bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508161; this version posted September 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

OCooONOOTULLE, WNER

o
= O

available under aCC-BY-NC 4.0 International license.

Neurofibromin 1 mediates sleep depth in Drosophila

Elizabeth B. Brown', Jiwei Zhang', Evan Lloyd', Elizabeth Lanzon, Valentina Botero®, Seth
Tomchik®, Alex C. Keene'®

'Department of Biology, Texas A&M University, College Station, TX, USA, 77840

2Jupiter Life Science Initiative, Florida Atlantic University, Jupiter, FL 33431

3Department of Neuroscience and Pharmacology, University of lowa Carver College of Medicine,
lowa City, IA,

*Address correspondence to: akeene@bio.tamu.edu


https://doi.org/10.1101/2022.09.15.508161
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508161; this version posted September 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

available under aCC-BY-NC 4.0 International license.

Abstract

Neural regulation of sleep and metabolic homeostasis are critical in many aspects of human
health. Despite extensive epidemiological evidence linking sleep dysregulation with obesity,
diabetes, and metabolic syndrome, little is known about the neural and molecular basis for the
integration of sleep and metabolic function. The RAS GTPase-activating gene Neurofibromin
(Nf1) has been implicated in the regulation of sleep and metabolic rate, raising the possibility that
it serves to integrate these processes, but the effects on sleep consolidation and physiology
remain poorly understood. A key hallmark of sleep depth in mammals and flies is a reduction in
metabolic rate during sleep. Here, we use indirect calorimetry to define the role of Nff on sleep-
dependent changes in metabolic rate. Flies lacking Nf1 fail to suppress metabolic rate during
sleep, raising the possibility that loss of Nff prevents flies from integrating sleep and metabolic
state. Sleep of Nff mutant flies is fragmented with a reduced arousal threshold in Nff mutants,
suggesting Nf1 flies fail to enter deep sleep. The effects of Nf1 on sleep can be localized to a
subset of neurons expressing the GABA receptor Rdl. Selective knockdown of Nf7 in Rdl-
expressing neurons increases gut permeability and reactive oxygen species (ROS) in the gut,
suggesting a critical role for deep sleep in gut homeostasis. Together, these findings suggest Nf1
acts in GABA-sensitive neurons to modulate sleep depth in Drosophila.
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Introduction

The functional and neural basis of sleep is highly conserved from invertebrates through mammals
(Joiner, 2016; Keene & Duboue, 2018). In many cases, powerful genetics in relatively simple
model systems, including the fruit fly, Drosophila melanogaster, have allowed for the identification
of novel genes and neural mechanisms that have informed our understanding of human sleep
(Allada & Siegel, 2008; Sehgal & Mignot, 2011). However, most work in these models have
studied total sleep duration. Therefore, a lack of understanding of the mechanisms underlying
sleep quality and broader changes in physiology associated with sleep in non-mammalian models
represents a significant gap in our knowledge. In mammals, slow-wave sleep is associated with
reduced metabolic rate (Allison & Cicchetti, 1976; Berger et al., 1988; Sharma & Kavuru, 2010).
Growing evidence suggests that many physiological changes associated with mammalian sleep
are conserved in flies, including a reduction in whole body metabolic rate (Alphen et al., 2013;
Faville et al., 2015; Yap et al., 2017). The diverse physiological changes associated with sleep,
including changes in body temperature, reduced metabolic rate, and synaptic homeostasis, are
thought to be critical for sleep’s rejuvenate properties (Krueger et al., 2016; Tononi & Cirelli, 2014;
Zielinski et al., 2016).

Flies, like mammals, exhibit distinct electrophysiological patterns that correlate with wake and rest
(Nitz et al., 2002; Raccuglia et al., 2019; Yap et al., 2017). We have identified sleep-associated
reductions in metabolic rate in flies that are consistent with those that occur in mammals (Stahl et
al., 2017, 2018). In addition, flies display all the behavioral hallmarks of sleep, including an
extended period of behavioral quiescence, rebound following deprivation, increased arousal
threshold, and species-specific posture (Hendricks et al., 2000; Shaw et al., 2000). Behavioral
tracking systems and software are available for high-throughput detection and analysis of fly sleep
using infrared monitoring or video tracking (Garbe et al., 2015; Gilestro, 2012). Sleep in
Drosophila is typically defined as 5 minutes or more of behavioral quiescence, as this correlates
with other behavioral and physiological characteristics that define sleep (Alphen et al., 2013; Stahl
et al.,, 2017; Yap et al.,, 2017). For example, sleep bouts lasting ~10 minutes or longer are
associated with increased arousal threshold and low-frequency oscillations in brain activity. These
findings are supported by computational analysis modeling sleep pressure (Alphen et al., 2013;
Wiggin et al., 2020; Yap et al., 2017). These analyses suggest the presence of light and deep
sleep in flies; however, the genetic and neural basis for these different types of sleep is poorly
understood.

The Nf1 gene encodes a large protein that functions as a negative regulator of Ras signaling and
mediates pleiotropic cellular and organismal function (Gutmann et al., 2017; Martin et al., 1990).
Nf1 mutations in humans cause a disorder called Neurofibromatosis Type 1, characterized by
benign tumors of the nervous system (neurofibromas), as well as increased susceptibility to
neurocognitive deficits (e.g., attention-deficit/hyperactivity disorder, autism spectrum disorder,
visuospatial memory impairments;Gutmann et al., 2017b). In addition, mutation of Nf1 is
associated with dysregulated sleep and circadian rhythms (Licis et al., 2013; Williams et al.,
2001). Drosophila deficient for Nf1 recapitulate many of these phenotypes and are widely used
as a model to investigate the role of Nf7 in regulation of cellular and neural circuit function (Walker
et al., 2012). Furthermore, Drosophila Nf1 mutations lead to dysregulated circadian function and
shortened sleep (King et al., 2016; Williams et al., 2001). Here, we examine the effects of Nf1 on
sleep-dependent changes in metabolic rate and measures of sleep depth.

We find that flies lacking Nf1 fail to suppress metabolic rate during prolonged sleep bouts,
revealing a disruption of sleep-dependent changes in metabolic rate. Furthermore, multiple
behavioral measurements suggest sleep depth is disrupted in Nff mutant flies, including the
presence of sleep fragmentation and reduced arousal threshold. Genetic and pharmacological
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80 analysis suggest Nf1 modulates GABA signaling to regulate sleep depth and sleep-dependent
81 changes in metabolic rate. Therefore, these findings suggest that Nff is a critical regulator of
82  sleep-metabolism interactions, and the conserved molecular and phenotypic nature of Nf1
83  mutants raises the possibility that these findings may be relevant to the complex pathologies in
84  humans afflicted with Nf71.
85
86 Results
87  To examine the effects of Nff on sleep and activity, we compared sleep of control flies to Nf1"’
88 mutants that harbor a near-total deletion in the Nf7 locus (The et al., 1997). Sleep was reduced
89  during the day and night in Nf1”" mutants compared to controls (Fig 1A,B). Sleep duration in Nf1"’
90 heterozygous flies did not differ from controls, indicating that the phenotype is recessive (Fig
91  1A,B). The average number of sleep bouts was increased in Nf1™" flies, while the average bout
92  length was reduced compared to control and heterozygote flies, suggesting that loss of Nf1 results
93 in sleep fragmentation (Fig 1C-D). In addition to the loss of sleep, the average velocity of activity
94  during waking periods (waking activity) is elevated, suggesting that loss of Nf1”" also results in
95 hyperactivity (Fig S1A). These findings suggest Nff promotes sleep duration, consolidation of
96 sleep bouts, and modulates waking activity.
97
98 To determine if the sleep and activity phenotypes of Nf1 are due to loss of function in neurons,
99  we selectively knocked down Nf1 by expressing Nf1"¥ under the control of the pan-neuronal
100  driver nsyb-GAL4. Sleep was reduced and fragmented in flies upon pan-neuronal knockdown of
101 Nf1 in neurons (nsyb-GAL4>Nf1"NA) compared to flies harboring either transgene alone (Fig 1E-
102  H). Waking activity was also elevated with neuron-specific knockdown of Nff (Fig S1B). To
103  validate that these differences were not due to off-target effects of RNAI, we next confirmed these
104  findings using an independently derived RNAI line (Zirin et al., 2020). We again found that pan-
105  neuronal knockdown of Nff significantly decreased sleep duration, while sleep fragmentation and
106  waking activity increased significantly (Fig S2A-D). Therefore, pan-neuronal knockdown of Nf1
107  fully recapitulates the mutant phenotype, suggesting that Nff functions in neurons to regulate
108  sleep.
109
110 To further investigate the role of Nf7 on sleep consolidation, we analyzed activity patterns using
111  a Markov model that predicts sleeping and waking propensity, indicators of sleep depth (Wiggin
112 et al., 2020). In both Nff?" mutants and nsyb-GAL4>Nf1"" flies, loss of Nf1 increases the
113 propensity to wake, while sleep propensity is reduced or remains unchanged (Fig S2E,F; Fig S3).
114  Therefore, the phenotypes of both pan-neuronal RNAi knockdown of Nff1 and genetic mutants
115  further support the notion that Nff promotes sleep and prevents sleep fragmentation.
116
117  Mounting evidence suggests that flies, like mammals, possess distinct sleep stages comprised of
118 light and deep sleep (Faville et al., 2015; Alphen et al., 2021; Schafer and Keene, 2021).
119 Increased arousal threshold, the phenomenon where a stronger stimulus is required to induce
120 movement, is a key hallmark of sleep that is conserved across phyla (Alphen et al., 2021). Longer
121 nighttime sleep bouts are associated with elevated arousal threshold, suggesting that sleep
122  intensity increases during longer sleep bouts (Faville et al., 2015; Aplhen et al., 2021). To
123 determine whether sleep depth is disrupted in Nf1 deficient flies, we used the Drosophila ARousal
124  Tracking (DART) system. We first implemented a paradigm that provides sleeping flies with
125 increasing levels of vibration stimuli to determine the magnitude of the stimulus required to
126  awaken the fly (Fig 2A; Faville et al., 2015). Arousal threshold was reduced during the day and
127  the night in Nf1”" mutant flies compared to wild-type controls and heterozygotes, revealing
128 reduced sleep depth associated with loss of Nf1 (Fig 2C). Similarly, arousal threshold was
129  reduced during the day and night in flies with pan-neuronal knockdown of Nff (nsyb-
130  GAL4>Nf1RVA) compared to flies harboring either transgene alone (Fig 2D). Sleep duration was
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Figure 1. Loss of Nf1 decreases sleep and increases sleep fragmentation. (A-D) Sleep traits of NFE mutants, heterozygotes,
and their respective control. A. Sleep profiles. B. There is a significant effect of genotype on sleep duration (two-way ANOVA:

F, 174 = 80.70, P<0.0001). Compared to control and heterozygote flies, Nf1 " mutants sleep significantly less during the day (+,
P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). (C,D). Compared to control and heterozygote flies, NFE
mutants have a significantly higher (C) bout number (one-way ANOVA: F, o = 56.18, P<0.0001), and significantly lower (D) bout
length (one-way ANOVA: F, ¢ = 32.58, P<0.0001). (E-H) Sleep traits of pan-neuronal NF1™™ knockdown flies and their respective
controls. E. Sleep profiles. F. There is a significant effect of genotype on sleep duration (two-way ANOVA: F,,,, = 46.27,
P<0.0001). Compared to controls, pan-neuronal knockdown of Nf7 significantly reduces sleep during the day (nsyb>+, P<0.0001;
NF1™ ">+, P<0.0001) and night (nsyb>+, P<0.0001; Nff" >+, P<0.0004). (G,H) Compared to controls, pan-neuronal knockdown
of Nf1 significantly increases (G) bout number (one-way ANOVA: F, ., = 18.35, P<0.0001), and significantly decreases (H) bout
length (one-way ANOVA: F, ., = 10.95, P<0.0001). For profiles, shaded regions indicate + SEM. White background indicates
daytime, while gray background indicates nighttime. ZT indicates zeitgeber time. For violin plots, the median (solid line), as well
as the 25th and 75th percentiles (dotted lines) are shown. **p<0.01; ***p<0.001; ****p<0.0001.

131  also reduced in Nf1”" mutants and upon pan-neuronal knockdown of Nf7 in this system (Fig
132 S4A,B). Together, these findings reveal that neuronal Nf7 is required for normal arousal threshold.
133

134  To determine whether Nf1 is required for flies to modulate arousal threshold during individual
135  sleep bouts we measured the reactivity of flies to a vibration stimulus and calculated their
136  responsiveness as a function of time spent asleep prior to stimulus onset (Fig 2B). In control and
137  heterozygous Nf1"" flies, there was no effect of time spent asleep on reactivity during the day (Fig
138  2E). However, reactivity was significantly reduced during the night, as the slope of their respective
139  regression lines differed significantly from zero (Fig 2F). Nf1?' mutants had no effect on time spent
140  asleep during the night or the day on reactivity (Fig 2E,F). Flies with pan-neuronal knockdown of
141  Nf1 maintained high levels of reactivity across sleep bouts of up to 40 minutes, phenocopying
142 Nf1”" mutants (Fig 2G,H). Therefore, Nf1 is required for sleep duration-dependent changes in
143 arousal threshold.

144

145  In both flies and mammals, sleep is associated with reduced metabolic rate (Brebbia & Altshuler,
146  1965; Brown et al., 2022; Caron & Stephenson, 2010; Katayose et al., 2009; Koban & Swinson,
147  2005; Stahl et al., 2017; White et al., 1985). To determine the effect of Nff on sleep-dependent
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Figure 2. Loss of Nff decreases sleep depth. (A-G). The Drosophila Arousal Tracking (DART) was used to probe arousal
threshold and reactivity measurements. This system records fly movement while simultaneously controlling mechanical stimuli via
a digital analog converter (DAC). All measurements included were taken from sleeping flies and determined hourly, starting at
ZT0. A. Mechanical stimuli of increasing strength were used to assess arousal threshold and was determined by fly movement
within 15 sec of stimulus delivery. B. Mechanical stimuli at maximum intensity was used to measure reactivity. A fly was considered
reactive if it moved within 60 sec of stimulus delivery. C. There is a significant effect of genotype on arousal threshold (REML:
F, o = 37.62, P<0.0001; N = 29-35). Compared to control and heterozygote flies, arousal threshold significantly decreases in

NFf1™' mutants and occurs during the day (+, P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). D. There is a
significant effect of genotype on arousal threshold (REML: F, g, = 7.795, P<0.0007; N = 25-40). Compared to controls, pan-

RNAi

neuronal knockdown of Nf1 has mixed effects on arousal threshold during the day (nsyb>+ P<0.2138; Nf1 >+, P<0.0040) and
significantly decreases arousal threshold during the night (nsyb>+, P<0.0271; N >+ P<0.00062). E. Linear regression of
daytime reactivity as a function of time asleep in NFE mutants, heterozygotes, and their respective control. The slopes of each
regression line are not significantly different from each other (ANCOVA with time asleep as the covariate: F,,., = 0.0254,

P<0.9749). F. Linear regression of nighttime reactivity as a function of time asleep in NFE mutants, heterozygotes, and their
respective control. The slopes of each regression line are significantly different from each other (F, ,,,, = 57.05, P<0.0001). G.

Linear regression of daytime reactivity as a function of time asleep in pan-neuronal NF1™™ knockdown flies and their controls. The
slopes of each regression line are not significantly different from each other (F, 45 = 0.5551, P<0.5741). H. Linear regression of

nighttime reactivity as a function of time asleep in pan-neuronal NF1™™ knockdown flies and their controls. The slopes of each
regression line are significantly different from each other (F, .5, = 4.887, P<0.0077). For arousal threshold measurements, the
median (solid line), as well as the 25th and 75th percentiles (dotted lines) are shown. For reactivity, error bars indicate + SEM.
The P-values in each panel indicates whether the slope of the regression line is significantly different from zero. White background
indicates daytime, while gray background indicates nighttime. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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149  modulation of metabolic rate, we measured metabolic rate in awake and sleeping flies using the
150  Sleep and Activity Metabolic Monitor (SAMM) system. This system uses indirect calorimetry to
151 measure CO: release, while simultaneously measuring activity via counting infrared beam
152  crosses (Fig 3A; Brown et al., 2022; Stahl et al., 2017). In agreement with previous findings, sleep
153  was reduced in Nf1?' mutants in the SAMM system, and the total metabolic rate (VCO.) was
154  elevated during the day and the night compared to controls (Fig S5A,B; Botero et al., 2021).
155  Similar effects were observed upon pan-neuronal knockdown of Nf1 (Fig S5C,D). To specifically
156  examine the effects of sleep on CO- output, we compared the overall CO, output during waking
157  and sleep. We found that CO. output was significantly higher in Nf1 mutant flies during both
158  waking and sleeping, and was consistent during the day and night (Fig S6A,B). Pan-neuronal
159  knockdown of Nf1 (nsyb-GAL4>Nf1""A) similarly resulted in significantly higher CO. output during
160  both waking and sleeping (Fig S6C,D). This systematic dissection of CO; output into sleep/waking
161  states suggests that Nf7 is required for the maintenance of metabolic rate.

162

163  To directly test whether sleep-metabolism interactions are disrupted by the loss of Nf1, we
164  measured CO- output over the length of a sleep bout. Metabolic rate was reduced during longer
165  sleep bouts in control flies during the night, but did not change in Nf1*! mutants, while there was
166  no effect of sleep on metabolic rate during the day (Fig 3B,C). Similarly, pan-neuronal knockdown
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Figure 3. Loss of Nf1 disrupts metabolic regulation of sleep. The Sleep and Metabolic Monitoring (SAMM) system was used
to measure metabolic rate as a function of time spent asleep. A. Overview of the SAMM system. This system records activity
while simultaneously measuring CO, production, thereby enabling sleep and activity metrics to be paired with CO, output. B.
Linear regression of daytime CO, output as a function of time asleep in NF! mutants, heterozygotes, and their respective control.
There is no significant difference between the slopes of each regression line (ANCOVA with time asleep as the covariate: F, 55, =

2.988, P<0.0512). C. Linear regression of nighttime CO, output as a function of time asleep in NFE mutants, heterozygotes, and
their respective control. The slopes of each regression line are significantly different from each other (F, 5,4 = 3.847, P<0.0219).

D. Linear regression of daytime CO, output as a function of time asleep in pan-neuronal NF™ knockdown flies and their controls.
There is no significant difference between the slopes of each regression line (F, g5 = 1.001, P<0.3680). E. Linear regression of

nighttime CO, output as a function of time asleep in pan-neuronal NF™ knockdown flies and their controls. The slopes of each
regression line are significantly different from each other (F, 4,, = 5.625, P<0.0037). Error bars indicate + SEM. The P-values in

each panel indicates whether the slope of the regression line is significantly different from zero. White background indicates
daytime, while gray background indicates nighttime. *p<0.05; **p<0.01; ****p<0.0001.
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Figure 4. GABA, receptor neurons mediate sleep depth via Nf1. GABA, receptor neurons were targeted using the Rdl-
GALA4 driver. A. The expression pattern of Rdl-expressing neurons is visualized with GFP. Background staining is NC82 antibody

(magenta). Scale bar = 100um. (B-D). Sleep traits of NF™ knockdown flies and their respective controls. B. There is a significant

effect of genotype on sleep duration (two-way ANOVA: F, 54 = 110.4, P<0.0001). Compared to controls, knockdown of Nf7 in Ral-

expressing neurons significantly reduces sleep and occurs during the day (Rd/>+, P<0.0001; Nf1RNAi>+, P<0.0001) and night

RNAi

(RdI>+, P<0.0001; Nff ">+, P<0.0001). (C,D) Compared to controls, knockdown of Nf7 in Rdl-expressing neurons significantly
increases (C) bout number (one-way ANOVA: F,,,, = 9.007, P<0.0002), and significantly decreases (D) bout length (one-way
ANOVA: F, ,,, = 47.04, P<0.0001). (E-G) Measurements of arousal threshold and reactivity in Nf1" knockdown flies and their
respective controls using the DART system. E. There is a significant effect of genotype on arousal threshold (REML: F, ,,, = 13.76,
P<0.0001; N = 22-38). Compared to controls, knockdown of Nf1 in Rdl-expressing neurons significantly decreases arousal
threshold and occurs during the day (Rdl>+, P<0.0003; Nf1™"">+, P<0.0011) and night (Rdl>+, P<0.0001; Nf1™"">+, P<0.0014).
F. Linear regression of daytime reactivity as a function of time asleep in NF™™ knockdown flies and their controls. The slopes of
each regression line are not significantly different from each other (F, ,;¢, = 0.6085, P<0.5443). G. Linear regression of nighttime
reactivity as a function of time asleep in NF™ knockdown flies and their controls. The slopes of each regression line are
significantly different from each other (F, ,o,s = 2.804, P<0.0450). (H-J) Measurements of metabolic rate in NF™ knockdown flies

and their respective controls using the SAMM system. H. There is a significant effect of genotype on metabolic rate (two-way
ANOVA: F, 5 = 55.60, P<0.0001). Compared to controls, knockdown of Nf7 in Rdl-expressing neurons significantly increases

RNAi RNAi

CO, output and occurs during the day (Rdl>+, P<0.0001; Nf1™"">+, P<0.0001) and night (Rdl>+, P<0.0001; Nf1™""'>+, P<0.0001).

I. Linear regression of daytime CO, output as a function of time asleep in pan-neuronal NF1™ knockdown flies and their controls.
The slopes of each regression line are significantly different from each other (F, 44 = 11.17, P<0.0001). J. Linear regression of
nighttime CO, output as a function of time asleep in pan-neuronal NF1™ knockdown flies and their controls. The slopes of each

regression line are significantly different from each other (F, .5 = 13.64, P<0.0001). For violin plots, the median (solid line) as well

as 25th and 75th percentiles (dotted lines) are shown. For reactivity and metabolic rate measurements, error bars indicate + SEM.
The P-values in each panel indicate whether the slope of the regression line is significantly different from zero. White background
167 indicates daytime, while gray background indicates nighttime. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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168  of Nf1 (nsyb-GAL4>Nf1"NA) abolished nighttime sleep-dependent changes in metabolic rate,
169  while there was no effect of sleep on metabolic rate during the day (Fig 3D,E). These findings
170 reveal a critical role for neuronal Nff in sleep-dependent changes in metabolic rate. Taken
171  together, loss of Nff results in sleep fragmentation, reduced arousal threshold, and loss of sleep-
172 dependent changes in metabolic rate, suggesting that Nf7 is required for flies to enter deep sleep.
173

174  While Nf1 is broadly expressed throughout the brain, its function has been linked to the modulation
175  of GABA signaling during the formation of associative memories (Georganta et al., 2021). In
176  Drosophila, the GABAareceptor Resistant to dieldrin (Rdl) is expressed in numerous populations
177  of sleep-regulating neurons (Fig 4A; Chung et al., 2009; Driscoll et al., 2021; Parisky et al., 2008).
178  To examine whether Nf1 functions in GABAa receptor neurons, we selectively knocked down Nf1
179 by expressing Nf1™" under the control of Rdl-GAL4 and then measured its effect on sleep. Flies
180  with Nf7 knockdown in GABAA receptor neurons (Rdl-GAL4>Nf1RYA) slept less than control flies
181  harboring either transgene alone (Fig 4B). Sleep was fragmented in Rdl-GAL4>Nf1"" flies, with
182  increased bout number, reduced bout length, and an increased propensity to wake (Fig 4C-D, Fig
183  S7). Further, when sleep was measured in the DART and SAMM systems, knockdown of Nf7 in
184  GABAAa receptor neurons similarly reduced sleep duration (Fig S8A,B). Therefore, knockdown of
185  Nf1 in GABAA receptor neurons phenocopies pan-neuronal knockdown of Nf1, suggesting that
186  GABA-sensitive neurons contribute to the sleep abnormalities of Nff mutant flies.

187

188 ltis possible that the effects on sleep duration and sleep depth are regulated by shared or distinct
189  populations of neurons. Therefore, we sought to determine whether loss of Nf7 in GABAareceptor
190 neurons also impacts arousal threshold and sleep-dependent changes in metabolic rate. Similar
191  to pan-neuronal knockdown, arousal threshold was reduced in Rdl-GAL4>Nf1"" flies, and these
192  flies do not increase reactivity during long nighttime sleep bouts (Fig 4E-G). The metabolic
193  phenotypes of Nff mutant and pan-neuronal knockdown flies were also present in flies upon
194  knockdown of Nff1 in GABAa receptor neurons. First, total metabolic rate was significantly
195 increased, phenocopying pan-neuronal loss of Nf1 (Fig 4H). Knockdown of Nf1 in GABAa receptor
196  neurons similarly resulted in significantly higher CO. output during both waking and sleeping
197  states (Fig S8C,D). In addition, knockdown of Nf1 in GABAAa receptor neurons abolished sleep-
198 dependent changes in metabolic rate during the day and night (Fig 4l-J). Therefore, Nf1 is
199 required in GABAAa neurons to regulate sleep duration, arousal threshold, and sleep-dependent
200 changes in metabolic rate.

201

202  In Drosophila, sleep loss is associated with shortened lifespan (Bushey et al., 2010; Koh et al.,
203  2008; Vaccaro et al., 2020). To examine whether disrupted sleep impacts lifespan, we measured
204  the effects of loss of Nff on longevity in individually housed flies. Lifespan was significantly
205 reduced in NffP' mutant flies, as well as pan-neuronal knockdown (nsyb-GAL4>Nf1RNAY) or
206 GABAa-receptor specific knockdown (Rdl-GAL4> Nf1RNAY of Nf1, compared to their respective
207  controls (Fig 5A, Fig S9A,B). These findings suggest that the loss of Nf1 affects sleep duration
208  and sleep quality and results in a significantly reduced lifespan.

209

210 We next sought to measure the functional consequences of loss of Nf1. In Drosophila and
211  mammals, chronic sleep loss is associated with deficiencies in gut homeostasis, that can result
212  indeath (Vaccaro et al., 2020). To measure gut integrity, flies were fed blue dye and then assayed
213 for gut permeability (Martins et al., 2018; Rera et al., 2012). In control flies, gut permeability
214  remains intact in young (5 days) and aged (20 days) flies (Fig 5B,C). However, in Nf1”' mutants
215 and flies with pan-neuronal knockdown of Nf1, gut permeability significantly increased in aged
216 flies compared to controls (Fig S9C,D). Similarly, knockdown of Nf7 in GABAA receptor neurons
217  (RdI-GAL4>Nf1R"NA) significantly increased intestinal permeability in aged flies (Fig 5C). Together,
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Figure 5. Loss of Nff in GABA, receptor neurons reduce longevity and promote aging-associated phenotypes. A.

Compared to controls, knockdown of Nf1 in Rdl-expressing neurons significantly decreases longevity (Log-Rank test: x2=253.4,
d.f.=2, P<0.0001). (B,C) The Smurf assay was used to measure intestinal barrier dysfunction. B. Representative images depicting
non-Smurf (left) and Smurf flies (right). C. There is a significant effect of genotype on intestinal permeability (two-way ANOVA:
F, 35 = 29.45, P<0.0001). Knockdown of Nf7 in Rdl-expressing neurons does not change intestinal barrier dysfunction in 5d flies

(Rdl>+, P<0.0565; Nf1""'>+, P<0.0648), but significantly increases in 20d flies (Rdl>+, P<0.0001; Nff " >+, P<0.0001). (D-F)
ROS was measured in 5d and 20d flies by quantifying oxidized DHE. Scale bar = 500um. D Oxidized DHE was measured in 5d
control and Nf1 knockdown flies. E. There is no significant difference in oxidized DHE signal intensity in 5d flies (one-way ANOVA:
F, 53 = 3.367, P<0.0520). F. Oxidized DHE was measured in 20d control and Nff knockdown flies. G. Knockdown of Nff in Rdl-
expressing neurons significantly increases oxidized DHE signal intensity in 20d flies (one-way ANOVA: F, ., = 25.71, P<0.0001).
The median (solid line) as well as 25th and 75th percentiles (dotted lines) are shown. ****p<0.0001.

218 these findings reveal that neuronal loss of Nf1, as well as selective loss in GABAa receptor
219  neurons, results in increased gut permeability that has been associated with aging.

220

221 It has previously been reported that sleep deprivation induces the generation of reactive oxygen
222  species (ROS) that underlies reduced gut function and ultimately death (Vaccaro et al., 2020).
223  These findings suggest that low sleep quality negatively impacts the health and longevity of
224  Drosophila. To determine if loss of Nf1 impairs gut function, we measured ROS levels in the gut
225  inyoung (5 days) and aged (20 days) flies. Pan-neuronal knockdown of Nf1 (nsyb-GAL4>Nf1RNA!)
226  led to increased ROS levels in both young and aged flies compared to controls (Fig S10).
227 Furthermore, ROS levels were also elevated in aged flies upon knockdown of Nff in GABAA
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228  receptor neurons (Fig 5D-G). Therefore, these findings support the notion that reduced gut
229  function contributes to the reduced lifespan associated with the loss of Nf7.

230

231  Discussion

232 Clinical evidence reveals Neurofibromin type 1 (Nf7) to be critical for regulating diverse biological
233 functions, as humans afflicted with Neurofibromatosis Type 1 have behavioral manifestations
234  including a high co-morbidity with ADHD, autism, learning impairments, and sleep disruption
235  (Garg et al., 2013; Gutmann et al., 2017; