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Study Objectives: Identifying the neurochemistry and neural circuitry of sleep regulation is critical for understanding sleep and various sleep
disorders. Fruit flies display sleep-like behavior, sharing essential features with sleep of vertebrate. In the fruit fly's central brain, the mushroom
body (MB) has been highlighted as a sleep center; however, its neurochemical nature remains unclear, and whether it promotes sleep or wake is
still a topic of controversy.

Design: We used a video recording system to accurately monitor the locomotor activity and sleep status. Gene expression was temporally and
regionally manipulated by heat induction and the Gal4/UAS system.

Measurements and Results: We found that expressing pertussis toxin (PTX) in the MB by ¢309-Gal4 to block Go activity led to unique sleep
defects as dramatic sleep increase in daytime and fragmented sleep in nighttime. We narrowed down the c309-Gal4 expressing brain regions to
the MB a/B core neurons that are responsible for the Go-mediated sleep effects. Using genetic tools of neurotransmitter-specific Gal80 and RNA
interference approach to suppress acetylcholine signal, we demonstrated that these MB o/ core neurons were cholinergic and sleep-promoting
neurons, supporting that Go mediates an inhibitory signal. Interestingly, we found that adjacent MB a/B neurons were also cholinergic but wake-
promoting neurons, in which Go signal was also required.

Conclusion: Our findings in fruit flies characterized a group of sleep-promoting neurons surrounded by a group of wake-promoting neurons. The

two groups of neurons are both cholinergic and use Go inhibitory signal to regulate sleep.
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INTRODUCTION

People suffer from various sleep disorders such as insomnia
and hypersomnia,’ leading to a clear need to identify the
neurophysiology and neurochemistry of sleep and wakeful-
ness. Drosophila has emerged as a new animal model for sleep
research, because its rest behavior shares cardinal features with
mammalian sleep characteristics such as prolonged revers-
ible immobility, increased arousal thresholds,>* altered brain
electrical activity,** and homeostatic influence.® The neuro-
chemistry basis in fruit fly sleep has been suggested to be
functionally conserved."” As in mammals, dopamine (DA)
and octopamine (OA, the insect equivalent of norepinephrine)
exert wake-promoting function, whereas serotonin (5-HT) and
y—aminobutyric acid (GABA) mainly promote sleep in fruit
flies (flies for short).'*!* The convenient genetic tools in fruit
flies have enabled in-depth studies of the neural circuits related
with dopamine, octopamine, and 5-HT systems in sleep regula-
tion, providing further insights into the understanding of sleep
neurophysiology.!*'® Nevertheless, the function of the cholin-
ergic system in sleep has not been investigated in fruit flies.

The mushroom body (MB), a paired symmetrical neuropil in
the brain, has been highlighted as a sleep control center in fruit
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flies,'”!® and mediates many of the effects of DA and 5-HT on
sleep.!"1*2° Two G protein pathways have been reported to func-
tion in the MB in sleep regulation: stimulating the excitatory
Gs pathway promotes wakefulness,'”'® while activating Go,
belonging to the inhibitory Gi/o subfamily, promotes sleep,?!
suggesting that the MB plays a sleep-inhibiting role. However,
it has also been reported that blocking the MB output inhibits
sleep.'® The role of the MB in sleep control is thus complex
and remains controversial. In addition, although the MB has
been found to be modulated by various types of neurons, the
neurochemistry nature of the MB neurons themselves has been
poorly understood.?

Here, we show that inhibiting Go activity in a restricted
subtype of MB neurons, the MB o/p core neurons, leads to
increased sleep. We further demonstrate that these MB neurons
are cholinergic and their acetylcholine (Ach) output is required
for sleep regulation. Finally, we find that the adjacent MB
neurons play opposite roles in sleep regulation and also require
Go signaling and ACh output for their function.

METHODS

Drosophila Strains

Fruit fly strains were kindly gifted as follows: UAS-Go®™
by Dr. Andrew Tomlinson (Columbia University); UAS-PTX
by Dr. Gregg Roman (University of Houston); UAS-mc* by
Dr. Yuh-Nung Jan (University of California at San Francisco);
MB-Gal80 by Dr. Scott Waddell (University of Massachusetts
Medical School); Cha*3**-Gal80 by Dr. Yi Rao (Peking Univer-
sity); GAD1-Gal80 by Dr. Takaomi Sakai (Tokyo Metropolitan
University); c¢309-Gal4 by Dr. Amita Sehgal (University of
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Pennsylvania); D52H-Gal4 by Dr. Yi Zhong (Tsinghua Univer-
sity). UAS-vAChTRN! (#40918) was obtained from the Vienna
Drosophila RNAi Center; UAS-ChAT®NA! (12345R-4), sca'®
%_Gal4 and NP lines from the Drosophila Genetic Resource
Center. UAS-mCDS8::GFP (#5137), R15E01-Gal4, and tub-
Gal80" (#7018 and #7019) from the Bloomington Stock Center.
Flies were raised on standard cornmeal, sugar, yeast, and agar
medium, under 12 h/12 h light/dark (LD) conditions. Flies were
maintained at 24°C, except those used for heat-induction exper-
iments that were maintained at 18°C.

