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Summary

How the homeostatic drive for sleep accumulates over time and is released remains poorly
understood. In Drosophila, we previously identified the R5 ellipsoid body (EB) neurons as
putative sleep drive neurons! and recently described a mechanism by which astrocytes signal

to these cells to convey sleep need?. Here, we examine the mechanisms acting downstream of

the R5 neurons to promote sleep. EM connectome data demonstrate that R5 neurons project to
EPG neurons®. Broad thermogenetic activation of EPG neurons promotes sleep, while inhibiting
these cells reduces homeostatic sleep rebound. Perforated patch-clamp recordings reveal that EPG
neurons exhibit elevated spontaneous firing following sleep deprivation, which likely depends on
an increase in extrinsic excitatory inputs. Our data suggest that cholinergic R5 neurons participate
in the homeostatic regulation of sleep, and epistasis experiments indicate that the R5 neurons act
upstream of EPG neurons to promote sleep. Finally, we show that the physical and functional
connectivity between the R5 and EPG neurons increases with greater sleep need. Importantly, dual
patch-clamp recordings demonstrate that activating R5 neurons induces cholinergic-dependent
excitatory post-synaptic responses in EPG neurons. Moreover, sleep loss triggers an increase in the
amplitude of these responses, as well as in the proportion of EPG neurons that respond. Together,
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our data support a model whereby sleep drive strengthens the functional connectivity between R5
and EPG neurons, triggering sleep when a sufficient number of EPG neurons are activated. This
process could enable the proper timing of the accumulation and release of sleep drive.

eTOC Blurb

The circuit mechanisms underlying the homeostatic regulation of sleep remain enigmatic. Ho
et al. find that sleep deprivation induces plastic changes in a homeostatic sleep circuit, which
potentiates signaling to a downstream sleep-promoting circuit. They propose that this process
mediates transmission of homeostatic sleep drive in Drosophila.

Results and Discussion

EPG neurons promote sleep and contribute to sleep homeostasis

We recently delineated a pathway signaling sleep need from astrocytes to the ellipsoid body
(EB) R5 sleep drive neurons in Drosophil#. To further elucidate the circuit mechanisms
underlying the homeostatic regulation of sleep, we sought to identify neuronal groups that
act downstream of the R5 neurons in this process. The fly hemibrain connectome data
demonstrate that R5 neurons synapse with EPG (“compass”) neurons, shown to be involved
in navigation3-5. As expected, a split-GAL4 driver for R5 neurons (R30G03-AD, R58H05-
DBD) driving expression of DenMark’ and synaptotagmin-GFP8 (syt-GFP) labelled
synaptic terminals in the EB ring, while R19G02-GAL4>UAS-DenMark, UAS-syt-GFP
flies (labelling EPG neurons) demonstrated both synaptic terminal and dendritic labeling
throughout the EB ring and additional synaptic terminal staining in the protocerebral bridge
(PB) (Figures S1A and S1B). Intriguingly, we previously performed a large-scale screen
for GALA4 lines affecting sleep behavior, and R19G02-GAL4 (Figures 1A and S1C) was
identified as a driver inducing increased sleep during neural activation with dTRPA11L.

We repeated those findings and obtained similar results with thermogenetic activation of

an additional split-GAL4 line (5550574) that also drives restricted expression in EPG
neurons (Figures 1B, 1C, S1D, and S1E). The sleep induced by heat treatment of R79G02-
GAL4>UAS-dTRFA1 or §550574>UAS-dTRPA flies was more consolidated with longer
sleep bout duration and reduced sleep bout number, compared to controls (Table S1).

To address whether the quiescent behavior seen with activation of these drivers simply
represented locomotor inactivity, we performed arousal threshold experiments. As shown in
Figures 1D and 1E, flies during these consolidated quiescent states displayed a significant
increase in arousal threshold to submaximal mechanical stimulation, compared to awake
flies. Because EPG neurons function in navigation, we next asked whether thermogenetic
activation of EPG neurons caused locomotor impairment. First, R19G02-GAL4>UAS-
dTRFA1 or §550574>UAS-dTRPA1 flies were subjected to 2 hr heat treatment at 29°C,
and climbing ability was assessed. Climbing ability was similar for these genotypes
compared to controls (Figure S1F). Second, we analyzed peak activity data following
strong mechanical stimuli from our arousal threshold experiments at 29°C. The peak
activity of S550574>UAS-dTRPAI flies was similar to controls, while it was reduced for
R19G02-GAL4>UAS-dTRFAI flies (Figure S1G). Together, these data argue that activation
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of EPG neurons promotes sleep and not behavioral quiescence due to locomotor inactivity or
impairment.

To further confirm that the increased sleep phenotype maps to EPG neurons, we tested
additional GAL4 drivers that label these cells (R15C03-GAL4 and R60D05-GAL 4)°9:10,
Unexpectedly, thermogenetic activation using these drivers did not enhance sleep (Figure
S1I). We hypothesized that these phenotypic differences could arise from 1) differences

in driver strength, 2) a requirement for a distinct subset, or 3) a need for a sufficient

number of EPG cells. To address issues related to driver strength, we repeated these
experiments using a stronger effector (ZOXUAS-dTRPAI). However, under these conditions,
sleep was still not induced using the R60D05-GAL4 and R15C03-GAL4 drivers (Table

S1). Interestingly, examination of Multi-Color Flp Out (MCFO)1! data from the HHMI
Janelia imaging database? suggests relatively limited expression in EPG neurons for the
R15C03-GAL4 driver, compared to R19G02-GAL4 (R60D05-GAL4 was not included in
this MCFO analysis). Thus, we next combined the R60D05-GAL4 + R15C0O3-GAL4 drivers
to perform thermogenetic activation, which resulted in increased sleep amount (Figures S1H
and S11 and Table S1). To examine the relationship between EPG cell number and the ability
of a given driver to promote sleep, we performed cell counting analyses. The two EPG
driver lines that do not promote sleep (R15C03-GAL4 and R60D05-GAL4) label the fewest
presumed EPG neurons, whereas R19G02-GAL4, 5550574, and R15C03-GAL4+R60D05-
GAL4 label higher numbers of these cells (Figure S1J). These data suggest that activation of
a sufficient number of EPG neurons is required to promote sleep.

