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Sleep is vital for most animals, yet its mechanism and function remain unclear. We
found that permeability of the BBB (blood-brain barrier)—the organ required for
the maintenance of homeostatic levels of nutrients, ions, and other molecules in the
brain—is modulated by sleep deprivation (SD) and can cell-autonomously effect sleep
changes. We observed increased BBB permeability in known sleep mutants as well as
in acutely sleep-deprived animals. In addition to molecular tracers, SD—induced BBB
changes also increased the penetration of drugs used in the treatment of brain pathol-
ogies. After chronic/genetic or acute SD, rebound sleep or administration of the sleep-
ing aid gaboxadol normalized BBB permeability, showing that SD effects on the BBB
are reversible. Along with BBB permeability, RNA levels of the BBB master regulator
moody are modulated by sleep. Conversely, altering BBB permeability alone through
glia-specific modulation of moody, gao, loco, lachesin, or neuroglian—each a well-studied
regulator of BBB function—was sufficient to induce robust sleep phenotypes. These
studies demonstrate a tight link between BBB permeability and sleep and indicate a
unique role for the BBB in the regulation of sleep.
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Sleep is conserved across many animal phyla (1-3), but its physiological function and the
facilitation of its rapid onset are not yet fully understood. Sleep is considered vital because
prolonged sleep deprivation (SD) is lethal across different animal species and in most
paradigms (4-7). Studies examining the function and regulation of sleep yielded several
genetic and neuronal correlates that, if perturbed, affect sleep duration and other sleep
parameters. As different neurons, brain regions, peripheral tissues, genes, and cell types
have been implicated in sleep, it remains unclear how the observed phenomena are linked
and, together, create sleep.

The fruit fly Drosophila melanogaster displays hallmarks of sleep that are similar to
those of mammals (8, 9), and this insect has been used as a genetically tractable model
organism to unravel the molecular and physiological bases of sleep (10, 11). Studies of
sleep regulation in the fly have taken either a genetic or a neurobiological approach
(11). The latter has uncovered different brain regions and neuronal subtypes that are
involved in sleep, including subpopulations of clock neurons, the mushroom body, and
dorsal fan-shaped bodies (12), which all promote or inhibit sleep via neurotransmitter
systems that are largely evolutionarily conserved and modulated by the time of day,
oxidative status, temperature, light information, feeding, and age (13-16). Still, how
the different brain regions and neuronal signaling pathways interact has yet to be elu-
cidated. Forward genetic screens in Drosophila yielded mutants that sleep less, but the
affected genes do not follow an obvious molecular pattern and encode products that
fall into different protein classes, including ion transport, neurotransmitter systems,
cell cycle regulation, proteasomal degradation, circadian clock, and various intracellular
signaling pathways (11).

Recent advances regarding the function of sleep have uncovered that sleep is required
for many physiological processes in mammals as well as in insects, including glymphatic
clearance, suppression of motor activity, reduction of oxidative stress, memory consoli-
dation, and synaptic homeostasis (4, 17-24). However, the relative importance and poten-
tial coordination of these processes are not well understood. Sleep appears to not only be
regulated by and target the brain, as studies link peripheral tissues such as the gut and
muscle as fundamental participants in the process of sleep. How the brain integrates signals
from the body and communicates with the periphery is unclear.

Research in the last 5 to 10 y uncovered dynamics of tissues, organs, and physiological
processes at the interface of brain and body. Studies in mammals and flies revealed
changes of cerebrospinal fluid, blood flow in the brain, extracellular ion composition,
and xenobiotic blood—brain barrier (BBB) transport during sleep/wake cycles or in a
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time-of-day dependent fashion. These dynamics seem to involve
neuronal signaling, astrocytic water transport, and circadian
rhythms in the BBB (17, 25-29). As the organ required for brain
homeostasis and preserving the metabolic and ionic microenvi-
ronment required for neuronal function (30), the BBB could be
serving a prime role in regulating molecular exchange affecting
sleep, which is the subject of this study.

Transport mechanisms across the BBB include paracellular dif-
fusion as well as receptor, carrier, adsorptive-mediated, and lipo-
philic transcytosis (31, 32). We focus on the most basic mechanism,
the paracellular, passive diffusion pathway formed by tight junc-
tion belts between endocytes or, in invertebrates, septate junction
belts formed by subperineurial glia (33) limiting transport between
blood and brain to water-soluble molecules <500 Dalton.

To better understand the interaction of BBB dynamics and
sleep, we employed acute or chronic/genetic forms of SD and
measured BBB permeability using a previously described tracer
dye assay (34-36). We found that the BBB dynamically reflects
sleep need in a genotype-dependent manner. We then sought to
investigate how the BBB regulates sleep on a cellular level and
found that modulating components of a known BBB function
pathway directly affects sleep, demonstrating that the BBB is an
integral part of sleep regulation.

Results

Acute SD, Regardless of Method, Reversibly Increases BBB
Permeability. Studies in mice and rats have shown that acute
and chronic, genetic SD alter aspects of BBB integrity including
disrupting tight junctions and leading to the detachment of
pericytes, a cell type located on the outside of capillaries, from
the microvessel (37, 38). The mammalian and fly BBBs share
functional and molecular similarities, but also crucial differences.
Drosophila does not have a closed circulatory system; therefore, the
BBB is located on the outside of the central and peripheral nervous
systems. While some of the junctional proteins are conserved
between invertebrates and vertebrates, the barrier is formed by
specialized glia and not endocytes in the fly. The fly lacks the
complexity of additional cell types including muscle, astrocytes,
and pericytes forming the mammalian BBB (39). Sleep, too,
encompasses shared and divergent aspects across invertebrate and
mammalian model organisms. Similarities include the hallmarks
of sleep—different sleep posture, decreased responsiveness to
external stimuli, circadian and homeostatic regulation, and altered
brain activity. Differences include the absence of a distinct sleep
architecture in flies, which includes Rapid Eye Movement (REM)
and non-REM sleep in mammals, and differences in the underlying
genetic and neuronal correlates (40, 41).