Sleep and Circadian Rhythm Assays

Sleep analysis was performed as described previously.”!
Virgin female 4- to 6- day-old flies were placed individually in
65 mm x 5 mm monitor tubes with food containing 5% sucrose
in 2% agar and entrained for 24-36 h before sleep recording.
Lights on was at ZT 0 (circadian time 08:00) and lights off at ZT
12 (circadian time 20:00). Locomotor activity was monitored
in the LD cycle using a video system.”?* Infrared LED lights
were used to give constant illumination for video recording.
Web cameras with a 640 x 480 resolution were pretreated to
allow reception of only infrared light. Images were acquired
every 5 sec and further processed by Pysolo® to determine the
location of the flies. Sleep was defined as no detectable move-
ment for 5 min or longer.* Sleep parameters were calculated
using Matlab (MathWorks, Natick, MA). Waking activity was
calculated as the total walking distance divided by the total time
awake.

For experiments without heat induction, sleep was assayed
for three LD cycles at 24°C. In heat induction experiments,
sleep was monitored in two LD cycles at 18°C as a preheat
control to measure the baseline sleep, and flies were then
exposed to a 12-h 31°C heat shock from ZT 12 to ZT 0. After
a 12-h recovery period, sleep data from the next two LD cycles
were collected at 18°C as the postheat sleep level.

For free-running circadian rhythm and sleep assay, flies were
treated and recorded in the same condition as mentioned previ-
ously, except that the experiments were performed in constant
darkness. Locomotor activity was measured after the recovery
for 5 days and calculated in Clocklab (Actimetrics, Wilmette,
IL) to obtain the parameters of the circadian rhythm. The power
of the rhythm was calculated by chi-square method at a confi-
dence level of 0.01.

Data Analysis

All statistical analyses were conducted using SPSS (SPSS
Inc., Chicago IL). The Wilks-Shapiro test was used to deter-
mine the normality of the data. Preheat and postheat records of
individual flies were compared with two-tailed paired Student
t-tests. The least significant difference t test (LSD) was used
as a post hoc test after one-way analysis of variance. Data
were presented as mean behavioral responses and error bars
represented the standard error of the mean (SEM). Differences
between groups were considered significant if the probability of
error was less than 0.05 (P < 0.05).

Immunohistochemistry
The expression pattern of Gal4 lines was visualized by the
membrane targeted green fluorescent protein (mCDS8::GFP,
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mGFP) expression. In all morphological experiments except
those in Supplemental Figure S4, mGFP expression was induced
at 31°C for 3 days in flies 7-9 days posteclosion. In Figure S4,
mGFP expression was continually induced or suppressed after
egg-laying (Figure S4A, S4C), or induced for 3 days before
eclosion (Figure S4B). The brains of female adult fruit flies were
dissected in cold phosphate buffered saline (PBS) and fixed in
4% paraformaldehyde in PBS at room temperature (RT) for
40 min. After three 20-min washes in phosphate buffered saline
Triton X-100 (PBST, 0.3% Triton X-100 in PBS), samples were
blocked with blocking buffer (5% normal goat serum in PBST)
for 1 h at RT. Samples were then incubated with primary anti-
bodies (mouse anti-FaslI at 1:100 from Developmental Studies
Hybridoma Bank, Iowa, and rabbit anti-GFP immunoglobulin
G (IgG) at 1:800 from Invitrogen, Carlsbad, CA) in blocking
buffer at 4°C overnight. After three 20-min washes in PBST,
brains were incubated at 4°C overnight with secondary anti-
bodies Cy3 goat anti-mouse [gG (1:500; Invitrogen) and Alexa
Fluor 488 goat anti-rabbit IgG (1:1000; Invitrogen) in blocking
buffer. After three 20-min washes in PBST, brains were mounted
using Vectashield mounting medium (Vector Labs, California)
and imaged with a Leica SP5II confocal microscope. Z stack
images were scanned at 1-um section intervals with a resolution
of 1,024 x 1,024 pixels. Confocal stacks were processed using
ImagelJ (NIH, Bethesda, MA) to create the projection view.

Inverse Polymerase Chain Reaction

Genomic DNA of ¢309-Gal4 or sca'®®-Gal4 flies was
extracted and digested with Hpall (New England Biolabs Inc.,
Ipswich). DNA fragments were then self-ligated overnight at
16°C using T4 DNA ligase (Invitrogen). Ligated fragments
containing the 5’ end of P{GawB} and flanking genomic DNA
were amplified by polymerase chain reaction (PCR) with
the primer pair, 5’-CTCCACAATTCCGTTGGATT-3" and
5’-CTATCGACGGGACCACCTTA-3’. The PCR product was
sequenced and a BLAST search of the flanking DNA sequence
against the Drosophila genome sequence (Flybase.org) was
performed to localize the insertion site in the fly genome.

RESULTS

Blocking Go Activity by ¢309-Gal4 Elevates Sleep in Flies

For sleep research in Drosophila, a video recording system
has been newly developed, which could detect subtle move-
ments as small as 0.38 mm, approximately 1/10 of the fly body
length.?® Thus, we set up this system in our laboratory and
manually confirmed that it could faithfully read the fly posi-
tion (Figure S1). To prevent potential developmental effects,
we adopted the temporal and regional gene expression targeting
(TARGET) system. In this system, a conventional Gal4/UAS
system drives tissue-specific expression of an effecter gene in a
Gal4-dependent manner. The Gal4 transcriptional activity can
be inhibited by a ubiquitously expressed and temperature-sensi-
tive Gal80 repressor, Gal80", at 18°C, whereas the repression of
Gal4 is relieved by shifting the temperature to 31°C, resulting in
expression of this effecter gene.” The effecter gene expression
was only induced by a 12-h heat-shock in 7- to 9-day-old adult
flies in all our experiments except otherwise stated (Figure 1A).
Thus, the effect of temporal gene expression on sleep could be
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determined by comparing sleep profiles between the preheat
and post-heat recording period (Figure 1A).