We next asked whether EPG neurons are required for baseline sleep or homeostatic
regulation of sleep. To address this question, we expressed tetanus toxin in EPG neurons
(R19G02-GAL4>UAS-TNT) and measured sleep under baseline conditions and following
mechanical sleep deprivation (SD). Inhibiting synaptic transmission of EPG neurons did
not affect baseline daily sleep amount or consolidation (Table S1), but significantly reduced
“rebound sleep” after 12 hr SD (Figures 1F and 1G). Together, these findings suggest that
the EPG neurons are sleep-promoting and contribute to the homeostatic regulation of sleep.

Sleep need increases EPG neuron activity via extrinsic inputs

We next investigated whether EPG neuron activity is altered with increased sleep need.

We performed perforated patch-clamp recordings of EPG neurons following either 12 hr

of mechanical SD or undisturbed sleep (control) (Figure 2A). These experiments revealed

a ~2-fold increase in spontaneous firing rate of EPG neurons in SD vs control animals
(Figures 2B and 2C). This increase in spontaneous spiking of EPG neurons following SD
was also reflected by a reduced interspike interval and an increase in instantaneous action
potential (AP) firing rate (Figures S2A and S2B). These data suggest that sleep loss induces
an increase in EPG neuron activity.

We conducted additional analyses to address whether this increase in EPG activity following
SD was due to changes in extrinsic inputs or intrinsic excitability. There was no change

in resting membrane potential (RMP) or AP threshold in EPG neurons following SD
(Figures S2C and S2D). In addition, measurement of evoked spiking frequency following
current injection did not reveal a significant increase in overall intrinsic excitability of
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EPG neurons after sleep loss, compared to controls (although EPG spiking frequency was
greater specifically with 100 pA current injections) (Figure S2E). These findings suggest
that changes in extrinsic input, rather than intrinsic excitability, drive the increase in
spontaneous firing of EPG neurons following sleep loss. To further address this possibility,
we examined spontaneous excitatory post-synaptic potentials (EPSPs) in EPG neurons. As
shown in Figures 2D and 2E, spontaneous EPSP frequency was greater in these cells after
SD, compared to controls, suggesting an increase in excitatory synaptic inputs under these
conditions. To assess for possible synaptic potentiation following SD, we examined EPSP
amplitude and EPSP-spike coupling3. There was a significant increase in EPSP amplitude
in EPG neurons under conditions of greater sleep need (Figures 2F and S2F). In addition,
we observed a reduction in EPSP-spike latency in EPG cells following SD (Figures 2G and
S2G), suggesting greater EPSP-spike coupling®. Together, these findings suggest that EPG
neuron activity is increased with greater homeostatic sleep need, which is largely mediated
by an increase in excitatory synaptic inputs onto these cells.

R5 neurons act upstream of EPG neurons to promote sleep

What is the presynaptic source of SD-triggered excitatory input to the EPG neurons? We
hypothesized that the R5 neurons activate EPG neurons to signal sleep drive and induce
sleep. However, the predominant mode of signaling within the EB ring is thought to be
inhibitory (i.e., GABAergic)®16, Thus, we first characterized the neurotransmitter identity
of R5 neurons by performing immunostaining using antibodies against GABA, ChAT,

and VGlut (Figure 3A). As expected, GABA neurotransmitter expression was observed
throughout the ellipsoid body ring. Regarding R5 neurons specifically, colocalization of
both anti-GABA and anti-ChAT signal with GFP signal was observed in R5 neuron

axons (R30G03-AD,R58H05-DBD>UAS-CD8::GFP). In contrast, no vGIuT signal was
detected in the EB ring (Figure 3A). Next, to quantify the proportion of R5 neurons
expressing different neurotransmitters, we performed double labeling experiments using
R58H05-QF2>QUAS-td Tomato with anti-GABA antibody or ChAT-and VG/IuT-GAL4
MIMIC lines!’ driving expression of Stinger-GFP. These analyses suggested that ~30% of
R5 neurons are GABA™ (6.8 out of 22.8 per brain) and that ~30% of R5 neurons are ChAT*
(6.4 out of 20.4 neurons per brain). No overlap of R5 neurons was seen with neurons labeled
by the VGIUT MIMIC line (Figures 3B and 3C). Because we suspected that excitatory
signals from R5 neurons act on EPG neurons to promote the homeostatic regulation of
sleep, we performed ChAT knockdown in R5 neurons and assessed sleep before and after
SD. We first confirmed that the UAS-ChAT-miR line could be used to knockdown ChAT
expression (8411 + 1266 arbitrary units (A.U.) for MB247-GAL4>+ (n=6), 8413 £ 770 A.U.
for +>UAS-ChAT-miR (n=6), and 2212 + 682 A.U. for MB247-GAL4>UAS-ChAT-miR
(n=6) flies, A<0.001, one-way ANOVA with post-hoc Tukey’s test) (Figure S3A). Compared
to controls, R58H05-GAL4>UAS-ChAT-miR flies exhibited a subtle reduction in rebound
sleep after SD, but no change in baseline daily sleep (Figures 3D-3F).