To investigate the role of the BBB in sleep regulation and home-
ostasis using the fly model system, we first sought to understand
whether SD alters BBB permeability in Drosophila, given the sim-
ilarities and differences between mammalian and Drosophila sleep
regulation and BBB morphology. To test the hypothesis that SD
causes an increase in BBB permeability, we used three different
methods of acute SD—activation of wake-promoting dopamin-
ergic and octopaminergic neurons as well as mechanical stimula-
tion—and subsequently monitored BBB permeability. To measure
BBB permeability we employed tracer injection assays (Fig. 1A4),
which are routinely used to assess BBB permeability in invertebrate
and mammalian model systems (34, 35, 42, 43). We used the
tracer Dextran TexasRed 10 kDa, which does not significantly
penetrate the BBB in wild-type flies [(34, 36), Fig. 1B], but has
been shown to penetrate the BBB under conditions of BBB
disruption (35, 36).

https://doi.org/10.1073/pnas.2309331120

Dopaminergic SD is highly effective and causes reversible increases
in BBB permeability. Thermogenetic dopaminergic hyperexcitation
using 7H-Gal4 to drive expression of the thermosensitive #rpAI
channel in arousal-promoting dopamine neurons results in complete
sleep loss [(44), Fig. 1 Cand E]. After 12 h of dopaminergic SD,
the flies showed a ~1.7-fold increase in BBB permeability compared
with temperature-matched controls (Fig. 1 Band D). TRPA1 was
inactivated by shifting the flies from 29 °C to 18 °C (Fig. 1 C'and
E), and the flies were allowed to recover sleep for 24 h before BBB
permeability was measured. BBB integrity was restored to baseline
permeability (Fig. 1 Band D). These results indicate that sleep loss—
induced BBB opening is a dynamic and reversible physiological
process.

SD-induced changes in BBB permeability are dose-dependent.
Considering the processes seemed so dynamic and quick, we
experimented with different amounts of SD and sleep recovery
time. We used dopaminergic SD to sleep-deprive animals for
2 h or 6 h (Fig. 17) and either immediately probed their BBB
permeability or let them recover sleep for another 2 h before BBB
testing (Fig. 1 /and K). Two hours of dopaminergic SD did not
cause a significant increase of BBB permeability; however, a ~2.3-
fold increase was observed after 6 h of SD, suggesting that SD
causes BBB permeability increases in a dose-dependent manner.
The BBB partially closed again when flies were allowed to recover
sleep for 2 h, compared with flies who were injected immediately
after 6 h of SD. This shows that the BBB closes rapidly after SD-
induced opening, but only after sleep is recovered.

Mechanical SD increases BBB permeability. To confirm that BBB
opening was an effect of SD, and not merely an effect of the
method of SD, we also tested other methods of SD. We employed
mechanical SD during the night using mild randomized shaking
(45). No effect on BBB permeability was observed after one
night of mechanical SD (Fig. 2 C and D), which might be due
to the lower efficiency of mechanical SD when compared to the
very strong and potentially somewhat artificial SD activating all
dopaminergic neurons (4, 7, 44, 46). However, two and three
consecutive nights of mechanical SD caused a BBB permeability
increase of ~1.5-fold and ~1.8-fold, respectively (Fig. 2 Cand D).
Similar to dopaminergic SD (Fig. 1), a 24-h period when flies were
allowed to recover sleep was sufficient to fully reverse the mechanical
SD-induced BBB permeability increase (Fig. 2 C and D). This
reversal remained stable after 3 and 6 d post SD (Fig. 2 Cand D),
which provides evidence that mechanical SD did not cause lasting
effects on BBB permeability.

Octopaminergic SD increases BBB permeability. Activation of
octopaminergic neurons has been shown to be arousal-promoting,
similar to dopaminergic activation. However, in contrast to
dopaminergic and mechanical SD methods, octopaminergic
activation causes deficiencies in sleep homeostasis and the flies do
not exhibit rebound sleep [Fig. 1 G and ; (47)]. We observed that
after 12 h of octopaminergic SD, the BBB permeability increase
was attenuated (~1.15-fold increase of BBB permeability, Fig. 1 F
and H) when compared to dopaminergic SD (~1.7-fold Fig. 1D)
but was still significant, despite the less efficient SD (Fig. 1 G'and 1),
suggesting that BBB responses to SD are affected by, but not
completely precluded by, a lack of rebound sleep.

