7D), indicating a small amount of recurrent 
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connectivity. Outside the EB, VT-GAL4+ cells connect to both FB and protocerebral bridge 

(PB) cells, but do not connect to neurons outside the central complex.

In contrast to VT-GAL4+, 5HT7-GAL4+ neurons make strong connections within their 

population (about 60% have both markers, Figure 7F-J). They also connect to ca. 25 other 

EB cells, presumably including most or all of the VT-GAL4+ cells. Like VT-GAL4, 5HT7-
GAL4 connects to subsets of FB and PB within the central complex. Outside the central 

complex, there are connections to mushroom body prime lobes.

DISCUSSION

A dedicated circuit for regulation of sleep structure

In this study, we describe a circuit which regulates of sleep structure without affecting the 

total amount of sleep. Figure 7K shows a cartoon of the EB sleep structure circuit and its 

postulated connectivity. 5HT acts to enhance the response of 5HT7-GAL4+ neurons to 

basally active excitatory inputs. 5HT-dependent calcium signals are blocked by TTX, while 

its ability to increase cAMP is not (Figure 4C, S4A-B), supporting the existence of these 

active excitatory inputs to 5HT7-GAL4+ cells. In contrast, VT-GAL4+ cells do not have 

basally-active excitatory inputs (Figure S4C). 5HT modulation of the circuit likely occurs 

primarily via inputs to 5HT7-GAL4+ neurons since the response of VT-GAL4+ neurons is 

weaker and lower affinity (Figure S7B). Whether there are other, perhaps situationally-

active, inputs to this circuit is currently unknown.

Within the EB the circuit is complex. VT-GAL4+ neurons are functionally connected with 

the 5HT7-GAL4+ group (Figure 6B). VT-GAL4+ neurons provide feedback inhibition to a 

subset of 5HT7-GAL4+ neurons (Figures 6C) which enhances fragmentation, likely via 

output to noncentral complex regions. How inhibition of a subset of the 5HT7-GAL4+ cells 

acts to modulate the behavioral output of the rest of the population is not yet clear, but we 

note that many of the 5HT7-GAL4+ cells are GABAergic (data not shown). While all the 

details of the circuit’s complex dynamics remain to be discovered, it is clear that this circuit 

has a profound and selective effect on sleep architecture.

5HT is important for integration of sleep with other functions in both vertebrates and 
invertebrates

The circuit we describe is modulated by 5HT, a neurochemical known to be important for 

regulation of behavioral states in many species. While 5HT in mammals is important in a 

wide variety of contexts [48], it was controversial for nearly half a century whether it 

promoted sleep or wakefulness [10]. In Drosophila, 5HT has only been thought to promote 

sleep [14–16, 35]. Our data show that upregulation of serotonergic signaling can also induce 

sleep fragmentation, suggesting that 5HT’s role in sleep in flies exhibits a complexity 

similar to that of its roles in mammals. The genesis of this apparently conserved complexity 

may be the extensive involvement of 5HT in non-sleep processes. For an animal in the wild, 

sleep has inherent risks: predation and loss of opportunities for mating or feeding are just a 

few. Sleep/wake systems in the brain must control arousal state in collaboration with 

systems that assess competing needs. 5HT, because it is central to so many critical 
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behavioral circuits, is ideally poised to be an integration point for sleep and the general state 

of the animal. The diverse, circuit-specific, roles in sleep that 5HT exhibits across phyla may 

be a result of its ubiquity.

The role we have uncovered for 5HT as a regulator of sleep architecture, aligns well with 

this idea. The daily neuronal activity profile reported by Tric-LUC [23] in sleep 

fragmentationgenerating neurons maps to dawn and dusk, when crepuscular organisms such 

as fruit flies are most active. Fragmentation of sleep at these times would presumably be 

beneficial since flies would not enter into deep sleep states at times when they should be 

feeding and mating. Interestingly, the circuit we describe accomplishes this feat by 

increasing P(doze), leaving the scaling of P(wake), a parameter associated with dopamine 

and arousal [2], free to be modulated by other factors (e.g. danger from predation, 

appearance of potential mates). The fact that long sleep bouts can be prevented without 

putting the animal into a hyperaroused state is advantageous, allowing flexible 

responsiveness to changing conditions. The involvement of P(Doze), a parameter associated 

with sleep drive, is also congruent with the sleep-promoting role of 5HT in other brain 

regions.