We previously reported that inhibiting Go activity by PTX
(a specific inhibitor of Go activity in flies**?”) in the MB led
to decreased sleep levels in flies.?! Surprisingly, temporally
expressing PTX with ¢309-Gal4, another MB-expressing Gal4,
led to dramatic increases in sleep amount (Figures 1B through
1D). We observed temporally reduced sleep amount during
the heat shock treatment in both ¢309 > PTX and control flies
(Figure 1B). To exclude the possibility that the sleep increase
after heat shock-induced PTX expression is due to sleep rebound
to heat-induced sleep loss, we performed the heat shock induc-
tion during the daytime, during which the sleep amount was
unaffected (Figure S2A). We also observed a remarkable
increase in sleep amount after expressing PTX in ¢309 neurons
(Figure S2B). Thus, these results suggest that expression of
PTX in ¢309 neurons results in sleep increase, and indicate that
this increase is not a result of heat-induced sleep loss.

Analyzing the sleep profile in details, we noticed that the
excessive sleep occurred predominantly during the daytime,
whereas the amount of nighttime sleep was unchanged
(Figure 1E). The increased daytime sleep was attributable
to both prolonged sleep bout duration and more sleep bouts
(Figure 1F and 1G), suggesting the flies suffered from exces-
sive daytime sleepiness. Meanwhile, the wake bout duration
during the daytime was significantly decreased (Figure 1H),
suggesting that ¢309 > PTX flies had difficulty maintaining
long periods of wakefulness when flies are supposed to be
mainly wakeful. In contrast, nighttime sleep was fragmented
upon PTX expression, indicated by a significantly increased
number of sleep bouts, as well as a decreased average duration
of individual sleep bouts (Figure 1F and 1G). Wake bout dura-
tion at night was also shortened (Figure 1H), reflecting more
frequent sleep/wake switches and instability of both the sleep
and wake states at night.

The fragmented sleep/wake state implied a weakened circa-
dian rhythm, and we thus tested this possibility under constant
dark (DD) condition. Our results showed that temporally
expressing PTX in ¢309-Gal4 expressing neurons (termed
¢309 neurons) did not substantially influence period length or
rhythmicity, but only decreased the relative rhythmic power
(Table S1). We further measured the sleep status of the flies in
DD condition and found that temporally blocking Go activity
in ¢309 neurons also induced dramatic sleep increment and
increased sleep/wake bout number, similar to that in LD condi-
tion (Figure S3). These results suggested that the sleep defects
in ¢309 > PTX flies were not resulted from circadian rhythm
problem. We noticed that heat shock also induces moderate
increase in sleep bout number in tub-Gal80%/+;UAS-PTX/+
control flies (Figure S3C). We suspect that the insertions of tub-
Gal80" and/or UAS-PTX transgenes affect the fly sensitivity to
heat to some, albeit subtle, extent, which may only be observed
under DD conditions.

Elevating Go Activity by ¢309-Gal4 Decreases Sleep Amount

To further understand the function of Go activity in sleep, we
adopted GoS™, a constitutively active form of one Go subunit, to
temporally elevate Go activity in ¢309 neurons in the adult stage
(Figure 1A). In contrast to hypersomnia resulting from blocking
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Go activity, elevating Go activity in ¢309 neurons led to a signifi-
cant decrease in sleep amount (Figures 2A and 2B). Quantifica-
tion of sleep parameters revealed that elevating Go activity in
¢309 neurons induced sleep decrease during both the daytime
and nighttime (Figure 2C). During the daytime, sleep bout
number decreased, but sleep duration was comparable to control
flies (Figures 2D and 2E). On the contrary, sleep bout number
during the nighttime was unchanged, whereas sleep duration was
dramatically decreased (Figures 2D and 2E). Wake bout dura-
tion was increased during both daytime and nighttime, indicating
more consolidated wakefulness (Figure 2F). Taken together with
the results from ¢309 > PTX flies, we suggest that Go functions
in ¢309 neurons to reinforce wakefulness, and that the signals
mediated by Go may represent wake-promoting signals.

Go Functions in c309-labeled MB a/p Core Neurons to Regulate
Sleep

We next examined which of the neurons labeled by
c309-Gal4 were responsible for Go signal-mediated sleep
effects. When mCDS8::GFP (mGFP) was continuously
expressed by c309-Gal4, all of the MB o/p and y neurons and
some neurons scattered through the central brain were strongly
labeled (Figure S4A), consistent with a previous report.?®
However, when we induced GFP expression for 3 days in
7- to 9-day-old flies by heat shock (Figure 3A), we observed
far fewer expression regions that were driven by c309-Gal4
(Figure 3B). It should be noted that the age of these flies
used corresponds to the age of flies for which heat shock was
administered in our behavioral studies (Figures 1A and 3A). In
particular, expression in the MB was restricted to the o/} core
neurons, whose axons run exclusively into the core area of the
o/B lobes* (Figures 3D through 3F). When heat induction was
performed for 3 days before eclosion, stronger expression in all
o/P and y subtypes was found (Figure S4B). Thus, these results
indicate that the differences in the c309-Gal4 expression pattern
are due to different developmental stages.