Drug penetration into the brain is increased after SD. The BBB
poses a major obstacle to treatment of brain pathologies, because
100% of large molecules (0.5 kDa), like the brain cancer drug
vinblastine (molecular weight: 1 kDa), and 98% of small molecule
drugs (<0.5 kDa), like the nonsteroidal antiinflammatory drug
paracetamol, cannot penetrate it in therapeutic amounts (48).
Current solutions to this problem include pharmacologically
increasing the diffusion barrier permeability, implantation of
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Fig. 1. Neurogenic SD reversibly in-
creases BBB permeability. (A) Workflow
illustration of the BBB injection assay.
Drosophila males are injected with
10kDa Dextran dye. Dye penetration
into the brain and eyes depend on BBB
permeability. Flies are decapitated, and
heads are imaged using confocal
microscopy. Fluorescence in each eye
is quantified as a measure of dye pen-
etration across the BBB. (B) Flies were
sleep deprived for one night using
thermogenetic activation of dopaminer-
gic neurons (TH>dTRPAT) at 29 °C and
injected with 10 kDa Dextran-TexasRed,
red, or allowed to recover sleep for 24
h at 18 °C before injection and imaging,
blue. Hemizygous controls are in black.
Fluorescence intensity in the eye shows
increased BBB permeability after SD but
closure after sleep recovery. (C) Sleep
plot for thermogenetic SD. TH>TRPAT flies
and heterozygous controls were sleep
deprived for 12 h at 29 °C and injected
the next morning or left to recover lost
sleep at 18 °C for 24 h before injection
the next day. Average sleep in 16 flies
is shown, binned as sleep in 30 min.
Arrows denote timepoints of BBB testing
shown in (B). (D) Quantification of BBB
permeability in (B). Each point represents
normalized fluorescence in one eye,
n = 30 to 40; red, sleep-deprived flies;
blue, flies after recovery sleep; black,
hemizygous controls. (£) Quantification
of sleep data in (C). Shown is total sleep
in the 12 h prior to injection for normal
sleep, SD and recovery groups for the
indicated genotypes. n = 16; red, sleep-
deprived flies; blue, flies after recovery
sleep; black, hemizygous controls. (F)
Flies were sleep deprived for one night
using thermogenetic activation of octo-
paminergic neurons (Tdc2>dTRPAT) at
29 °C and injected with 10 kDa Dextran-
TexasRed, red, or additionally allowed to
recover for 24 h at 18 °C before injection
and imaging, blue. Hemizygous controls
arein black. Fluorescence intensity in the
eye shows increased BBB permeability
after SD, but closure after recovery.
n = 30 to 40; red, sleep-deprived flies;
blue, flies after recovery sleep; black,
hemizygous controls. (G) Sleep plot for
octopaminergic SD. Tdc2>TRPAT flies
and heterozygous controls were sleep
deprived for 12 h at 29 °C and injected
the next morning or left to recover lost
sleep at 18 °C for 24 h before injection
the next day. Average sleep in 16 flies
is shown, binned as sleep in 30 min.
Arrows denote timepoints of BBB testing
shown in (F). (H) Quantification of BBB
permeability in (F). Each point represents
normalized fluorescence in one eye,
n = 30 to 40; red, sleep-deprived flies;
blue, flies after recovery sleep; black,
hemizygous controls. (/) Quantification
of sleep data in (G). Shown is total sleep
in 12 h prior to injection for normal
sleep, SD and recovery groups for the
indicated genotypes. n = 16; red, sleep-
deprived flies; blue, flies after recovery
sleep; black, hemizygous controls. (/)
Flies were sleep deprived for 2 h or 6
h using thermogenetic activation of

dopaminergic neurons (TH>dTRPAT) and injected with 10 kDa Dextran-TexasRed, red, or allowed to recover sleep for 2 h before injection and imaging, blue. Controls
are in black. Fluorescence intensity in the eye shows increased BBB permeability after 6 h but not 2 h of SD and partial closure after 2 h sleep recovery. (K) Quantification
of BBB permeability in (/). Each point represents normalized fluorescence in one eye, n = 30 to 40; red, sleep-deprived flies; blue, flies after recovery sleep; black,
controls. (L) Hourly sleep for the indicated groups from (/)/(K) during the day before SD, during SD, and during the 2 h of recovery sleep for the indicated genotypes.
n = 16; red, sleep-deprived flies; blue, flies after recovery sleep; black, controls. Statistical significance was calculated using one-way ANOVA with Dunn’s post hoc

testing. Significance levels are P < 0.05: *, <0.01: **, <0.001: ***, <0.0001: ****_SD: Sleep deprivation.
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Fig. 2. Mechanical SD reversibly increases BBB permeability and improves drug penetration into the brain. (A) Sleep plot for mechanical SD. Wild-type flies
were sleep deprived using a custom-built machine by randomized shaking for 2x2 s every 5 m for 1, 2, or 3 subsequent nights (n) during their normal sleep
time between ZT 12-24, plotted in red, and left to recover for up to 6 d. Average sleep in 16 flies is shown, binned as sleep in 30 min. Arrows denote timepoints
of BBB testing shown in (C). (B) Quantification of sleep data in (A). Shown is total sleep in 12 h prior to injection for each group. n = 16. Statistical significance
was calculated using one-way ANOVA with Dunn'’s post hoc testing. Red, sleep-deprived flies. —| indicates comparison to 1n SD. (C) Flies were sleep deprived
as shown in (4) and injected with 10 kDa Dextran-TexasRed to assess BBB permeability after 1, 2, or 3 nights of SD or let to recover sleep for 1, 3, or 6 d prior
to BBB testing. (D) Quantification of BBB permeability in (C). n = 30 to 40. Red, sleep-deprived flies; blue, flies after recovery sleep; black, controls. Statistical
significance was calculated using t tests for pairwise and one-way ANOVA with Dunn’s post hoc testing for multiple comparisons. —| indicates comparisons to
non-sleep-deprived flies. (F) Three nights of SD increase BBB penetration of fluorescein-labeled penicillin, vancomycin, vinblastine, and prazosin. Flies were
mechanically sleep deprived or left to sleep during Zeitgeber time 12 to 24 h for three consecutive nights and injected with fluorescently labeled bioactive drugs
the next morning for BBB assessment. (F) Quantification of BBB permeability in (£). n = 30 to 40. Red, sleep-deprived flies; black, controls. For quantification of
BBB permeability, fluorescence was measured for both eyes of each fly. Each dot represents normalized fluorescence in one eye. Statistical significance was

calculated using t tests. Significance levels are P < 0.05: *, <0.01: **, <0.001: ***, <0.0001: **. SD: sleep deprivation.