Sleep consolidation has a critical function

While controlled sleep fragmentation appears to assist in active period behavior, there is also 

a need for consolidated sleep. In both mammals and Drosophila, sleep has 

electrophysiologically distinct substrates with progressively higher arousal thresholds that 

appear in an ordered fashion during a sleep episode [2, 21, 49, 50]. The deeper sleep stages 

in mammals, REM and slow wave sleep, are strongly associated with maintenance of 

cognitive function [for review see 51]. Fragmentation of sleep, because it truncates sleep 

episodes before deeper stages are reached, can result in a selective deprivation of deep sleep 

stages even when total sleep is not changed. In this study, we demonstrate that decreasing 

sleep consolidation, without changing the amount of sleep, can disrupt associative learning. 

These results suggest that in Drosophila, like mammals, there are time-dependent changes in 

the depth of sleep that are important for its beneficial effects. This idea is also supported by 

modeling and analysis of the structure of fly sleep which indicate that there are time-

dependent changes in the probability of sleep-wake transitions consistent with the existence 

of deep sleep stages that are only accessed in long sleep episodes [2].

Fragmentation of sleep induced by activation of 5HT inputs to the EB also produced an 

increase in sleep after the activation was terminated. Excess sleep in the recovery day after a 

perturbation is a hallmark of a homeostatic process. Homeostatic regulation of total sleep 

time has been previously demonstrated in Drosophila [12, 13], but our data suggest that 

there is also homeostatic regulation of sleep quality. In mammals, individual sleep substates 

have been demonstrated to be homeostatically regulated-selective deprivation of REM or 

slow wave sleep, in the absence of loss of total sleep time, drive rebound increases of the 

deprived stage [52, 53] and mechanical sleep fragmentation has been shown to lead to an 

increase in total sleep [29]. The ability of the EB circuit we describe in Drosophila to 

selectively modulate sleep structure, without changing the total amount of sleep, has allowed 

us for the first time to selectively probe the cognitive importance of long sleep bouts and 
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deep sleep stages in the fly. The fact that fragmentation triggers rebound sleep implies that 

these long sleep bouts may also be important for the general health benefits of sleep.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Leslie C. Griffith (griffith@brandeis.edu). All unique and 

stable reagents generated in this study are available from the Lead Contact without 

restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Flies were raised in a 12 h:12h light/dark cycle on modified Brent and Oster 

cornmeal-dextrose- yeast agar food [55] Per batch: 60 l H2O, 600 g Agar, 1,950 g flaked 

yeast, 1,451 g cornmeal, 6,300 g dextrose, 480 g NaKT, 60 g CaCl2, 169 g Lexgard 

dissolved in ethanol. All flies for experiments were raised at 25°C in an incubator after 

eclosion except for animals carrying UAS-dTrpA1 which were raised at 18°C. Mated 

females were employed for all sleep experiments unless specified. The genetic background 

in the w;;5HT7 or yw;;5HT7 mutants with a genetic insertion in the 5HT7 gene was 

replaced with the Canton-S background.

The following lines were previously described: UAS-dTrpA1 [18], UAS-Kir2.1 [56], UAS-
PKA-mC* [57], UAS-BDK33(PKAr) [58], UAS-mCD8::GFP [59], UAS-mCD8::RFP, 
LexAop2- mCD8::GFP [60], UAS-Chrimson-tdTomato [61]. The following lines were 

obtained from the Bloomington Drosophila Stock Center at Indiana University 

(Bloomington, IN, USA): Trh-GAL4 (II) (stock #38388), Trh-GAL4 (III) (stock #38389), 

Mi{ET1}5HT7MB01344 (stock#23066), Mi{MIC}5HT7MI08096(stock#44745), UAS-
GCaMP6f (stock#42747), UAS-sSyb:spGFP1 – 10,LexAop-CD4:spGFP11 (stock#64314), 

LexcAop-nSyb:spGFP1–10, UAS-CD4:spGFP11 (stock#64315), LexAop-P2X2 
(stock#76030). The lines below were obtained from Vienna Drosophila Resource Center 

(VDRC, Vienna, Austria): VT038828-GAL4 (stock #201975). And UAS-Epac1-
camps(55A) [62] was kindly provided by Dr. Orie Shafer. 5HT7Dro-GAL4 [37] flies were a 

gift from Dr. Charles Nichols.

The VT038828-LexA transgenic line was based on VT038828-GAL4. The 2285 bp 

promoter fragment was amplified from genomic DNA of wild-type flies using the same 

primers as used for VT038828-GAL4 (forward primer 5 ‘-

AGTTTTTCCCATTTCCCATCAACAAAA-3 ‘ and reverse primer 5’-

CCGGAGGACCCCAGGACTATGTCTAC-3’). This fragment was then cloned into plasmid 

pBPnlsLexA::p65Uw (Addgene Cat. #26230) using FseI and AatII restriction sites. The 

sequence was confirmed by sequencing using primers as follow: forward 5’- 

CAGGGTTATTGTCTCATGAGCGGATAC-3’ and reverse 5’-

ACGTCTGCTCGGCTCGAACATTCATTC-3’. The plasmid was inserted into a VK00027 

site using PhiC31 mediated recombination (Rainbow Inc.).
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METHOD DETAILS

Behavioral analysis

Sleep assay: Newly enclosed flies were raised in standard vials, and mating was allowed to 

happen freely in vials. Flies were 2–5 day old at the start of each experiment. Individuals 

were placed into 65 mm x 5 mm glass. All sleep tubes contained 2% agarose with 5% 

sucrose food. Flies were entrained at 25°C in 12 h: 12 h light/dark (LD) conditions for 2–3 

days. Activity was then recorded for 2 days in LD then switched to constant darkness (DD) 

for another 2 days (data not shown). For experiments with dTrpAl-activation, after the 

entrainment at 21°C for 2–3 days, we collected the following 1 day data as baseline, and 

elevated the temperature to 27°C (or 30°C for EB lines) for 1 day to activate the neurons 

expressing the dTrpA1, then shifted the temperature back to 21°C for another day to test if 

the effects are reversible. For experiments with Chrimson-activation, after entrainment at 

25°C for 2–3 days, we collected one day as “Baseline”, then applied a red LED stimulus 

with 5 seconds on and 5 seconds off for 24 h to activate the neurons expressing the 

mtdTomato-tagged Chrimson, labelled as “Red Light On”. After we turned off the red LED 

stimulus, data for the next day is labelled as “Recovery Day”.

For drug administration in dTrpA1-activation experiments with gaboxadol (THIP) (Sigma 

Cat. No. T101), a direct-acting GABAA agonist which has been shown to be effective for the 

treatment of insomnia, 1mg/ml or 0.1 mg/ml was applied on the day when serotonergic 

neurons were activated from ZT0. For drug administration experiments with SB258719 

(Tocris bioscience Cat. No. 2726, Bristol, UK), a highly selective antagonist at mammalian 

5HT7 receptors, 1 mM drug in the sleep food was applied. CS wildtype flies were employed. 

Four days of sleep data in LD conditions after the loading day were obtained and presented 

to assess the drug effect.

Learning assay: The conditioning protocol was as described previously (Aso et al., 2010). 

A group of ~50 flies in a training tube alternately received 10% octan-3-ol (OCT; Merck) 

and 10% 4-methylcyclohexanol (MCH; Sigma-Aldrich) for 1 min in a constant air stream 

for immediate memory. For electric-shock induced memory, flies were loaded into shock 

tubes where one odor was presented with shock (1.25 sec of 90 V shock every 5 sec, 12 

shocks in a minute) and the other odor was presented without shock. After a given retention 

time (2 min), the trained flies were allowed to choose between OCT and MCH for 2 min in a 

T-maze. A performance index was calculated by subtracting the number of flies choosing the 

unpaired odor from the number of flies choosing the conditioned odor divided by the total 

number of flies who chose an odor. A learning index was then calculated by taking the mean 

performance indices of the two reciprocally trained groups. Half of the trained groups 

received reinforcement together with the first presented odor and the other half with the 

second odor to cancel the effect of the order of reinforcement. To examine the fragmented 

effect on learning ability, flies were moved to 30°C incubator from 18°C incubator for 24 h 

prior to the conditioning or flies were trained and tested at 22°C with or without drug. 

Training and testing sessions were performed in a 65% relative humidity behavioral room at 

22°C.
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Calculation of relative sleep changes—The behavioral patterns of individual flies 

were monitored using the DAM (Drosophila Activity Monitor) system (Trikinetics, 

Waltham). Sleep parameters were analyzed using an in-house MATLAB program described 

preciously [63] from averages of 2 days of LD data in most experiments. Sleep manipulation 

(activation of neurons with dTrpA1) was carried out for 1 day. Total sleep, number of sleep 

episodes, max episode length, and activity while awake were analyzed for 12 h light and 

dark periods (LP and DP). In addition to analyzing the raw daily data, to control for the 

effect on sleep from elevated temperature, the sleep changes (ΔSleep) during and/or after 

manipulation were calculated for analysis where sleep was normalized to its baseline day 

sleep (ΔSleep = sleep on manipulation/recovery day – sleep on baseline day). Sleep episode 

data was pooled within experimental groups to calculate the empirical cumulative 

distribution function of episode duration. Based on a pilot analysis of baseline sleep 

cumulative distribution functions, sleep episodes were separated into “short” and “long” 

using a 200 minute threshold. The percentage of flies that at least one long episode, and the 

total duration of all long episodes performed by each fly was calculated. The binomial 

standard error is reported for the percentage of flies with a long sleep episode, defined as 

(square root((px(1 − p))/n, where p is the proportion of flies with a long episode and n is the 

number of flies.

Immunohistochemistry—Immunolabelling was done with a standard protocol. Briefly, 

brains were dissected in ice-cold PBS and fixed in 4% paraformaldehyde (vol/vol) on ice for 

1 hr. Brains were incubated in PBS containing 0.5% Triton X-100, 10% NGS, primary 

antibodies over two nights and secondary antibodies for one night each with 3 × 5 min 

washes between each incubation. Frontal optical sections of whole-mount brains using 

Vectashield (Vector Laboratories, Inc. Cat. No. H-1000) were visualized by a Leica TCS 

SP5 confocal microscope with a 40x oil objective lens. Primary antibodies were used as 

follows: mouse anti-GFP (1:200, Roche Applied Science Cat. No. 11814460001), rabbit 

anti-GFP (1:1000, Invitrogen Cat. No. A-11122), rabbit anti-serotonin (1:1000, Sigma Cat. 

No. S5545), rabbit anti Ds-Red (1:200, Clontech Cat. No. 632496), chicken anti-GFP 

(1:1000, Abcam Cat. No. 13970), rabbit anti-hCD4 (1:500, Novus Cat. No. NBP1–86143). 

Alexa Fluor secondary antibodies (1:200, Invitrogen, 488 goat anti-mouse Cat. No. A11001, 

488 goat anti-rabbit Cat. No. A-11008, 633 goat anti-mouse Cat. No. A-21052, and 635 goat 

anti-rabbit Cat. No. A-31576) and Alexa Fluor 488 (1:200, goat anti-chicken Invitrogen Cat. 

No. A-11039)) were used to visualize staining patterns. Confocal stacks were analyzed with 

the freely available FIJI (Image-J) software and plugins [64].

Real-time quantitative PCR—~30 brains of each genotype were used for RNA 

extraction. cDNA was synthesized using SuperScript III First-Strand Synthesis System 

(Invitrogen Cat. No. 18080) and used as a template for q-PCR using primers for 5HT7 and 

RPL32 (reference gene). Primers for 5HT7 were designed with the following sequences: 

forward primer 5’-GCATGGTGCGGAAATTGAGG-3’; reverse primer 5’-

ACGGATATGGCACACAGA-3’; and for RPL32: forward primer 5’-

GGACAGTATCTGATGCCCAAC-3’; reverse primer 5 ‘-ATCTCGCCGCAGTAAAGGC-3 

‘. The mRNA levels of 5HT7 were measured using QuantiFast SYBR Green PCR kit 
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(Qiagen Cat. No. 204054) on a Mastercycler realplex2 instrument (Eppendorf). The relative 

mRNA levels were calculated using the comparative delta CT method.

Ex vivo functional fluorescence imaging—Adult hemolymph-like saline (AHL) 

consists of (in mM) 108 NaCl, 5 KCl, 2 CaCl2, 8.2 MgCl2, 4 NaHCO3, 1 NaH2PO4-H2O, 5 

trehalose, 10 sucrose, 5 HEPES; pH 7.5 [65]. Serotonin hydrochloride (5HT) was purchased 

from Tocris Bioscience (Cat. No. 3547, Minneapolis, MN). 5HT was dissolved directly in 

AHL immediately prior to the experiment, and kept in light- shielded containers to prevent 

degradation. Tetrodotoxin (TTX) was purchased from TOCRIS Bioscience (Cat. No. 1078) 

was diluted to 1 uM. L-Glutamic acid was purchased from Sigma (Cat. No. G8415) and 

diluted to 5 mM for the experiment. Adenosine 5’-triphosphate magnesium salt (ATP) was 

purchased from Sigma (Cat. No. A9187), diluted to 2.5 mM and re-pH to 7.5 for all 

experiments.

Female flies of genotypes w1118;5HT7-GAL4/Sp;UAS-EPAC-Camps1/+, w1118;5HT7-
GAL4/LexAop-P2X2; VT038828-LexAUAS-GCaMP6f, w118;5HT7-GAL4/LexAop-P2X2; 
UAS-GCaMP6f/+ and male flies of w1118;LexAop-P2X2/+;VT038828-GAL4/UAS-
GCaMP6f aged 310 days post-eclosion were employed. Flies were anesthetized on ice, and 

brains were dissected into AHL at room temperature. Dissected brains were then pinned to a 

custom-made chamber with AHL. Brains expressing the FRET sensor EPACcamps1 were 

exposed to fluorescent light for 5 min to minimize differences in photobleaching rates 

between the CFP and YFP fluorophores, as YFP has been described to photobleach more 

slowly than CFP [62, 66]. Perfusion flow was established over the brain with a gravity-fed 

ValveLink perfusion system (Automate Scientific, Berkeley, CA). Solution containing 5HT, 

ATP or Glutamate was delivered by switching perfusion flow from the vehicle channel to 

drug channel. To control for the effects of switching channels, a vehicle control trial was 

performed by switching to a third channel with the same vehicle solution for the same 

duration as the experimental trial.

Imaging was performed using an Olympus BX51WI fluorescence microscope (Olympus, 

Center Valley, PA) under an Olympus x60 (0.90W, LUMPlanFI) water-immersion objective, 

and all recordings were captured using a charge-coupled device camera (Hamamatsu 

ORCAC472–80- 12AG). All images were captured using μManager acquisition software 

[67]. Regions of interests (ROIs) were selected in the EB.

For EPAC, ROIs were analyzed using custom software developed in MATLAB (The 

MathWorks, Natick, MA). This analysis script was modified as previously described [35]. 

Briefly, identical ROIs were selected from both the CFP and YFP emissions channels, and 

the fluorescence resonance energy transfer (FRET) signal (YFP/CFP ratio) was calculated 

for each time point and normalized to the ratio of the first 20 frames of baseline recording. 

The relative cAMP changes were determined by plotting the normalized CFP/YFP ratio 

(percentage) over time. The peak percent change values were determined as the mean 

maximum values for each group during drug perfusion period.

For GCaMP6f, ROIs were analyzed using ImageJ [64, and National Institutes of Health, 

Bethesda, MD]. Briefly, the percent change in fluorescence over time was calculated using 
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ΔF/F = (Fn – F0)/F0 × 100%, where Fn is the fluorescence at time point n, and F0 is the 

fluorescence at time 0. Peak fluorescence change values were determined as the maximum 

(or minimum) percentage change observed for each trace before/during drug perfusion 

period.

CaLexA bioluminescence recording—The recording was done as described in Guo et 

al., 2017. Basically, food containing 1% agar and 5% sucrose was heated to melt and 

supplemented with 20 mM of D-luciferin potassium salt (GOLDBIO), 250 μl of which was 

then distributed into every other well in a 96-well plate. Plates were allowed to cool down 

completely before use. Individual flies were loaded into each well and the plate was then 

sealed with a transparent adhesive (TopSeal-A PLUS, Perkin Elmer). Every well was 

punctured with two to three small holes to allow air circulation, and recording was with a 

TopCount NXT luminescence counter (Perkin Elmer) in an incubator under LD cycles at 

25°C. Data were then analysed with MATLAB.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—Statistical analyses for behavioral data were performed using 

GraphPad Prism 7. Datasets that did not have a normal distribution, nonparametric statistics 

(Kruskal-Wallis, followed by Dunn’s multiple comparisons test) was applied. Otherwise, a 

one-way ANOVA, followed by Holm-Sidak’s test was applied when datasets passed 

normality test. For experiments that had multiple variables, a two-way ANOVA was 

performed. Bonferroni multiple comparisons after two-way ANOVA were used for each 

analysis period (LP and DP), and were performed to determine which pairs were 

significantly different and if major effects are significantly different. Figs are all presented as 

mean ± SEM in a uniform style for clarity. Asterisk (*) always indicates a significant 

difference between the experimental group and both the control groups. The significance 

level of statistical tests was set to 0.05. All statistical analyses are available at Mendeley 

Data: see the link below.

Statistical analyses for functional imaging were performed using GraphPad Prism 7. In 

EPAC measurements, a two-way ANOVA was used to determine statistical significance 

among different dosages of 5HT or between the experimental groups and the control groups. 

In P2X2-GCamP6f experiments, a two-way ANOVA was used to determine statistical 

significance for treatments (before and after ATP perfusion) and subjects (experimental and 

control groups). Tukey’s multiple comparisons test was followed where a significance takes 

place in the ANOVA. Results are expressed as mean ± SEM. Datasets are marked with 

letters (a, b or c) for statistical equivalence groups; i.e., data that are significantly different 

are indicated by different letters. Significance level was set at 0.05. In GCaMP6f 

experiments with application of 5HT, a paired t-test was performed to determine the drug 

perfusion effects due to the fact that these datasets passed normality tests.

DATA AND CODE AVAILABILITY

The MATLAB scripts for analysis of P(Wake)/P(Doze) have been deposited in GitHub and 

can be accessed at: https://github.com/Griffith-Lab/Fly_Sleep_Probability
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Statistical analyses reported in this paper are archived at Mendeley Data: DOI: 

10.17632/3tf592t65v.1

Supplementary Material

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

• Serotonin plays a role in regulation of sleep architecture independent of total 

sleep

• Serotonergic signaling to the ellipsoid body via 5HT7 receptors fragments 

sleep

• Learning deficits resulting from fragmentation can be rescued by 

consolidating sleep

• Two reciprocally connected sets of EB neurons control sleep architecture
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Figure 1. Activation of Trh-GAL4+ neurons fragments sleep but has no consistent effect on total 
amount.
Movement data captured in 1 min bins were used to extract sleep using the standard 

definition of a sleep bout as 5 min of inactivity [13]. Sleep profiles of baseline, activation 

and recovery days. The experimental genotypes, Trh>dTrpA1 (A) and Trh>Chrimson (B), 

are shown in orange, UAS/+ and GAL4/+ controls are in gray. Activation of Trh-GAL4 cells 

increases the number of sleep episodes (C and E). The change from baseline day (in 

minutes) is shown (D and F) for the day of activation and the recovery day. Heat activation 

has no significant effect on the amount of sleep compared to controls (G), while light 
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activation causes an increase in sleep during the night (I). The change in total sleep time 

(minutes) compared to the baseline day for activation and recovery days shows that both 

heat (H) and light (J) have significant effects on total sleep in all genotypes compared to the 

baseline day. Throughout all figures unless specified: LP: light period; DP: dark period. ZT: 

Zeitgeber Time. Asterisks in the figure indicate significant differences between the 

experimental genotype and both GAL4 and UAS controls. *p<0.05; **p<0.01; *** p<0.001; 

**** p<0.0001; N.S.: not significant. Red bar and black bar indicate data collected at 27°C 

and 21°C, respectively. Red shade indicates data collected when red light was on. Complete 

statistical methods and all individual comparisons are shown in STables 2–7. See also Figure 

S1.
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Figure 2. Activation of Trh-GAL4+ neurons alters sleep structure by changing the probability of 
state transitions.
(A) The cumulative distribution of daytime sleep episode durations for baseline (left), 

activation (middle) and recovery (right) days is shown. (B) Probability of transition from a 

sleep to an awake state, P(wake), is significantly decreased compared to controls during 

rebound sleep. (C) Probability of transition from an awake to a sleep state, P(doze), 

significantly increased upon activation of Trh-GAL4+ neurons. Data are presented as the 

absolute change from baseline day. (D) The percent of total sleep occurring in episodes >200 

min was significantly reduced when Trh-GAL4+ neurons were activated. (E) The number of 

individuals with long episodes was decreased. Data in D and E are presented as mean + 

binomial standard error. (F-G) Trh-GAL4+ neurons exhibit a rhythmic daily activity pattern 

as visualized with a Tric-LUC reporter in two days. Data are presented as mean + SEM. See 

also Table S1–2, Figures S1–2.

Liu et al. Page 22

Curr Biol. Author manuscript; available in PMC 2020 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Sleep fragmentation disrupts learning.
(A) Activation of Trh-GAL4+ neurons for 24 h (red bar) before training and testing disrupts 

aversive olfactory learning. Schematic of experiment is shown at left, data for 2 min memory 

at right. (B) Effects of 0.1 mg/ml THIP on the change in total sleep and episode number 

relative to baseline day. Statistically similar LP (lower case) and DP (upper case) groups are 

marked by the same letter; different letters indicate significant differences (p<0.05) between 

groups. (C) Application of THIP while Trh-GAL4+ neurons were activated (red striped bar) 

rescues learning. Schematic of experiment is shown at left. (D) Effects of co-activation of 

dorsal fan-shaped body and Trh-GAL4+ neurons on sleep. (E) Co-activation of dorsal fan-

shaped body with Trh-GAL4+ neurons (red bar) rescues learning. For panels A, C and E, the 

number of independent reciprocal experiments is indicated on the bars. See also Figure S3.
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Figure 4. Serotonergic signaling to the EB regulates sleep structure via 5HT7Rs.
(A) Expression pattern of TrH(III)>GFP (green) costained with anti-5HT (magenta). Upper 

panels show sections at the level of the central complex (CX); lower panels the level of the 

mushroom body (MB, outlined). FB, fan-shaped body; EB, ellipsoid body. (B) Expression 

pattern of 5HT7>GFP (green) with anti-5HT (magenta). Upper panels, EB cell bodies (CB), 

lower panels, EB processes and lateral triangle region (LTR, white arrowheads) where 

serotonergic inputs enter. Scale bar = 20 μm for all images. (C) 5HT7-GAL4+ neurons in the 

EB respond to 5HT. Left: cAMP levels after application of 5HT (black bar) in the presence 
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of 1 μM TTX. n = 8–9 for all groups. Right: quantified data compared to vehicle. (D) 

5HT7R mutants exhibit more consolidated sleep in both the day (LP) and the night (DP) as 

well as increased nighttime sleep and mild hyperactivity. (E) Feeding of the 5HT7 antagonist 

(SB258719) to wild type flies consolidates sleep. Activity while awake is not affected. Data 

are shown for Day 4 of drug application. See also Figure S7.

Liu et al. Page 25

Curr Biol. Author manuscript; available in PMC 2020 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Two populations of EB neurons control sleep structure without affecting the amount of 
sleep.
(A) Expression of 5HT7-GAL4. (B) Activation of 5HT7-GAL4+ neurons increases the 

number of daytime sleep episodes without changing total sleep compared to control, 

inducing rebound sleep after activation ends. Data are presented as the change (in min) from 

baseline day. (C) The probability of state transition from sleep to wake, P(wake), 

significantly decreased during rebound sleep, while probability of transition from wake to 

sleep, P(doze), increased during activation. Data are expressed as change from baseline day. 

(D) Expression of VT038828-GAL4 (VT-GAL4). (E) Activation of VT-GAL4+ neurons 

significantly increased the number of daytime episodes, with no effect on total sleep 

Liu et al. Page 26

Curr Biol. Author manuscript; available in PMC 2020 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to controls. (F) P(doze) is increased compared to controls upon activation but 

there were no changes in P(wake). See also Figures S5–6, Videos S1-2.
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Figure 6. An intra-EB circuit controls sleep structure.
(A) 5HT7>RFP and VT>GFP cells do not overlap. (B) Reciprocal activity-dependent 

synaptic GRASP signals were detected between VT-LexA+ and 5HT7-GAL4+ neurons 

using a mAb which detects only holoGFP [54]. (C) Activation of VT-LexA+ neurons 

expressing P2X2 by application of ATP significantly decreased calcium levels in GCaMP6-

expressing 5HT7-GAL4+ neurons. Black bar indicates ATP application. Statistically similar 

groups are marked by the same letter, with different letters indicating significant differences 

(p<0.05) between groups. See also Figure S7A-C, Videos S3.
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Figure 7. The EB fragmentation circuit has high interconnectivity but limited output.
5 confocal sections at different levels of the same brain from anterior to posterior are shown 

for trans-Tango targeted brain regions with VT-GAL4 (A-E) and 5HT7-GAL4 (F-J). 

Expression of the GAL4 marked with GFP is shown in green, trans-Tango expressing 

mtdTomato in magenta and white indicates GAL4+ neurons making synapses on 

themselves. VT-GAL4+ neurons target locally in the central complex: ca. 2–3 GAL4+ 

neurons and a population of ca. 60 other EB neurons in the region of 5HT7-GAL4. Fan-

shaped body (FB) and protocerebral bridge (PB) also receive synapses. 5HT7-GAL4+ 
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neurons target themselves within the EB, and output to mushroom body (MB) α’β’ lobes, 

FB and PB. (K) Proposed model for the circuit controlling sleep structure. See also Figure 

S7D, Videos S4-5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP Roche Applied Science Cat#11814460001
RRID:AB_390913