To determine whether these restricted MB neurons or
the scattered neurons outside the MB (termed as non-MB
neurons) were responsible for the sleep defects, we intro-
duced MB-Gal80 to specifically inhibit Gal4 activity in
the MB neurons® (Figure 3C). Combining MB-Gal80 with
¢309-Gal4 completely blocked the PTX expression induced
sleep increment and eliminated the Go®™ expression induced
sleep reduction (Figures 4A and 4B). In addition, the number
of sleep/wake bouts and sleep bout duration in both daytime
and nighttime were unchanged in both PTX and Go“™ experi-
ments (Figures 4C through 4E). These results demonstrated
that manipulating Go activity in ¢309-labeled non-MB neurons
had no effect on either total sleep amount or sleep structure,
suggesting that the ¢c309-MB neurons are responsible for the
sleep defects in ¢309 > PTX and ¢309 > Go®™ flies.

We also examined another G protein pathway, Gs pathway,
with the same heat induction paradigm. Cyclic-AMP-depen-
dent protein kinase (PKA) is a downstream molecule of the Gs
pathway, and continually expressing mc*, a constitutively active
mouse PKA catalytic subunit, by ¢309-Gal4 suppresses sleep.!”
As expected, we observed severely reduced and fragmented
sleep when mc* was temporally expressed in ¢309 neurons,
however, sleep was still severely reduced and fragmented when
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presented as means * standard error of the mean. ***P < 0.001; n.s, no significant difference, P > 0.05.

¢309-Gal4 was combined with MB-Gal80 (Figure S5). We
therefore suggest that Gs may play a role in sleep regulation in
both MB and non-MB neurons, whereas the Go signal regulates
sleep only in MB neurons within the ¢309 neurons.

It has been reported that Go signaling is involved in loco-
motor activity control.*® Although we noticed decreased
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waking activity (the walking distance divided by waking time)
in both ¢309 > PTX and ¢309 > GoS™ flies (Figure S6), the
total sleep amount increased in ¢309 > PTX but decreased in
¢309 > GoS™ flies (Figures 1C and 2C). Moreover, ¢309,MB-
Gal80 > PTX flies also exhibited greatly reduced waking
activity (Figure S6), whereas these flies exhibited normal sleep
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amount (Figure 4B). These results suggest that manipulating
Go activity in ¢309 non-MB neurons may influence locomotor
activity; however, our video recording and analysis system can
reliably detect different sleep statuses even though flies have
locomotor activity defects. The sleep defects we observed
should therefore not result from deficient locomotor activity of
flies. We also used FaslI staining to check the gross morphology
of the MB o/p and y lobe. We found that expression of PTX
or GoY™ over a 12-h period did not alter the global structures
of the MBs when examined at both the end of the post-heat
recording (Figure S7), and 20 days after expression (Figure S8).
Thus, we suggest that the behavioral changes are not due to
potential long-term structural change of the MBs.

Go is Required in Different MB Subgroups That Have Opposite
Functions in Sleep Regulation

Enhancer trap-based Gal4 lines with adjacent insertion
sites in the genome may share similar expression patterns.
We mapped the insertion site of ¢309-Gal4 to 8,667,933 on
the second chromosome, upstream of the gene scabrous. We
checked the expression patterns of several adjacent Gal4 lines
(Figure 5A) using the heat-induction procedure in adult flies
(Figure 3A), and unexpectedly their expression patterns were
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different. Compared with ¢309-Gal4, sca'®-%-Gal4 showed a
very weak signal in the MB but similar expression outside
the MB (Figures 5B and 5C), whereas NP2122-Gal4 and
NP4289-Gal4 showed strong expression in MB o/ core
neurons and much less expression outside the MB (Figures
5D and 5E). These Gal4 lines allow us to further examine
the locus of Go function in sleep regulation. Blocking Go
activity by temporally expressing PTX with NP2122-Gal4 or
NP4289-Gal4,butnotsca'®-%-Gal4, led to asignificant increase
in sleep amount, as was the case in ¢309 > PTX flies (Figure
5F). These results further support our hypothesis that Go
activity in the MB o/ core neurons is responsible for sleep
defects in ¢309 > PTX flies.

We previously reported that blocking Go activity by PTX
in the MB reduced sleep amount,”' and thus we wondered
which group of MB neurons was responsible for the opposite
sleep regulation. We used three MB Gal4 lines, which showed
restricted expression in the MB and rare signal in other brain
regions when induced by heat shock in adult flies (Figure 3A).
D52H-Gal4 showed strong expression in o/f surface neurons,
moderate expression in posterior neurons, but no expression in
the core area, whereas R15E01-Gal4 and NP3061-Gal4 labeled
all a/p core, surface, and posterior subtypes of neurons.
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2 light-dark (LD) days before and after heat induction, respectively. Data were analyzed by paired Student t-tests; n = 30-36 in each group. Data are presented
as means + standard error of the mean. ***P < 0.001, paired Student t-test.

D52H-Gal4 and R15E01-Gal4 also drove expression in the y
neurons (Figures 6A through 6C).

Temporally inducing PTX expression by D52H-Gal4 led to
significantly reduced sleep amount (Figure 6D). When intro-
ducing MB-Gal80 to abolish D52H-Gal4 activity in the MB
expression, sleep amount was statistically indistinguishable
before and after heat shock induction, suggesting that Go
activity in the o/p surface/posterior and y neurons is required to
promote sleep (Figures S9A and S9D). Interestingly, blocking
Go activity in R15E01-Gal4 or NP3061-Gal4 labeled neurons
also significantly decreased sleep (Figure 6E). Meanwhile,
these sleep effects could be abolished by the presence of
MB-Gal80, further supporting that their MB neuron expression
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was required (Figures S9B through S9D). The expression
patterns of these three Gal4 lines overlap in the o/f surface/
posterior neurons. Therefore, our results demonstrate that in
addition to the o/p core neurons, the Go signal is also required
in other subtypes of MB neurons, such as the o/f3 surface/poste-
rior neurons, and their effects on sleep regulation are opposite
to the a/p core neurons.

MB o/f Core Neurons are Cholinergic and Down-regulating ACh
Signal Inhibits Sleep

To examine which neurotransmitter(s) are used in these MB
o/p core neurons, we used Gal80 tools to inhibit expression in
specific neural subtypes. Cha****-Gal80 and GAD1-Gal80 are

Cholinergic MB Neurons Regulate Sleep—Yi et al
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different ways. (A) Schematic diagram of the P-element insertion sites of several

reported to suppress Gald activity in cholinergic neurons?®!
and GABAergic neurons,” respectively. We found that
c309-Gal4 expression in the MB was not affected by the
presence of GAD1-Gal80, but was completely eliminated by
Cha-Gal80 (Figures 7A and 7B), suggesting that c309-MB
neurons are cholinergic but not GABAergic. We then exam-
ined the sleep status of these flies and found that combining
Cha-Gal80, but not GAD1-Gal80, with ¢309-Gal4 could block
sleep changes induced by temporally inhibiting (with PTX) or
elevating (with Go®™) Go activity (Figure 7C). These results
imply that c309-MB neurons that function in sleep control are
cholinergic.

Vesicular acetylcholine transporter (vAChT) is required for
acetylcholine transport and release.** Sleep was not affected

SLEEP, Vol. 36, No. 12, 2013

when we temporally knocked down v4AChT by RNAi approach
in the c309 neurons at the adult stage for up to 5 days (data
not shown), possibly due to insufficient knockdown or residue
vACHT protein from early stages. When vAChT was continu-
ously knocked down in ¢309 neurons, flies showed signifi-
cantly reduced amounts of sleep compared with their parental
controls (Figure 7D). Combining Cha-Gal80 or MB-Gal80 with
¢309-Gal4 completely blocked this sleep reduction (Figure 7D).
We also noticed that the presence of MB-Gal80 not only elimi-
nated this sleep reduction, but also caused an increase of sleep
amount (Figure 7D). We suggest that some c309 neurons
outside the MBs regulated sleep through ACh output, whereas
Go signaling was not acquired in these neurons for sleep
regulation. Choline acetyltransferase (ChAT) is expressed
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only in cholinergic neurons and is critical for the synthesis of
acetylcholine.** By knocking down ChAT with ¢309-Gal4, we
observed similar sleep amount decrease, which could also be
eliminated by MB-Gal80 (Figure S10). Continuous knocking
down of vAChT or ChAT in the MBs may affect MB devel-
opment, thus causing the sleep defects. We then checked the
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morphology of the MBs in these adult flies by FaslI staining.
The mushroom bodies were morphologically normal in all flies
examined (Figures S11A through S11E). Thus, these obser-
vations suggest that ¢309-MB neurons are cholinergic, and
that the ACh signal in these neurons plays an essential role
in sleep regulation.
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Since under continuous induction, ¢309-Gal4 also drives
expression in the o/f surface/posterior and y neurons, in
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addition to MB o/f core neurons (Figure
S4A). Thus we wondered which group
of the MB neurons contributes to the
sleep decrease in ¢309 > vAChTRA! flies.
We observed that when D52H-Gal4 was
allowed to continually drive mGFP expres-
sion, the mGFP reporter signal was hardly
detected in the MB /B core neurons,
whereas strong expression was observed in
the MB o/f surface/posterior and y neurons,
which is identical to heat induction at adult
stage only (Figures S12A through S12C).
Introducing cha-Gal80 could eliminate the
expression in the MB y neurons and strongly
reduced the signal in the o/ surface/poste-
rior neurons (Figures S12D through S12F),
implying that the o/f surface/posterior and
v neurons could also be largely cholinergic.
We thus used D52H-Gal4 and continu-
ously expressed VAChT®™ to reduce
ACh signal in the surface/posterior and
vy neurons. Continuous knocking down
of vAChT in D52h neurons did not cause
long-term structural defects in the MB
(Figure S11F). In contrast with the sleep
reduction in ¢309 > vAChTR4 flies, these
D52H > vAChTRMA flies showed increased
sleep compared to their parental controls
(Figure 7D), which could be eliminated by
the presence of MB-Gal80 or Cha-Gal80
(Figure S12G). Therefore, the sleep-
suppressing effect in ¢309 > vAChTRNA
flies should not be attributed to the surface/
posterior and 7y neurons. These results
suggest that the ACh signal is required in
the MB /B core neurons to promote sleep,
and in surface/posterior and y neurons to
promote wakefulness.

Notably, reducing the ACh signal in MB
neurons resulted in similar sleep defects
to those in ¢309 > GoY™ flies, including
decreased total sleep amount, fewer sleep
bouts during the daytime, and compa-
rable sleep bout numbers and shorter sleep
bout duration during the nighttime (Figure
S13 and Figures 2D and 2E). These find-
ings suggest that in these cholinergic MB
neurons, Go functions as an inhibitory
signal in terms of ACh output.