We previously demonstrated that activation of R5 neurons promotes sleep both during

and after the activationl-2. Recent work has found that some GAL4 drivers labeling R5
neurons also express in peripheral pickpocket-expressing (ppk) neurons!®. Ppk* nociceptive
neurons are found in the periphery on legs and in the fly abdominal body wall and have
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been shown to promote arousal and subsequent “rebound” sleep!®-20, We confirmed that
R30G03-GAL4 exhibits expression in peripheral neurons in the legs and abdominal body
wall, while R69F08-GAL4 and R46C03-GAL4 labels peripheral neurons in the abdominal
body wall (Figure S3B). In contrast, R58H05-GAL4 did not drive detectable expression

in peripheral neurons in the legs or abdomen, as was also the case for 2 split-GAL4
drivers (R58H05-AD, R46C03-DBD and R30G03-AD, R58H05-DBD) (Figure S3C and
S3D). Thermogenetic activation of these drivers, as well as R58H05-GAL4 combined with
2 copies of ppk-GAL80, recapitulated the increase in sleep during and after heat treatment
(Figures S3E-S3)).

To investigate a role for EPG neurons acting downstream of R5 neurons in promoting

sleep, we performed epistasis experiments. To do this, we first characterized an R58H05-
QF2line that we generated and found minimal to no labeling of peripheral neurons,
expression in the R5 ring with minimal expression in the VNC, and that it induced sleep
during and after thermogenetic activation (Figures S3C, S3D, S3F, and S3G). Inhibiting
synaptic transmission from EPG neurons markedly suppressed the increased sleep induced
by thermogenetic activation of R5 neurons, whereas the sleep amount after activation was
not affected (Figures 3G-3I). These findings support a model whereby R5 neurons signal to
EPG neurons to promote sleep.

Sleep pressure triggers increased morphological and functional connectivity between R5
and EPG neurons

We previously showed that R5 neurons undergo plastic changes (as measured by an increase
in the active zone marker Bruchpilot/BRP) following sleep loss?. Thus, we postulated that
R5 neuron plasticity may enhance their physical and functional connectivity with EPG
neurons. First, we asked whether R5 neurons exhibit morphological changes following SD.
We performed single cell dye-fills of R5 neurons using biocytin in the presence and absence
of 12 hr SD. Following SD, R5 neurons exhibited a greater number of presynaptic bouton-
like puncta, as well as increased thickness of the ring structure in the anterior-to-posterior
axis, compared to controls. Importantly, 12 hr recovery sleep reversed these morphological
changes (Figures 4A—4E). To examine whether the physical connectivity between the R5
and EPG neurons is influenced by sleep need, GFP Reconstitution Across Synaptic Partners
(GRASP)21 experiments were performed in the presence and absence of SD. While GRASP
signal was detected in both 12 hr SD and baseline sleep conditions, the relative GRASP
signal between R5 and EPG neurons was significantly increased following SD (Figures
4F-4H). These data suggest that sleep loss triggers structural plasticity in R5 neurons and
strengthens physical connectivity between R5 and EPG neurons.

To assess whether these morphological changes produce a functional increase in synaptic
strength, we performed dual patch-clamp recordings of R5 and EPG neurons after 12 hrs of
SD or baseline sleep. Because the cell bodies of these two groups of neurons are on opposite
sides of the fly brain, we developed a novel electrophysiological preparation to conduct
these studies, where the brain is mounted vertically (Figure S4A). Owing to their increased
excitability following sleep loss!, smaller currents were injected into R5 neurons in SD
brains to yield levels of firing similar to controls (Figure 41). EPG spike-triggered EPSP
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amplitude was significantly increased following SD, compared to controls. Furthermore, in
control brains, spike-triggered EPSPs in EPG neurons were observed in only a minority
(4/30) of recordings. In contrast, after SD, a greater proportion of brains exhibited a
postsynaptic response (8/25) (Figures 41-4K). To confirm that the EPG membrane potential
(Vm) changes were dependent on R5 firing, we compared Vm changes triggered by R5
spikes with those occurring at random. As expected, Vm changes triggered by R5 spikes
were significantly larger than background VVm fluctuations, and this difference was greater
after SD (Figures S4B-S4D).

We next asked whether cholinergic R5 neurons signal to EPG neurons in our dual patch-
clamp recordings. EPG responses to R5 firing were essentially abolished upon application of
mecamylamine, a nicotinic acetylcholine receptor antagonist (Figures 41 and 4J), suggesting
that cholinergic signaling from R5 neurons triggers excitatory post-synaptic responses in
EPG neurons. We next examined unitary EPSPs from EPG neurons following individual

R5 spikes. The amplitude of these unitary EPSPs was increased following SD, compared to
controls (Figures 4L and 4M), further demonstrating potentiation of R5-EPG synapses with
greater sleep need. To assess whether the connection between R5 and EPG is monosynaptic,
we quantified EPSP onset times from unitary EPG EPSPs triggered by R5 spikes. The EPSP
onset time (~1 ms) was comparable to that reported for monosynaptic connections in the
Drosophila antennal lobe?223 and was not altered by changes in sleep need (Figure 4N).
These data demonstrate that sleep loss induces an increase in the likelihood and strength of
EPG postsynaptic responses following R5 firing.

Although previous studies have suggested that most EB ring neuron signaling is
GABAergic®16, cholinergic EB ring subpopulations have been described?4. Our findings
suggest that cholinergic R5 neurons signal to EPG neurons to promote sleep. However,
given the modest effects on sleep associated with R5 ChAT knockdown, additional signaling
mechanisms likely play a role in this process. Our data further show that sleep loss enhances
the anatomical and functional connectivity between R5 and EPG neurons, which appears to
be driven primarily by presynaptic plasticity in the R5 neurons. Synaptic plasticity triggered
by homeostatic drive is unusual?>-26:27 and may promote persistence of homeostatically-
generated behaviors under conditions of significant internal need. Interestingly, while
inhibiting EPG neurotransmission largely blocks the sleep-promoting effects of activating
R5 neurons, it does not impact the persistent sleep following this activation. This finding
suggests that multiple, redundant mechanisms may underlie the sleep persistence phenotype
seen with R5 activation.