ultrasonic devices to temporarily permeabilize the diffusion barrier,
fusing molecules to receptor ligands to engage the transcellular
route, or intracranial administration via injection (49-51).
Based on our finding that SD increases penetration of fluores-
cent dyes into the brain (Figs. 1 and 2 A-D), we tested whether
drug penetration would be enhanced after SD. We tested brain
penetration after thorax injection of four drugs typically excluded
from entering the brain due to their large size over 0.5 kDa and
engagement of xenobiotic transporters (52, 53). All four drugs are
conjugated with the fluorescein derivate Bodipy-FL for BBB trac-
ing, while retaining bioactivity (52, 54-56). All four drugs are
required to cross the BBB in certain conditions: The antibiotics
Penicillin and Vancomycin are used in treating meningitis (57);
Vinblastine is used to treat brain cancer (58); and Prazosin is an
antianxiety drug acting on the central nervous system (59). The
four drugs showed ~2.2- to 4.2-fold increases in brain penetration
in our injection assay after three nights of mechanical SD (Fig. 2

40of 11 https://doi.org/10.1073/pnas.2309331120

E and F). While the eye images appear more banded here than
the TexasRed experiments, we believe that might be due to altered
hydrophobicity, cellular uptake or binding of these compounds.
The increase in BBB drug penetration after SD suggests that sleep
status could be a consideration for drug delivery into the brain.

Genetic Sleep Mutants Display Increased BBB Permeability. We
next tested how mutations that chronically reduce daily sleep affect
BBB permeability. We tested 8 genetic sleep mutants displaying
reductions in daily sleep duration (Fig. 3C and S/ Appendix,
Fig. S2B): redeye (rye) or nicotinic acetylcholine aeceptor a4 (60),
shaker’ (sh), which encodes the beta subunit of a potassium
channel (61), hyperkinetic (hk), which encodes the alpha subunit of
the same channel (62), fumin (finn), a dopamine transporter (63),
sleeplmm (sss), a Ly-6 protein involved in protein trafficking (64),
insomniac’ (inc), a putative BTB (for BR-C, ttk and bab) or POZ
(for Pox virus and Zinc finger)-domain protein (65), and wide

pnas.org
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Fig. 3. Sleep mutants display increased BBB permeability. (A) BBB permeability via tracer dye assay in sleep duration mutants. (B) Quantification of BBB
permeability in (A). n = 30 to 40, shown are averages for 2 to 5 independent experiments. Significance was assessed using one-way ANOVA and post hoc Dunnett's
test. (C) Total daily sleep amounts for mutants in (A) and (B). n = 20 to 32, shown are averages for 4 to 5 independent experiments. Statistical significance was
calculated using one-way ANOVA with Dunnett’s post hoc testing. (D) Bar chart displaying a largely inverse relationship between sleep and BBB permeability in
sleep mutants. Shown are averages of 3 to 5 independent experiments. For comparability, data were normalized to the averages of daily sleep and fluorescence,
respectively. To this end, the respectively lowest value was subtracted from the individual measurements and the result was divided by the difference between
highest and lowest values, for sleep and BBB data, respectively. n = 2 to 5 independent experiments. Statistical significance was calculated using one-way
ANOVA with Dunnett's post hoc testing. (£) BBB permeability in inc and wild-type flies after administration of 0.1 mg/mL gaboxadol sleep aid overnight. (F)
Quantification of BBB permeability in (E). n = 20 to 30. Significance was assessed using t-testing. (G) Sleep after gaboxadol administration. n = 16. Significance was
assessed using t-testing. (H) Schematic representation of the Drosophila BBB. (/) Shown are qRT-PCR results of relative moody expression normalized to gapdh in
wild-type, sleep deprived wild-type, and 8 sleep mutants. Shown is a bar graph of averages of 3 independent experiments. Significance was assessed using
one-way ANOVA and post hoc Dunnett’s test. For quantification of BBB permeability, fluorescence was measured for both eyes of each fly. Each dot represents
normalized fluorescence in one eye. Significance levels are P < 0.05: *, P < 0.01: **, <0.001: ***, <0.0001: ****. Bar: 200 pm.
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awakeD1 (wakeD1) and wide awakeD?2 (wakeD2), two alleles of
a Gamma-Aminobutyric Acid (GABA) receptor modulator (66).
Each mutation, with the exception of rye, exhibited increases in
BBB permeability when compared to control wild-type flies (Fig. 3
A and B and SI Appendix, Fig. S2A), indicating there might be a
broad link between sleep loss and BBB permeability (Fig. 3D). To
explore whether conversely restoring sleep in a sleep mutant could
affect BBB permeability, we fed inc flies the hypnotic gaboxadol
(67), which increased sleep, and measured BBB permeability the
next day. Fifteen hours of gaboxadol administration increased sleep
by ~50% compared to untreated flies (Fig. 3G and SI Appendix,
Fig. S2D) and restored BBB permeability by ~20% (Fig. 3 £
and F). While the effect on the BBB was smaller than on sleep,
these results illustrate that short-term sleep restoration can, in
principle, restore BBB permeability in chronically sleep-deprived
genetic sleep mutants. Populations of flies of the same genotype
display variability both in sleep as well as BBB permeability (e.g.
SI Appendix, Fig. S2A). To test whether sleep duration tracks with
BBB permeability on an individual level, we measured sleep and
BBB while tracking individual inc flies. We observe that flies that
sleep more tend to have a less permeable BBB, and vice versa
(SI Appendix, Fig. S2C, R*=0.6), suggesting that flies’ BBB state
reflects both genotype and individual experience. Taken together,
these data further support the notion of a functional link between
BBB and sleep states.

SD Modulates Moody GPCR Expression. We next sought to
understand the molecular basis of BBB changes occurring during
sleep homeostasis. Past studies established the orphan G protein-
coupled receptor (GPCR) Moody as a major regulator of BBB
development and function that acts cell-autonomously and
exclusively in the BBB (35, 36, 68-73). Hypothesizing that moody
might be involved in BBB regulation during sleep homeostasis,
we mechanically sleep-deprived wild-type flies for two consecutive
nights and then measured moody expression using qRT-PCR
(quantitative real-time PCR) in sleep-deprived flies and normal
sleeping controls (3 independent experiments, 30 to 60 fly heads
each). moody levels appeared to be lower in wild-type flies after
SD (Fig. 31).

To further test whether 00dy levels dynamically change during
sleep homeostasis, we measured 7o0dy expression using qRT-PCR
in 8 sleep mutants. 7moody RNA levels were ~60 to 90% lower in all
sleep mutants tested compared to isogenic wild-type control flies
(Fig. 31). The observation that lower moody expression correlates
with chronic/genetic SD (as well as acute SD) suggests that a
lowered moody expression may be causing BBB phenotypes that
in turn negatively affect sleep.

The moody Signaling Cascade Affects Sleep in a Glia-Autonomous
Manner. In Drosophila and other insects, the formation and
function of the BBB resides within the subperineurial glia
(SPQ), a cell type enclosing the central and peripheral nervous
systems. These cells form a polarized epithelium with a septate
junction belt along their lateral surface creating pericellular
permeability barriers. SPGs are highly specialized cells requiring
the action of a GPCR signaling cascade during embryonic and
larval development to properly localize junctional components,
vesicular traffic, and the cytoskeleton for proper formation of
a contiguous seal (35, 68, 73). Specifically, the orphan GPCR
Moody is localized on the basal, brain-facing surface of the
SPG, and is required for proper SPG development and BBB
function (Fig. 3H). Downstream effectors of moody include
the G-protein subunit gao, the negative regulator of G-protein
signaling loco and the protein kinase C catalytic subunit 1,

https://doi.org/10.1073/pnas.2309331120

pkaCl, which transmits the moody signal to the cytoskeleton,
modulating spatiotemporal actomyosin contractility for correct
cell shaping and polarized cell function to deliver septate
junction components via vesicular trafficking to the lateral cell
surface and create the BBB (35). The end result is a ladder-like
septate junction belt consisting of large transmembrane protein
complexes composed of over 20 septate junction proteins,
forming regularly spaced homophilic interactions with their
counterparts on the neighboring cell. These lateral cell surfaces
fold onto each other, increasing the surface area and elongating
the ladder-like septate junction belts to hundreds of “rungs”
formed by the septate junctions (33).

Given that sleep homeostasis seems to involve BBB permeability
changes, we wanted to test whether modifying the BBB itself
would affect sleep. Null mutations of genes required for BBB
development and function are frequently developmentally lethal,
e.g., moody, loco, PKACI, lachesin (35, 68, 74) preventing adult
sleep experiments. We hypothesized that utilizing transgenic RNAi
against genes of interest in the BBB might result in adult viability
due to the incomplete removal of gene function (75). RNAi of
gao, loco, pkacl, and the septate junction components lachesin and
neuroglian (35, 74, 76) in the BBB using the subperineurial
glia-specific moody- Gal4 driver (SI Appendix, Fig. S3 A-C) resulted
in significant increases in BBB permeability (Fig. 4 A-C) and
significant sleep deficits (Fig. 4 F and H). This shows that
cell-autonomous BBB disruption directly affects sleep.

To test whether sleep effects were a remnant of BBB knock-
down’s overall effect on animal health, we used the GeneSwitch
system to only reduce moody levels in adult flies (77). Adult-only
knockdown of moody also caused a BBB opening (Fig. 4 B and
D) and sleep loss (Fig. 4G), suggesting a dynamic function for the
moody pathway during adult sleep.

Overall sleep loss (Fig. 4 F-H) was accompanied by a reduction
in the average sleep bout length for most genotypes (Fig. 4/), indi-
cating that BBB disruption affects total sleep duration via sleep
fragmentation. The other sleep and activity parameters tested—
number of sleep bouts, sleep latency, and waking activity—showed
less robust departures from control values (SI Appendix, Fig. S3
D-G).

These results show that the BBB can cell-autonomously control
sleep duration and, together with the data from Figs. 1-3, suggest
a feedback mechanism where sleep state is reflected in and altered
through BBB permeability changes.

Discussion

Our data establish the BBB as a sleep regulatory center in Drosophila.
We observe that the BBB dynamically and rapidly—both func-
tionally and molecularly—responds to acute as well as chronic-
genetic SD and that altering BBB function alone, through
mutations of the moody signaling pathway, can affect sleep, sug-
gesting that the BBB senses sleep need and responds to it by
altering its permeability. The correct BBB permeability state seems
to be required for normal sleep, as disrupting BBB function causes
sleep loss.

In normal physiology, the BBB controls influx and efflux of mol-
ecules in and out of the brain, including ions, amino acids, neuro-
transmitters, vitamins, proteins, carbohydrates, lipids, and hormones
(78). Transport is facilitated via various mechanisms which include
active transporters, transcytosis, and passive diffusion. The function
of the BBB is not static but is affected by circadian rhythms, neu-
ronal activity, and the metabolism (27, 79, 80). Our data add
sleep as an additional parameter modulating BBB function, as has
been suggested by studies in mammals (37, 42, 81), and we found
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Fig. 4. Glial GPCR signaling is required for BBB integrity and sleep. (A) Tracer injection assay for SPG-specific RNAi using moody-Gal4 driving moody, GaO, loco,
PKA-C1, lachesin, and neuroglian, and driving overexpression of loco, shows increased BBB permeability. (B) Tracer injection assay for adult glia-specific knockdown
of the GPCR Moody using repo-GeneSwitch shows increased BBB permeability. (C and D) Quantification of BBB data shown in (A and B). n = 40 - 45. Significance
was assessed using one-way ANOVA and post hoc Tukey test (C) and t-testing (D). (E) Model of bidirectiontal relationship between the BBB and sleep. The BBB
seems to sense sleep states and respond to SD by increasing permeability and to sleep increases with BBB closure. As opening the BBB itself causes SD, it seems
that a particular level of opening, or even its dynamics, signal sleep states. Future work ideally measuring BBB changes and yet to be identified real time sleep
biomarkers concomitantly will hopefully elucidate the interplay of BBB dynamics and sleep, but for now, we believe our data suggest that the BBB is at least part
of sleep regulation. The moody pathway, neurotransmitters such as dopamine and octopamine as well as sleep genes are known to contribute to the function of
the BBB and sleep, respectively, and we observe that modifying them changes the balance between BBB and sleep. (F) BBB-specific knockdown using moody-Gal4
of moody, GaO, loco, PKA-C1, lachesin, and neuroglian and overexpression of loco shows decreased sleep. n = 32. (G) Adult glia-specific knockdown of the GPCR
Moody using repo-GeneSwitch leads to decreased sleep. n = 16. (H) Quantification of daily sleep for data shown in (F). Significance was assessed using one-way
ANOVA and post hoc Tukey test. (/) Daily bout length quantification for data shown in (F). For quantification of BBB permeability, fluorescence was measured
for both eyes of each fly. Each dot represents normalized fluorescence in one eye. For all sleep plots, average 24 h sleep over 4 d binned as sleep in 30 min is
shown. Significance levels are P < 0.05: *, <0.01: **, <0.001: ***, <0.0001: ****_For C, H, /, horizontal dashed line indicates mean of moody-Gal4/+ control, and
—|indicates comparison to moody-GAL4/+, SPG: subperineurial glia.

that the relationship between the BBB and sleep is reciprocal. Our  permeability changes allow the passage of one or multiple molecules
results show that the BBB rapidly and dynamically responds to SD that affect sleep into or out of the brain. Defective xenobiotic exclu-
by increasing its permeability and that permeability increases con- sion of steroid hormones from the brain via the BBB has been shown
versely cause sleep loss (Fig. 4F). It is conceivable that BBB to affect sleep in Drosophila, demonstrating that molecules outside
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the CNS can affect sleep (82). Future studies may determine
whether the BBB mediates a rapid global switch from a sleeping to
an awake brain, for example, by controlling ionic diffusion and potas-
sium concentrations, which could broadly raise neuronal activation
thresholds and lead to the observed extracellular ionic changes in the
sleeping mammalian brain (25).

Functional Significance of BBB Changes with Respect to Disease
States. The BBB creates a highly controlled microenvironment
in the brain, perturbations of which affect neuronal function, as
evidenced by neuropathologies at least in part caused by BBB
disruption including stroke, Alzheimer’s, Multiple Sclerosis,
epilepsy and brain tumor metastasis (83, 84). BBB disruption
also occurs during normal aging, under chronic stress and during
systemic inflammation and infection (85-87); however, whether
the relationship between BBB disruption and these pathologies
is causal or merely correlative is less clear. The magnitude of
BBB changes in disease states can be an order of magnitude
larger than the observed changes after sleep loss described in
this study (88), illustrating the physiological relevance of our
experiments. All of the pathologies listed above are also marked
by sleep disruption, which in some instances increases the risk for
developing the disease in the first place and the severity of which
correlates with disease severity (89-94). The fly ortholog of a
human autism gene has been reported to act in the BBB and elicit
sleep fragmentation via developmental hyperserotonemia (95).
However, a direct involvement of the BBB in sleep regulation
had not been shown until this present study.

BBB and sleep disruptions have been, so far independently,
associated with causing illness, and our study provides additional
evidence for the notion that the two processes are linked. If BBB
permeability and sleep regulation are fundamentally connected as
part of the same system, it will be interesting to study how they
relate to disease risk, development, and prognosis, and whether
interventions that affect one also augment the other.