DISCUSSION

Using a video system, we performed an
in-depth investigation on sleep in flies and
obtained a detailed picture of MB function
in sleep regulation. We found that two adja-
cent subtypes of MB cholinergic neurons
require both Go signaling and Ach output

to modulate sleep. Furthermore, these two subtypes of MB
neurons play opposite roles in sleep regulation.

Cholinergic MB Neurons Regulate Sleep—Yi et al



Functionally Antagonistic Layers of MB a/§ Lobe

Among MB neurons, the latest born neurons form the core
layer of the o/f} lobe, thus are called o/f core neurons.** They
are morphologically similar to adjacent o/f surface neurons,
but could be labeled by different enhancer-trap based Gal4 lines
as shown in previous studies***3¢ and in this study (Figures 3B,
5D, and 5E), suggesting different gene expression profiles in
different subtypes. Recently, the MB o/p core neurons have
been highlighted to play a special permissive role for long-term
memory consolidation in Drosophila.’’ In the sleep research,
although the MB is reported mainly as a wake-promoting brain
region, it has also been suggested that MB o/f core neurons
have sleep-promoting function by manipulating PKA activity
within the Gs signaling.!” However, the Gal4 lines are also
expressed in non-MB regions, such as the pars intercerebras
(PI), in which PKA signal is also required to regulate sleep.'®
Thus, it remains unclear whether the MB contains both sleep-
and wake-promoting neurons, and how they are organized. In
this study using the TARGET system, ¢309 non-MB neurons
also contributed greatly to the PKA-mediated sleep regula-
tion (Figure S5); however, by combining with MB-Gal80 and
comparing with Gal4 lines having close insertion sites (sca'%-,
NP2122 and NP4289), we demonstrated that the sleep defects
when manipulating Go activity in ¢309 neurons are attributed
to the MB /B core neurons. Taken together with the opposite
sleep effects of blocking Go and knocking-down ACh signal
in various Gal4s labeling nonoverlapping MB subtypes, we
demonstrate that the MB o/ core neurons are responsible for
sleep-promoting effects, whereas the adjacent subtypes of MB
neurons exert wake-promoting function.

It is notable that these functional antagonistic MB neurons
are spatially very close, forming the inner layer and outer layer
of the MB o/ lobe, respectively, raising the possibility that
these neurons may have direct connections. In the behavior
experiments, when blocking the inhibitory Go signaling in
both subtypes, the sleep profile was more like that when Go
was blocked only in the surface neurons (Figure 6E). We thus
suspect that there may have been functional interaction between
these two MB layers during sleep regulation. Mutual inhibitory
interactions between the sleep-promoting and wake-promoting
circuits have been proposed to control sleep/wake switches in
the “flip-flop” way,*® whereas the molecular pathway has not
been uncovered. The requirement of inhibitory Go signaling
in both sleep- and wake- promoting neurons suggest that Go
may play an essential role in mediating the inhibitory signals
between the antagonistic neuropils.

Cholinergic Nature of Subsets of MB Neurons

Although the MB has been highlighted for playing important
functions in sleep as well as learning and memory, its neuro-
chemistry has not been well characterized. Immunostaining
of ChAT detects signals in the MB area,* however, it is not
conclusive enough to determine whether MB neurons express
ChAT or merely receive projections from cholinergic neurons.*
The 3.3 Kb sequence upstream of ChAT gene directs expression
largely similar to the distribution of endogenous ChAT protein.*!
Cha’3*-Gal80 in which Gal80 expression was directed by this
flanking sequence, could eliminate the Gal4 expression in the
MB neurons in previous work** and this study (Figure 7A),
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supporting that MB neurons are cholinergic. Notably, we show
that knocking down vAChT and ChAT with c¢309-Gal4 results
in the sleep decrement, which can be eliminated by Cha®3-
Gal80 or MB-Gal80 (Figure 7D and Figure S10). These results
provide the first functional evidence that at least a portion of
MB neurons are cholinergic and their ACh signal is required for
sleep regulation in flies.

In mammals, pharmacological and electrophysiological
studies suggest the cholinergic nuclei in the brainstem promote
rapid eye movement sleep or wake, whereas in the forebrain
they correlate with wake only.** Direct lesions of different
putative cholinergic nuclei showed different effects in rapid
eye movement sleep, suggesting complicated functions of ACh
system in sleep.* In our study of flies, reducing ACh output
in different subsets of cholinergic neurons affected sleep in
different ways (Figure 7D), suggesting there are also different
cholinergic neural clusters in flies exerting distinct effects on
sleep regulation. Interestingly, the functionally opposite cholin-
ergic neuron subtypes are adjacent to each other. The relative
simple neural circuits of flies will allow us to further study the
cholinergic system in sleep control.

Go Signaling and Cholinergic Neurons in Sleep Disorder

Of significant interest, blocking Go activity in the MB
a/B core neurons led to special sleep phenomena. These flies
displayed greatly increased daytime sleep when they should
be wakeful (Figure 1E), resembling hypersomnia in mammals.
Moreover, they also showed fragmented nighttime sleep and
frequent sleep/wake switches (Figures 1F through 1H). These
phenomena are always found in narcolepsy, one of the most
common hypersomnia sleep disorders, but not in other types
of hypersomnia such as idiopathic hypersomnia.*® Narcolepsy
is closely correlated with deficiency in orexin system. Orexin
is reported to activate Ga,, and the inhibitory PTX-sensitive
Gi/o protein in vitro and in vivo in mesopontine neurons,
including the cholinergic nuclei.*’*® Furthermore, increased
ACh output has been observed in narcolepsy mouse models,*
whereas whether and how the cholinergic system is involved
in the pathology of narcolepsy are unclear. Our work with fruit
flies showed that blocking the inhibitory Go activity in specific
cholinergic neurons led to several narcolepsy-like sleep defects,
suggesting insufficient inhibition of special cholinergic cluster
may be directly related to this sleep disorder. Future studies
on the function of the Go and ACh in narcolepsy in particular
neural circuits may provide new understanding for the patho-
genesis of narcolepsy.