EPG neurons have been shown to encode directional heading®8:910.28, How does one
reconcile a role for these neurons in navigation with a potential role in homeostatic sleep
regulation? We find that a large number of EPG neurons must be activated to promote

sleep behavior. In addition, our dual patch-clamp recordings reveal that, not only does

the synaptic strength between R5 and EPG neurons increase with greater sleep need, but
also the proportion of these functional connections. Thus, we speculate that the R5/EPG
synapse acts as a “gate” for transmission of homeostatic sleep drive. In this model, under
baseline conditions, EPG neurons function as compass neurons and receive broad, inhibitory
inputs29-30 and weak and infrequent excitatory R5 inputs. Following sleep deprivation,
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plasticity of R5 neurons is induced!31, enhancing R5—EPG excitatory signaling. Moreover,
sleep loss promotes synchronization of R5 neuron activity32, which could further strengthen
and coordinate sleep need-dependent R5 signaling to EPG neurons. These changes could
lead to activation of a greater number of EPG neurons and promote recovery sleep.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for data, resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Dr. Mark N. Wu
(marknwu@jhmi.edu).

Materials Availability—Transgenic Drosophila strains generated for this manuscript are
available upon request to the lead contact.

Data and Code Availability

. Raw data, analysis files, and images generated for this manuscript are available
upon request to the lead contact.

. Jupyter notebooks are available upon request from the lead contact. Additional
code for this manuscript is available on Github (https://github.com/margiezilla/
Ho_etal _2022).

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult female Drosophila melanogaster of age 4-10 days old were used for all experiments.
Flies were reared on standard food containing molasses, cornmeal, and yeast under a 12:12 h
LD cycle at 25°C, with the exception of crosses utilizing dTRPA1 (in which case flies were
reared at 23°C).

METHOD DETAILS

Transgenic Fly Strains—All GMR GAL4 and LexA lines were obtained from the
Bloomington Drosophila Stock Center36:37, Other flies were obtained as described in the
Key Resources Table.

Molecular Biology—The ChAT microRNA (miR) was constructed

as previously described3®. For UAS-ChaT-miR, two 22-mers in

exon 4 (5’-ACCGCTGGCTGGGAACTTTAAT-3") and exon 7 (5’-
AGATGCACGAGCTGTTCAAAGA-3") were used to create the two hairpin loops. The miR
sequence was synthesized /n vitro (GeneArt) and subcloned into pUAST using £coR/and
Notl. The UAS-ChAT-miR1-A line was generated via random P-element mediated insertion
into /so31 flies and screened for viability and general health. The R58H05-QF2-7 line was
as described in Blum et al., 20212, The R58H05-QF2-A line was generated by re-injecting
the construct into /5031 flies using P-element mediated random insertion and was selected to
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avoid expression in peripheral tissues. The R58H05-p65AD and R46C03-GAL4 DBD lines
were generated as described in Blum et al., 20212.

Immunostaining—Neurotransmitter immunostaining was performed as previously
described!8. The following primary antibodies were used: rabbit-anti-GABA (1:500, Sigma,
A2052, RRID: AB_477652), mouse-anti-ChAT (1:100, DSHB 4B1, RRID: AB_528122),
and rabbit-anti-vGIuT (1:5000, RRID: AB_2567386). Secondary antibodies were raised

in goat against rabbit, chicken and mouse antisera (Invitrogen) and conjugated to Alexa
Fluor 488 (1:1000), Alexa Fluor 555 (1:1000) or Alexa Fluor 647 (1:300). Antibodies were
prepared in blocking buffer with 0.02% NaNs, and primary antibodies were reused several
times. Whole mount brain immunostaining for other antigens was performed as previously
described18. The following primary antibodies were used: chicken-anti-GFP (1:1000,
Invitrogen A10262, RRID:AB_2534023), rabbit-anti-dsRed (1:1000, Clontech, 632496,
RRID: AB_10013483) and mouse-anti-BRP (1:10, DSHB nc82, RRID: AB_2314866).
Secondary antibodies were raised in goat against chicken, rabbit, or mouse antisera
(Invitrogen) and conjugated to Alexa Fluor 488 (1:1000), or Alexa Fluor 568 (1:1000)

or Alexa Fluor 647 (1:300). For counting putative EPG cells labeled by various drivers in
Figure S1J, single or combined transgenic driver lines were used to express mCD8::GFP,
and immunostaining was performed as described. GFP* cells with expected projections to
the PB were counted as EPG cells. In addition, in cases where their projections could not
be clearly visualized, GFP™ cells of similar size immediately surrounding those cells were
counted as putative EPG neurons. To quantify ChAT knockdown in Figure S3A, a single
Z-slice (1 um) that captured the thickest portion of the mushroom body -y-lobe was chosen
for analysis. Using ImageJ, a region of interest (ROI) was drawn around a single y-lobe per
brain, and the average fluorescence intensity was measured.

Behavioral measurements—Strains used in behavioral experiments were outcrossed at
least four times to /is031 background (RRID: BDSC_5905), and 5-8 day old female flies
were used for all behavioral experiments. Sleep behavior was measured using the Drosophila
Activity Monitoring system (Trikinetics) and established metrics as previously described3®.
Sleep parameters were analyzed using custom MATLAB scripts?, and additional post-
processing analysis was performed with Python using Jupyter notebook (https://github.com/
margiezilla/Ho_etal 2022). Flies were loaded in sucrose locomotor tubes (5% sucrose, 2%
agar) for all behavioral experiments. For UAS-dTRPAI experiments, adult flies were raised
at 23°C. 1 day of baseline sleep was recorded at 22°C and then the temperature was raised
to 29°C during ZT12-24 during the second night. The temperature was returned to 22°C
starting at ZTO the following day. For arousal threshold measurements during dTRPA1
activation at 29C, flies were subjected to stimuli of increasing intensity and duration using
a digital vortexer (500RPM for 1s (0.2g), 2s (0.25g), and 4s (0.35¢) at ZT16, ZT18,

ZT20 and ZT22). Asleep flies were defined as flies not moving for the 5 minutes (no

beam crosses detected) prior to stimulus, whereas awake flies were those observed to be
moving. Aroused flies were identified as flies moving within the 3 min interval following
the stimulus. For sleep deprivation experiments, adult flies were raised at 25°C and assayed
at 25°C. Sleep deprivation was performed by mechanical stimulation, by shaking 2-3 sec/
minute in a digital vortexer (VWR DV X-2500 Multi-tube vortexer) at 1300-2000 RPM
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from ZT12-24. Homeostatic sleep rebound from the following 6 hours (ZT0-6) was then
recorded and compared to previous daytime sleep to calculate rebound sleep. Only flies
exhibiting =95% sleep deprivation were used in analyses. Locomotor climbing performance
following thermogenetic activation of EPG neurons was performed essentially as previously
described4041, 1012 flies (5 days old) were exposed to 29°C for 2 hrs (ZT0-2) and then
tapped to the bottom of a clean plastic vial with another vial placed above. The proportion of
flies climbing above a 10 cm mark was measured after 10 s. To assess peak locomotor
activity during thermogenetic activation of EPG neurons, we measured the maximum
number of beam crossings within 1 min for the 5 min window immediately following the
strong shaking stimuli shown in Figures 1D and 1E.

Single cell dye labeling of R5 neurons.—Single cell dye labeling of R5 neurons was
performed by iontophoretic injection of biocytin for at least 15 min in order to quantify

the puncta number and ring thickness of an R5 neuron. After iontophoretic injection of
biocytin, the brain was fixed in 4% paraformaldehyde in Phosphate Buffered Saline (PBS,
137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy4, 1.7 mM KH,POy, pH 7.4) overnight at
4°C. After washing for 1 hr in several changes of PBST (0.3% Triton X-100 in PBS) at
room temperature, the brain was incubated with rabbit anti-GFP antibodies (Thermo Fisher
A11122, 1:200) for 16-40 hrs on a shaker at 4°C, followed by incubation with fluorescent
Alexa Fluor 488 anti-rabbit (Thermo Fisher A27034, 1:1000) secondary antibodies and
Alexa 568-conjugated streptavidin (Thermo Fisher S11226, 1:100) for 24-40 hrs on a shaker
at 4°C. After a 1 hr wash, samples were cleared in 70% glycerol in PBS for 5 min at room
temperature and then mounted in Vectashield (Vector Labs). Brains were then imaged using
a confocal imaging system (LSM-700; Carl Zeiss). Serial optical sections were acquired at
0.7-1.0 um intervals.

To quantify spot number and ring thickness of dye-injected R5 neurons, we used Imaris
image analysis software (Imaris x64 9.7.1, Oxford instruments). To measure spot number,
we first manually measured representative spot diameter and applied this variable as the
“Estimated Diameter.” We selected “quality” as the filter type for our analysis. We then
manually tuned the quality parameter until every punctate region of interest on the RS
axonal ring was covered by a spot. Typically, only a single class (“Class A”) was generated
based on the average distance to 3 nearest neighbors, but if the algorithms returned more
than one class (e.g. “Class A” and “Class B™), only class A was selected for analysis
because other classes were below the distance threshold (i.e, too close together). Finally, we
manually removed spots outside the R5 ring structure and selected “Total Number of Spots”
as the output.

To measure anterior-posterior R5 ring thickness, we used the “Measurement Points”
function in Imaris. We selected the thickest area of the structure and quantified anterior-
posterior thickness with measurement points on the anterior and posterior surfaces. To
ensure the only difference in measurement was on the z-axis, we synchronized the x- and
y-axis of the two points

Connectivity using GRASP—GRASP2! was used to assess physical connectivity
between R5 and EPG neurons. The R30G03-p65AD; R58H05-DBD and R19G02-LexA
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were used to drive expression of UAS-CD4-spGFPI-10in R5 neurons and LexAop-CD4-
SpGFP11and LexAop-tdTomato in EPG neurons, respectively. These flies were subjected
to mechanical SD or undisturbed (non-SD) from ZT12-24 as described above. The brains
of SD and non-SD control flies were quickly dissected in cold AHLS (2 mM CacCly,

108 mM NaCl, 5 mM KCl, 8.2 mM MgCl,, 4 mM NaHCO3, 1 mM NaH,;POq4, 5 mM
HEPES, 10 mM Sucrose, 5 mM Trehalose, pH 7.5) and native GFP fluorescence was
imaged with confocal microscopy (Zeiss LSM700) using a 63x oil immersion objective.
Relative quantification of GRASP fluorescence levels was performed by measuring GFP
signal against tdTomato. Stacks containing the EB region labeled by tdTomato signal were
projected into images by using the “average intensity” function in ImageJ. The ROl was
also determined by tdTomato signal labeling the EB neuropil. The “Analyze -> Measure”
function of ImageJ was used to quantify the GFP and tdTomato fluorescence intensity in the
ROL.

Electrophysiological recordings—The procedures were performed as previously
described*2. Sleep deprivation was performed using mechanical stimulation with a multi-
tube digital vortexer (VWR VX-2500) at 5 s/min from ZT12-ZT24, and flies with >90%
sleep loss during this period were used for electrophysiological recordings. Recordings were
performed at ZTO0-3.

ex vivo preparation—Flies were chilled on ice for anesthesia and immobilized on a
dissecting chamber following isolation of the head. The brain was exposed by opening

the head capsule and dissected in a Drosophila physiological saline solution (101 mM
NaCl, 3 mM KCI, 1 mM CaCl,, 4 mM MgCls,, 1.25 mM NaH,PQy, 20.7 MM NaHCOsg,
and 5 mM glucose; pH 7.2). The tracheae and the intracranial muscles were removed. To
better visualize the recording site and increase the likelihood of a successful recording, the
glial sheath surrounding the brain was focally and carefully removed after treating with an
enzymatic cocktail, collagenase (0.2 mg/mL), protease XIV (0.4 mg/mL), and dispase (0.6
mg/mL), at 22°C for 1-2 min. The surface of the cell body was briefly cleaned with a small
stream of saline that was pressure-ejected from a large-diameter pipette under visualization
of a dissecting microscope. For dual recordings of R5 and EPG neurons, brains were
mounted vertically to allow electrode access from both anterior and posterior sides. Brains
were vertically immobilized on the bottom of the recording chamber, by placing dental wax
(GC Corp., 27B2X00008000016) in front of and behind the brain.

Perforated patch-clamp recordings—Glass pipettes (8—-12 MQ) were fashioned from
borosilicate capillaries with a Flaming/Brown puller (P-1000; Sutter Instrument). A final
concentration of 50 pM escin (Santa Cruz Biotechnology) was added fresh into the internal
pipette solution (102 mM potassium gluconate, 0.085 mM CaCl,, 0.94 mM EGTA, 8.5

mM HEPES, 4 mM Mg-ATP, 0.5mM Na-GTP, 17 mM NaCl; pH7.2). Because escin is light-
sensitive, filling syringes were wrapped with aluminum foil. Pipette tips were dipped briefly
for 1 s or less into a small container with escin-free internal pipette solution, and then were
back-filled with the escin-containing solution from the filling syringe. 50 uM mecamylamine
was used to isolate the cells from excitatory synaptic inputs for the experiments with
pharmacological blockade. Perforated patches could develop spontaneously over time
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(usually ~1-8 min) without any suction pulse applied in the pipette. Single electrode
recordings from EPG neurons were acquired with an Axopatch 200B amplifier (Molecular
Devices), and dual recordings from R5 and EPG neurons were performed using two patch-
clamp amplifiers—an Axopatch 200B amplifier and a Model 2400 amplifier with 100 MQ
headstage (A-M systems). The voltage signals were sampled at 20 kHz and lowpass filtered
at 2 kHz.

Electrophysiology data analysis—To quantify spontaneous excitatory postsynaptic
potentials (SEPSPs) from EPG neurons under single electrode current-clamp recording
configuration, a median filter with a time constant of 3 ms was applied to the unfiltered
membrane potential. Then, background noise power was computed based on root mean
square values from the all-points amplitude in each dataset. These computations were used
to define noise-rejection criteria to decide signal threshold2’. Once SEPSPs were sorted,
their amplitude was then defined as the difference between the maximum/minimum potential
of each SEPSP. EPSP-spike coupling was defined as temporal distance between adjacent
presynaptic R5 action potential (AP, preceding) and EPG EPSP (following) epochs. To
examine the functional connectivity between R5 and EPG neurons under dual electrode
current-clamp recording configuration, depolarizing current injections were applied to R5
cells to evoke spike trains, and the membrane potentials of EPG were simultaneously
recorded. The change in EPG membrane voltage was calculated by subtracting the mean
membrane potential before current injection from the mean membrane potential during the
period of current injection. We carefully modulated the amount of injected current in every
experiment so that we could induce a similar number of action potentials between R5

with and without sleep deprivation. This is particularly important, because the membrane
excitability of R5 is increased after sleep deprivation. Within the “responding” paired
recordings, we sorted a 30 ms time window of membrane voltage traces for EPG centered
on a simultaneously measured R5 spike to assess for a monosynaptic interaction between R5
and EPG neurons. By performing visual inspection, the sorted EPG membrane voltages were
further categorized into detectable or undetectable unitary EPSPs based on the presence of a
clear depolarization (typically >0.2 mV), as well as monotonic rise time kinetics and phase-
locked latency indicating monosynaptic excitation. The sorted EPG membrane voltages
categorized as detectable were quantified in their amplitudes of peak depolarization. To
exclude the possibility that detected depolarization could be coincidentally observed in the
absence of R5 spike events, we also quantified randomly chosen 30 ms membrane voltage
traces of EPG and confirmed that there was no detectable depolarization. The monosynaptic
EPSP onset time*3 was defined as the time from the peak of R5 AP to the time reaching
10% of the peak depolarization after R5 AP. All analyses were performed using MATLAB
(The MathWorks).

Quantification and Statistical Analysis—Statistical analyses were performed with
Prism (GraphPad). For comparisons of two groups of normally distributed data, Student’s

t tests were performed. For multiple comparisons of normally-distributed data, one-way

or two-way ANOVAs followed by Tukey’s post-hoc tests were performed. For multiple
comparison of non-normally distributed data, Kruskal-Wallis test followed by Dunn’s post-
hoc test was performed.
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Highlights
. Broad activation of EPG compass neurons promotes sleep in Drosophila
. EPG activity increases with sleep need and facilitates homeostatic sleep
rebound
. R5 sleep drive neurons act upstream of EPG neurons
. Sleep loss strengthens R5/EPG connectivity to enhance transmission of sleep
drive
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Figure 1. A sleep-promoting role for EPG neurons
(A) Immunostaining of EPG neurons. Whole-mount brain immunostaining of an R19G02-

GAL4>UAS-CD8::GFP animal with anti-GFP (green) and anti-Bruchpilot (BRP, nc82,
magenta) antibody staining. Maximal intensity projection of the central brain is shown.
Scale bar indicates 50 pm.