Rabbit polyclonal anti-GFP Invitrogen Cat# A-11122
RRID: AB_221569

Rabbit anti-serotonin Sigma Cat# S5545
RRID: AB_477522

Rabbit polyclonal anti-Ds-Red Clontech Cat# 632496
RRID: AB_10013483

Chicken anti-GFP Abcam Cat# 13970
RRID: AB_300798

Rabbit anti-hCD4 Novus Cat# NBP1–86143
RRID: 11037580

Alexa Fluor 488 (goat anti-mouse) Invitrogen Cat# A-11001
RRID: AB_2534069

Alexa Fluor 488 (goat anti-rabbit) Invitrogen Cat# A-11008
RRID: AB_143165

Alexa Fluor 488 (goat anti-chicken) Invitrogen Cat# A-11039
RRID: AB_142924

Alexa Fluor 633 (goat anti-mouse) Invitrogen Cat# A-21052
RRID:AB_2535719

Alexa Fluor 635 (goat anti-rabbit) Invitrogen Cat# A-31576
RRID: AB_2536186

Vectashield Vector Laboratories, Inc. Cat# H-1000
RRID: AB_2336789

Bacterial and Virus Strains

pBPnlsLexA::p65Uw [55] Addgene
Cat#26230

NEB Stable Competent E. coli (High Effiency) NEB Cat# C3040H

Chemicals, Peptides, and Recombinant Proteins

Tetrodotoxin (TTX) Tocris Bioscience Cat# 1078

Adenosine 5’-triphosphate magnesium salt (ATP) Sigma Cat# A9187

Serotonin hydrochloride (5-HT) Sigma Cat# H9523

Gaboxadol Hydrochloride (THIP) Sigma Cat# T101

SB258719 hydrochloride Tocris Bioscience Cat# 2726

D-Luciferin Firefly, potassium salt BIOSYNTH AG Cat# L-8220

Critical Commercial Assays

SuperScript III First-Stand Synthesis System Invitrogen Cat# 18080

QuantiFast SYBR Green PCR kit Qiagen Cat# 204054

Experimental Models: Organisms/Strains

Drosophila: UAS-dTrpA1 [18] RRID: BDSC_26263

Drosophila: UAS-Kir2.1 [56] FlyBase: FBtp0039831

Drosophila: UAS-Chrimson-tdTomato [57]
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REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila: UAS-mCD8::GFP [58] RRID: BDSC_5136

Drosophila: UAS-mCD8::RFP,LexAop2-mCD8::GFP [55] RRID: BDSC_32229

Drosophila: Trh-GAL4 (II) Bloomington Drosophila Stock 
Center

RRID: BDSC_38388

Drosophila: Trh-GAL4 (III) Bloomington Drosophila Stock 
Center

RRID: BDSC_38389

Drosophila: PBac{WH}5-HT7f05214 Bloomington Drosophila Stock 
Center

RRID: BDSC_18848

Drosophila: Mi{MIC}5-HT7MI00215 Bloomington Drosophila Stock 
Center

RRID: BDSC_30667

Drosophila: Mi{ET1}5-HT7MB01344 Bloomington Drosophila Stock 
Center

RRID: BDSC_23066

Drosophila: Mi{ET1}5-HT7MB04445 CG31008MB04445 Bloomington Drosophila Stock 
Center

RRID: BDSC_24705

Drosophila: Mi{MIC}5-HT7MI08096 Bloomington Drosophila Stock 
Center

RRID: BDSC_44745

Drosophila: UAS-GCaMP6f Bloomington Drosophila Stock 
Center

RRID: BDSC_42747

Drosophila: UAS-nSyb:spGFP1–10, LexAop-CD4:spGFP11 [45] RRID: BDSC_64314

Drosophila: LexAop-nSyb:spGFP1–10, UAS-CD4:spGFP11 Bloomington Drosophila Stock 
Center

RRID: BDSC_64315

Drosophila: LexAop-P2X2 [46] RRID: BDSC_76030

Drosophila: VT038828-GAL4 Vienna Drosophila Resource Center 
(VDRC)

RRID: BDSC_v201975

Drosophila: UAS-Epac1-camps(55A) [59] Dr. Orie Shafer

Drosophila: 5-HT7Dro-GAL4 [37] Dr. Charles Nichols

Drosophila: UAS-myrGFP,QUAS-mtdTomato-3xHA;trans-Tango [47] RRID: BDSC_77124

Drosophila: Tric-LUC [23] Dr. Michael Rosbash

Drosophila: R23E10-GAL4 [60] RRID:BDSC_49032

Oligonucleotides

RT forward primer for 5-HT7: GCATGGTGCGGAAATTGAGG This paper N/A

RT reverse primer for 5-HT7: CCACGGATATGGCACACAGA This paper N/A

RT forward primer for RPL32: GGACAGTATCTGATGCCCAAC This paper N/A

RT reverse primer for RPL32: ATCTCGCCGCAGTAAAGGC This paper N/A

Amplification for VT038828 promoter forward primer: 
AGTTTTTCCCATTTCCCATCAACAAAA

http://stockcenter.vdrc.at/control/
product/~VIEW_INDEX=0/
~VIEW_SIZE=100/
~product_id=201975

N/A

Amplification for VT038828 promoter reverse primer: 
CCGGAGGACCCCAGGACTATGTCTAC

http://stockcenter.vdrc.at/control/
product/~VIEW_INDEX=0/
~VIEW_SIZE=100/
~product_id=201975

N/A

Sequencing forward primer for VT038828-LexA: 
CAGGGTTATTGTCTCATGAGCGGATAC

This paper N/A

Sequencing reverse primer for VT038828-LexA: 
ACGTCTGCTCGGCTCGAACATTCATTC

This paper N/A

Software and Algorithms

Fiji http://fiji.sc RRID: SCR_002285
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REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism 7 GraphPad Software RRID: SCR_002798

MATLAB R2012b MathWorks RRID: SCR_001622

Leica TCS SP5 confocal microscope Leica RRID: SCR_002140
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