ABBREVIATIONS
ACh, acetylcholine
ChAT, Choline acetyltransferase
DA, dopamine
DAMS, Drosophila activity monitor system
DD, constant dark condition
LD, light-dark condition
MB, Mushroom body
mGFP, membrane-targeted-GFP
OA, octopamine
PIs, pars intercerebralis
PKA, protein kinase A
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PTX, pertussis toxin

REM, rapid eye movement sleep

TARGET, the temporal and regional gene expression
targeting system.

vAChT, vesicular acetylcholine transporter

ZT, zeitgeber time
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SUPPLEMENTAL MATERIAL

Table S1—Free-running circadian rhythm parameters for flies after 12-h heat shock treatment and 12-h recovery.

Genotype Period * SEM (h) Power * SEM %R Group number
€309-Gal4/tub-Gal80';UAS-PTX/+ 240+05 1823.6 + 46.6 100 15
C309-Gal4/+ 23301 2570.7 £ 81.3 100 16

A 4 Web Camera A —tubGal80/c309;PTX/+

False False False False
Position | Negative | Negative | Positive | Positive
ZT12-13 | ZT16 ZT12-13| ZT16
1 0.001 0 0 0
2 0.00833 |0 0 0
3 0.00667 |0 0 0
8 0 0 0 0

Figure $1—The video recording system for sleep analysis in flies. (A)
Cartoon schematic diagram of an individual fly in a tube under video
recording. (B) A representative picture captured by the video system.
Coordinates of each fly are marked with an X. Movements of flies can be
recognized at any position in the tube, including on the food (as in tube 1),
close to the food (tube 8), in the middle (tube 3), and close to the cotton
(tube 2). By manually validating the activities of these four flies, the rate of
false negatives (active but taken as inactive) and false positives (inactive
but taken as active) during different time zones is listed.
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Figure S2—Temporal expression of pertussis toxin (PTX) in
¢309 neurons leads to sleep increment. (A) Sleep profiles of ¢309-
Gald/tub-Gal80';UAS-PTX/+ flies (black hollow squares, n = 29) and
its parental control flies of tub-Gal80%/+;UAS-PTX/+ (gray solid circles,
n = 25). White and gray background colors show light/dark periods. (B)
Sleep amount was significantly increased in c309-Gal4/tub-Gal80';UAS-
PTX/+ flies after expressing PTX for 12 h of heat shock induction during
the daytime. Data are presented as the mean + standard error of the
mean.
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Figure S3—Blocking Go signaling in ¢309 neurons leads to hypersomnia
during constant dark (DD) condition. (A) Sleep profiles of c309-Gal4/
tub-Gal80';UAS-pertussis toxin (PTX)/+ flies (black hollow squares,
n = 15) and the parental control flies of tub-Gal80%/+;UAS-PTX/+ (gray
solid circles, n = 8). Light gray and dark gray background colors show
subjective light/dark periods. (B and C) Sleep amount (B) and bout
number (C) is significantly increased after temporally inducing PTX
expression in ¢309 neurons. Data are analyzed by paired Student t-test.
**P <0.001; *P < 0.05. Data are presented as the mean + standard error
of the mean. Numbers on the bars represent group number.
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T?days 131°C

dissect
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T 7 days T18°C
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Figure S4—c309-Gal4 expression pattern in different stages. The fly
genotype is ¢309-Gal4/UAS-mCD8::GFP;tub-Gal80/+. (A) Flies were
maintained continually at the restrictive temperature of tub-Gal80' (31°C)
to allow Gal4 activity until being dissected 7 days after eclosion. The
GFP signal shows strong expression in the entire mushroom body (MB)
including the /B and y lobes. (B) Flies were kept at 18°C and switched to
31°C 3 days before eclosion and were dissected right after eclosion. GFP
expression is also strong in MB lobe area, including the a/f and y lobes.
(C) Flies were kept continually in permissive temperature of tub-Gal80'
(18°C) to block Gal4 activity until being dissected 7 days after eclosion.
There is rare GFP signal in the brain. Scale bars represent 50 pm.
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Figure S5—Temporal expression of mc* in either all c309 neurons or
309 non-mushroom body (MB) neurons decreases sleep. (A) Change
in sleep amount (calculated by subtracting sleep before heat induction
from sleep after heat-induction) in c309-Gal4/UAS-mc*;tub-Gal80/+ flies
or in c309-Gal4,MB-Gal80/UAS-mc*; tub-Gal80%/+ flies are statistically
indistinguishable, but significantly decreased from that in their parental
controls ¢309-Gal4/+ flies, ¢309-Gal4,MB-Gal80/+ flies or UAS-mc*/+;
tub-Gal80*/+ flies. Data are analyzed by one-way analysis of variance.
**P <0.001; n.s., no significant difference, P > 0.05. (B) Temporal expression
of mc* in either all ¢309 neurons or ¢309 non-MB neurons decreases sleep
bout duration. Paired Student t-tests; ***P < 0.001. Data are presented as
means + standard error of the mean. n = 30-36 in each group.

[ pre-heat record
I post-heat record

S

*kk

8.

*kk

*kk

Waking activity
(mmymin)
=

tubGali0"
Go°™

PTX
€309
MB-Gal80

" S
+ + 0+ +
+ 4+
v

o+ 4
+ + 4+ o+
o+ o+

Figure S6—Modulating Go activity in ¢309 neurons decreases the
waking activity of flies. Temporal expression of pertussis toxin (PTX)
or Go®™ with ¢309-Gal4 or ¢309-Gal4,MB-Gal80 induces significant
decreases in waking activity (the total walking distance divided by the
total waking time). Light gray bars and dark gray bars indicate waking
activity for 2 light-dark days before or after heat induction, respectively.
Data are analyzed by paired Student t-tests. ***P < 0.001; n = 30-36 in
each group. Data are presented as means + standard error of the mean.
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Figure S7—Temporal expression of pertussis toxin (PTX) or Go®™ did not affect the global morphology of mushroom bodies (MBs) at the end of the postheat
recording. (A) Procedure for heat induction and dissection for B through E. Expression of PTX or Go®™ was induced for 12 h and the fly brains were dissected
at about 60 h after heat shock. (B-E) Representative projection view of the fly brains for each genotype. Gray signal indicates the Fasll staining signal. (F)
Procedure for dissection for G and H. The flies were kept in 18°C to block PTX or Go®™ expression before dissection. (G and H) Representative projection
view of the fly brains for each genotype. Gray signal indicates the Fasl| staining signal. n = 10-15 for each genotype. Scale bar represents 50 pym.

SLEEP, Vol. 36, No. 12, 2013 1821D Cholinergic MB Neurons Regulate Sleep—Yi et al



A 31°C

18°C 7 /- s /- ey
4-6 days -}24-36hr L D D T— 18 days -T

elcosion adaption dissect

¢309/tubGal80%;PTX/+ tubGal80/+;PTX/+

1

GoC®™"/+;tubGal80'/+

¢309/+

Figure S8—Temporal expression of pertussis toxin (PTX) or Go®™ did not affect the general morphology of mushroom bodies (MBs) at the 20 day after heat
induction. (A) Procedure for heat induction and dissection for B through F. PTX or Go®™ was induced to express for 12 h and the fly brains were dissected
20 days after heat shock. (B-F) Representative projection view of the fly brains for each genotype. Gray signal indicates the Fasl staining signal. n = 10-15 for
each genotype. Scale bar represents 50 um.
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A D52h;MBGal80/UAS-m ;tubGal80=/+ B MBGal80/UAS-m :Gal80/NP3061

C  MBGal80/UAS-m :Gal80/R15E01
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Figure S9—Mushroom body (MB)-Gal80 eliminates pertussis toxin (PTX)-induced sleep effects in multiple MB lines. (A-C) Gal4 activity in the MB neuropil
was blocked by MB-Gal80. (D) In the presence of MB-Gal80, temporal expression of PTX with NP3061, R15E01 or D52h lead to no significant change in
sleep amount. Light gray bars and dark gray bars indicate sleep parameters for 2 light-dark days before and after heat induction, respectively. Data were
analyzed by paired Student’s t-tests; n = 30-36 in each group. Data are presented as means + standard error of the mean. n.s., no significant difference by
paired Student t-test. Scale bar represents 50 mm.
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Figure S10—Knocking-down chat in ¢309-MB neurons decreases sleep.
Continuously expressing chat™A' by ¢309-Gal4 leads to reduced sleep
amount, which is abolished by MB-Gal80. The numbers on bars indicate
the number of flies in each group. ***P < 0.001 in one-way analysis of
variance. Data are presented as means + standard error of the mean.
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Figure S11—Continuous expression of vAchTRNAI or chat-RNAi in ¢309 or D52h neurons did not affect the general morphology of MBs. (A-F) Representative
projection view of the fly brains for each genotype. Gray signal indicates the Fasll staining signal. n = 10-15 for each genotype. Scale bar represents 50 pm.
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Figure $12—MB-Gal80 and Cha-Gal80 blocked the sleep increment by continual
expression of VAChT™A in d52h neurons. (A-C) Continuous expressing GFP
shows strong signal in D52h MB y and a/f surface and posterior area. (D-F) Cha-
Gal80 inhibited 52h-Gal4 activity in MB y area and reduced Gal4 activity in the MB
a/B area. Projection view of the MB lobe area (left) and a single horizontal section
of the tip of the a lobe (right). Fasll signal (red) shows the neuropils of MB neurons.
Scale bar represents 20 um. (G) In the presence of MB-Gal80 or cha-Gal80, sleep
amount was not significantly increased by expressing VAChTRYA, n = 20-33 for
each genotype. n.s, no significant difference by one-way analysis of variance.
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Figure S13—Continual expression of VAChTR¥A' in ¢309-MB
neurons affects daytime and night-time sleep differently. (A)
Number of daytime sleep bouts is decreased in ¢309 > vVAChTRNA
flies but not in ¢309,MB-Gal80 > VAChT™ flies (left), whereas
it is not affected in either fly during the nighttime (right).
(B) Duration of sleep bouts is slightly (daytime) or severely
(nighttime) decreased in ¢309 > vAChT™ flies. This effect was
eliminated by combining with MB-Gal80. n = 16-17 for each
genotype. *P < 0.05, **P < 0.001, n.s., no significant difference
by one-way analysis of variance.
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