(B) Sleep profiles of R19G02-GAL4>dTRFA1 (blue), S550574>dTRPAI (magenta), and
[5031>dTRFA1 (gray) flies. Sleep time plotted in 30 min bins. White and black bars indicate
12 hr light and dark periods, respectively. The period of 12hr dTRPAL activation at 29°C is
indicated with a yellow background. Data are from same animals as in (C).

(C) Sleep amount during 12h dTRPA1 activation for /s031>dTRFA1 (n=96), R19G02-
GAL4>dTRPAI (n=96), and SS50574>dTRPA1 (n=93) flies. Mean + SEM is shown; one
way ANOVA with Tukey’s post-hoc test.

(D and E) Arousal threshold is increased during EPG neuron activation. The percentage

of R19G02-GAL4>dTRFAI (D) or 5550574-GAL4>dTRPA1 (E) flies undergoing 12h
dTRPAL activation at 29°C that were asleep (light blue or light magenta) or awake (dark
blue or dark magenta) aroused by weak (0.2 g, n=116 and 152), moderate (0.25 g, n=155
and 171), and strong (0.35 g, n=139 and 140) mechanical rotational stimuli at ZT16, ZT18,
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ZT20, and ZT22. Mean £ SEM is shown; Student’s t test for each stimulus condition, with
Bonferroni correction.

(F) Sleep profiles of R19G02-GAL4>UAS-TNT (red), R19G02-GAL4>is031 (black), and
[5031>UAS-TNT (gray) flies. Sleep time plotted in 30 min bins. White and black bars
indicate 12 hr light and dark periods, respectively. The period of sleep deprivation via
mechanical shaking is indicated with a gray background. Data are from same animals as in
(G).

(G) Rebound sleep following deprivation from ZT0-6 for R19G02-GAL4>is031 (n=62),
[5031>UAS-TNT (n=90), and R19G02-GAL4>UAS-TNT (n=81) flies. Mean + SEM is
shown; one way ANOVA with Tukey’s post hoc test. In this and in subsequent figures *,
** *** and ns denote £<0.05, A<0.01, A<0.001, and not significant, respectively. See also
Figure S1 and Table S1.
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Figure 2. EPG neuron activity is increased with greater sleep need
(A) Whole-mount brain immunostaining of R19G02-GAL4>UAS-CD4::tdGFP animal with

anti-GFP (green) and single cell dye fill (biocytin, magenta) following electrophysiological
measurements demonstrating labeling of EPG projections. Arrows point to dye-filled
terminal overlapping GFP signal in the PB. Scale bar, 50 um.

B) Representative traces of membrane potentials of EPG neurons from R19G02-
GAL4>UAS-CD4::tdGFPflies at ZT0-ZT3 in the presence and absence of 12 hr sleep
deprivation (SD).
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(C and D) Mean spontaneous action potential (AP) frequency (C) or mean spontaneous
excitatory postsynaptic potential (SEPSP) frequency (D) of EPG neurons (R19G02-
GAL4>UAS-CD4::tdGFP) at ZT0-3 (blue, n=5) and ZT0-3 with SD (red, n=4) flies;
Student’s t-test.

(E) Cumulative probability plot of spontaneous excitatory postsynaptic potential (SEPSP)
frequency from EPG neurons following SD (red) vs control without SD (blue).

(F) Distribution and quantification (inset) of SEPSP peak amplitude from EPG neurons in
the presence (red) and absence (blue) of SD; Student’s t-test.

(G) Cumulative probability plot and quantification (inset) of EPSP-spike latencies for EPG
neurons in ctrl (blue) vs SD (red) flies; Student’s t-test. Data in panels (C-G) are from the
same flies. See also Figure S2.
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Figure 3. R5 neurons act upstream of EPG neurons to promote sleep
(A) Neurotransmitter staining of R5 ring neurons in an R30G03-AD, R58H05-DBD>UAS-

mCD8..GFP animal. Whole-mount brain immunostaining showing anti-GFP (green), either
anti-GABA, anti-ChAT, or anti-VGIuT (magenta), and merged signals. Top row, posterior
aspect, arrows indicate co-localization of R5 axons with GABA signal. Middle row, anterior
aspect, ChAT staining colocalization with GFP signal is indicated (yellow solid line), while
the location of EB ring is shown with white dashed lines. Arrows point to mushroom body
(MB) lobes. Bottom, posterior aspect, no detectable overlap between vGLUT expression and
GFP. EB ring is outlined with white dashed lines. Scale bars indicate 20 um.

(B) Co-staining of R5 neurons and neurotransmitter-labeled cell bodies. R5 neurons are
labeled with R58H05-QF2-7>mitd Tomato (anti-dsRed, red). Neurotransmitter expression of
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cell bodies is labeled either by anti-GABA (top row) antibody (anti-GABA, green) or
MIMIC line insertions for ChAT (middle row, ChATM!-GAL4>Stinger) or vGIuT (bottom
row, vGluTM!-GAL4>Stinger) driving Stinger (anti-GFP, green) expression. Arrows indicate
R5 cell bodies which show co-labeling with neurotransmitter. Representative images are
shown. Scale bar indicates 10 um.

(C) Neuronal cell counts of R5 neurons and co-labeling with GABA, ChAT, and vGIuT. In
R58H05-QF2-7>mtd Tomato animals stained with anti-GABA (n=6), an average of 6.8 out
of 22.8 R5 neurons per brain were co-stained with GABA. For R58H05-QF2-7>mtd Tomato
animals with ChRATM!-GAL 4>Stinger (n=8), an average of 6.4 out of 20.4 R5 neurons

per brain were cholinergic. No R5 neurons in R58H05-QF2-7>mtd Tomato, vGluTM!-
GAL4>Stinger animals (n=8) were observed to have vGIuT co-labeling. Mean £SEM is
shown. These data are quantified from imaging experiments in Figure 3B.

(D) Sleep profiles of R58HO5-GAL4>UAS-ChAT-miR (blue), R58HO5GAL4>is031 (gray),
and 7/s031>UAS-ChAT-mir (black) flies. Sleep time plotted in 30 min bins. White and black
bars indicate 12 hr light and dark periods, respectively. The period of sleep deprivation via
mechanical shaking is indicated with a gray background. Data are from same flies as in (E)
and (F).

(E and F) Baseline total sleep time (TST) (E) and rebound sleep from ZT0-6 (F) for
R58HO5GAL4>i5031 (n=64), [s031>UAS-ChAT-miR (n=60), and R58H05-GAL4>UAS-
ChAT-miR (n=60). Mean = SEM is shown; one way ANOVA with Tukey’s post hoc test.
(G) Sleep profiles of R58H05-QF2-A>QUAS-dTRFPAL R19G02-GAL4>UAS-TNT
(magenta), R19G02-GAL4>UAS-TNT (gray), and R58H05-QF2-A>QUAS-dTRPA1 (blue)
flies. Sleep time plotted in 30 min bins. White and black bars indicate 12 hr light and dark
periods, respectively. The period of dTRPA1 activation at 29°C from ZT12-24 is indicated
with a yellow background. Data are from same flies as in (H) and (I).

(H and 1) Sleep during (H) and after (I, ZT0-6) dTRPAL activation for R58H05-QF2-
A>QUAS-dTRPA1 (n=48), R58H05-QF2-A>QUAS-dTRPAL; R19G02-GAL4>UAS-TNT
(n=53), and R19G02-GAL4>UAS-TNT (n=56) flies. Mean + SEM is shown; one way
ANOVA with Tukey’s post hoc test. See also Figure S3.
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Figure 4. Functional Connectivity between R5 and EPG Neurons increases with Greater Sleep

Need

(A-C) Representative single cell dye-fill images of R5 neurons in R58H05-GAL4>UAS-
CD4.'tdGFPanimals after baseline sleep at ZT0-3 (A, ctrl), mechanical sleep deprivation at
(SD) from ZT12-24 (B), or 12 hr recovery after SD (C). Upper and lower panels provide
anterior/posterior and dorsal/ventral views, respectively. Scale bars denote 50 pm and 25
um in upper and lower panels, respectively. Arrows indicate anterior (A) and posterior (P)

directions.
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(D and E) Number of spots in the ring region (D) and anterior-posterior ring thickness (E)
of R5 neurons in control (blue, n=9), SD (red, n=10), and 12 hr recovery (gray, rec, n=5)
animals, as described in (A—C); one-way ANOVA with post-hoc Tukey’s test.

(F and G) Representative EB ring GRASP, tdTomato, and merged signals for R5 and EPG
neurons in R30G03-AD, R58H05-DBD>UAS-syb-spGFP1-10; R19G02-LexA>LexAop-
CDA4-spGFP11, L exAop-tdTomato animals with (G) and without SD (F). Scale bar denotes
20 pm.

(H) Relative GRASP fluorescence levels (GFP/tdTomato) for the flies described in Figures
(F) and (G) in the absence (gray, n=4) and presence of 12 hr SD (red, n=7); Mann-Whitney
U test. Simplified box plots show 25, 50t and 75t percentiles.

(1) Traces from paired recordings of R5 (presynaptic, Pre) and EPG (postsynaptic, Post)
neurons from R19G02-GAL4, R58H05-GAL4>UAS-CDA4::tdGFPflies in the absence (ctrl,
blue) or presence (SD, red) of SD from ZT12-24. Activation of R5 neurons elicited

small but detectable depolarization responses in paired EPG neurons at baseline, whereas
concomitant SD triggered a greater response in paired EPG cells. Top: Representative

R5 membrane voltage in response to a depolarizing current injection (140 pA and 70

pA for ctrl and SD conditions, respectively). Middle: Averaged traces of simultaneously
recorded EPG membrane voltages from cells exhibiting a “response”, without or with

50 uM mecamylamine (black). Bottom: Averaged traces of simultaneously recorded EPG
membrane voltage showing “no response.”

(J) Mean EPG membrane voltage change in the paired recordings described in (1), for
“responding” cells in the presence and absence of mecamylamine and “non-responding”
cells in animals at ZT0-3 following baseline sleep (ctrl, n=30) or 12 hr SD (SD, n=25);
two-way ANOVA with post hoc Tukey’s test.

(K) Frequency of synaptic connections identified between R5 and EPG pairs, in the presence
(red) or absence (blue) of SD.

(L) R5 spike-triggered average of putative unitary EPG EPSPs in the presence (red) or
absence (blue) of SD. Timing of R5 spikes is shown.

(M and N) Amplitude (M) and onset time (defined as a response reaching 10% of EPSP
peak) (N) of R5 spike-triggered EPG EPSPs; Mann-Whitney U tests. Simplified box plots
show 25, 50t and 75™ percentiles. Data shown in panels (1)-(N) are from the same flies.
See also Figure S4.
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