Acute SD and Drug Delivery. Adequate drug delivery to the brain
is a problem plaguing the treatment of many neuropathologies.
This puts strong importance on finding possible regulatory sites
for controlling the BBB as a means of finding better ways to deliver
drugs to the brain. The BBB has distinct mechanisms to exclude
molecules from the brain including xenobiotic transporters in
the cell membrane that efflux most small hydrophobic molecules
[<0.4 kDa (96)] taken up transcellularly through the membrane,
and the paracellular barrier formed by junctions between the BBB
forming cells. The latter creates a diffusion barrier for hydrophilic
molecules in a size-dependent manner with a maximum passage
size of about 0.5 kDa (97). Due to these mechanisms, the BBB
poses a major obstacle to treatment of brain pathologies, because
100% of large molecules (0.5 kDa), like the brain cancer drug
vinblastine (molecular weight: 1 kDa), and 98% of small molecule
drugs (<0.5 kDa), like the non-steroidal anti-inflammatory drug
paracetamol, cannot penetrate it in therapeutic amounts (48).
Current solutions to this problem include pharmacologically
increasing the diffusion barrier permeability, implantation of
ultrasonic devices to temporarily permeabilize the diffusion
barrier, fusing molecules to receptor ligands to engage the
transcellular route, or intracranial administration via injection
(49-51). Provided our observed effects are conserved in humans,
a patient’s sleep and nighttime administration of drugs could
have a significant effect on drug penetration into the CNS and
possibly treatment outcomes.

https://doi.org/10.1073/pnas.2309331120

Molecular and Cellular Mechanism. In Drosophila, the BBB’s
subperineurial glia form a layer of polarized epithelial cells, with
septate junctions between them creating a seal for water-soluble
molecules over 500 Da. Our observation that SD rapidly induces
increases in BBB permeability raises the question: What are the
molecular and cellular mechanisms that underlie the remodeling
of septate junctions on the scale of hours? The Moody GPCR
pathway has been shown to play a key role in the development
of the epithelial barrier, as well as its maintenance in adulthood
(35, 36, 68, 73). Moody activates a signaling cascade which,
via PKA activation, controls the developmental assembly of the
septate junction belt in a highly coordinated spatiotemporal
manner that involves rearrangements of the actin cytoskeleton
and vesicular trafficking (35, 68, 73). We have shown that RNAi-
based suppression of moody pathway genes causes increased BBB
permeability. We also observed strong downregulation of moody
in every genetic sleep mutant tested. These findings suggest that
altered moody pathway function may be primarily responsible for
the leaky barriers of these mutants.

During SD and recovery, it is conceivable that similar pro-
cesses occur. Indeed, it has been shown that perturbation of
endocytosis at the Drosophila BBB alters sleep (98), possibly
interfering with Moody-activated remodeling during sleep/wake
cycles. We have shown that acute SD rapidly depresses moody
expression in wild-type Drosophila, which is accompanied by
increased BBB permeability. Moody is expressed on the
neuronal-facing apical cell surface of the subperineurial glia (68).
While its ligand is not known, this topology could permit neu-
ronal states related to sleep to be communicated to glia via this
GPCR pathway. As many known sleep genes in Drosophila have
been shown to be expressed in neurons and we observe BBB
changes upon sleep-suppressing neuronal activation, neuron—glia
signaling seems likely to be part of the process, and it will be
interesting to elucidate the involved signaling molecules includ-
ing Moody’s ligand.

BBB State and Sleep Need. The two-step model of sleep regulation
posits that circadian rhythm and sleep homeostasis control
the timing of sleep (99). Sleep homeostasis is a process that
controls sleep duration to meet an organism’s daily sleep need.
Rebound sleep after SD is interpreted as proof of the existence
of sleep homeostasis. The physiological and cellular nature
of the sleep homeostat is—like the nature of sleep itself—the
subject of current research. Sleep homeostasis has been shown
to be affected by oxidative stress, neuronal, glial, and microglial
activity, neuropeptide signaling, infection, the circadian clock,
temperature, and starvation (4, 12, 13, 100, 101). Synaptic
downscaling, glymphatic clearance of toxins, peripheral glucose
homeostasis, reactive oxygen species clearance, and inhibition of
motor function have been proposed as processes occurring during
sleep homeostasis, constituting functions of sleep (4, 13, 17, 19,
23,102-104). As at least some of these processes must involve yet
to be identified body-brain signals (4, 19, 102, 103, 105), future
studies will reveal how the BBB changes shown here affect known
or novel functions of sleep.

Together our data indicate a system where an increase of sleep
need is measured by the BBB, resulting in an adjustment of mo0dy
levels, an opening of the BBB, and the initiation of rebound sleep.
This process is likely to involve neuronal to BBB signaling (dopa-
minergic SD also alters the BBB, and many of the sleep mutants
are expressed in neurons) as well as yet-to-be-characterized molec-
ular exchange across the BBB.

pnas.org



Materials and Methods

Fly Genetics. Flies were raised on standard cornmeal/molasses food at 25°Cina
12-h light/12-h dark (LD) cycle. Wild-type strains used as controls were isogenic
w1118 (iso1CJ)strains (106, 107) for sleep. In all experiments, Gal4 and UAS paren-
tal controls were tested as hemizygotes. The following fly stocks were used: redeye
(rye, Bloomington #80692) or nicotinicAcetylcholine Receptor a4 (60), shaker’ (sh,
Bloomington#111)(61), hpyf)erkineticz (hk, Bloomington #55)(62), fumin (fmn, was
alabstock), (63), sleepless(sss, gift from A. Sehgal), (64), insomniac’ (inc)(65),and
wide awakeD1 (wakeD1) and wide awakeD2 (wakeD2, gifts from Mark Wu), (66),
moody-Gal4 (36); UAS-loco (68); GaO-RNAi #3, and repo-GeneSwitch (98) were
gifts from U. Gaul, TH-Gal4 was a lab stocks; Tdc2-Gal4 and UAS-dTRPAT are from
the Bloomington stock center (#9313 and #26264, respectively). nrgRNAi, GaO-
RNAi#1, #2 and #3, lachesin-RNAi, pkaC1-RNAi, and moodyRNA are VDRC #9248,
#28201gd, #19124,#28010, #28940,#31277,#36821, respectively. moody-Gal4
was used with UAS-dicer (Bloomington #24651) to enhance RNAI efficiency. All
genetic sleep mutants were outcrossed 5 generations to the wild-type strain. For
repo-GeneSwitch induction, 5- to 8-d-old flies were placed on food containing
5mM RU486 in ethanol (Abcam; ab120356) for 3 d or only on food containing the
corresponding volume of the solvent ethanol, followed by BBB and sleep analysis.
Males were used for all experiments except tdc2>TRPAT (47).

qRT-PCR. Seven-day-old flies were frozen in liquid nitrogen at ZT4. Heads were
homogenized with TRIzol (Invitrogen) and RNA was extracted with RNeasy Mini
Kit (QIAGEN). cDNA was prepared using iScript Reverse Transcription Supermix
(BIO-RAD). qRT-PCR was performed with Fast SYBR Green Master Mix (Applied
Biosystems)and 7500 Fast Real-Time PCR System (Applied Biosystems). The follow-
ing primers were used: moody forward: TCCTTCGTCGTCTGCTACTTG, moody reverse:
ATTGTGCGGCTGTGGITGITG, gapdh forward: CCACTGCCGAGGAGGTCAACTAC, gapdh
reverse: ATGCTCAGGGTGATTGCGTATGC

BBB Injection Assay. Modified after Bainton et al. (36) and Li (35). CO,-
anesthetized adult flies were injected using a MPPI-3 pressure injector (Applied
Scientific Instrumentation) with 1-mm borosilicate needles (FHC-Co) contain-
ing fluorescent dyes under a dissecting microscope. An average volume of 100
*25nL(range 70 to 130 nL) of dye was injected into the lateral thorax between
wing socket and haltere. Moderately varying dye concentration does not affect
brain penetration: up to fourfold changes in Texas Red 10 kDa dye concentration
do notssignificantly affect brain penetration 30 min after injection. All dyes were
diluted in injection buffer containing 0.1 mM sodium phosphate, pH 6.8, and
5 mM KCl. For all BBB permeability assessments, flies were injected with 2.5
mM Dextran TexasRed (MW 10,000, Thermo Fisher D1863). Fluorescent drugs
were injected at the following concentrations: Bocillin FL Penicillin (Thermo
Fisher, B13233): 10 mM, Bodipy FL Prazosin (Thermo Fisher, B7433): 15 mM,
Vinblastine Bodipy FL (Thermo Fisher V12390): 3 mM, Vancomycin Bodipy FL
(Thermo Fisher, V34850): 5 mM. All fluorescent drug derivatives retain bioac-
tivity (23, 25-27). Flies were allowed to recover for precisely 30 min before
decapitation and imaging on a Zeiss LSM710 confocal microscope. For each fly,
both eyes were imaged as interindividual differences in BBB permeability are
not larger than intraindividual differences (F-test, Fig. S1). Laser and acquisition
settings remained unchanged for all samples in the same experiment. Stacks of
6 to 20 confocal slices of 16 um were taken and maximum projection images
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generated using a custom Metamorph (Molecular Devices) script (gift from
T. Tong, Bioimaging Resource Center, Rockefeller University). Average pixel
intensity in the eye was measured using ImageJ software. For each experi-
ment, data were normalized to mock injected flies. For individual assessment
of sleep and BBB permeability, inc flies were loaded into Drosophila activity
monitors (Trikinetics) and sleep was recorded for 4 d before injection and BBB
assessment. All injections were conducted at 270.5-1.5 unless otherwise noted.

Live Imaging of Subperineurial Glia. Cephalic complexes from inc;lachses-
inGFP or lachesinGFP third instar larvae were dissected in Schneider's S2 cell
media (Thermo Fischer, #21720024), mounted in saline, and imaged live using a
on a Zeiss LSM710 confocal microscope. Laser and acquisition settings remained
unchanged for all samples in the same experiment. Image stacks consisting of
20t 40 1-um slices were acquired. For 3D visualization of SPG, we used Imaris
software (Bitplane).

Sleep Analysis. First, 5 to 7-d-old animals enclosing from light:dark cycle-
entrained cultures were loaded into glass tubes and assayed for 5to 7 d at 25 °C
inlight:dark cycles. Locomotor activity levels were monitored using the Drosophila
Activity Monitoring System (DAM, Trikinetics). For sleep measurements, activity
counts were collected in 1-min bins for at least 4 d in light:dark cycles and sleep
was identified as at least 5 min of inactivity (8, 108) using a sliding window. Sleep
parameters were determined using an R-script (109).

SD and Gaboxadol Administration. Flies were mechanically stimulated over-
night during their nighttime sleep hours (Zeitgeber time 12 to 24 h) using a
custom-built machine (45). Mechanical stimuli were randomly applied for 2x2 s
every 5 m. Gaboxadol administration was performed as previously described
(67,110). Briefly, flies were placed into glass tubes with food containing either
water or 1 mg/mLof gaboxadol (or THIP) hypnotic. Tubes were loaded into DAM
monitors and sleep was monitored for 15 h prior to BBB assessment via dye
injection. Thermogenetic SD was induced by moving TH>TRPAT or Tdc2>TRPAT
crosses from 18 °C to 29 °C for different lengths of time and back to 18 °C for
recovery sleep.

statistics. Statistical analysis was performed using GraphPad Prism. For com-
parisons between two genotypes, Student’s t tests were used. For comparisons
between three or more genotypes, One-way ANOVAs with Dunn’s post hoc or
Dunnett's post hoc tests were used as described in the figure legends associated
with each experiment. For all bar graphs, error bars indicated calculated SEM.

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix. Data have been deposited to Dryad (111).
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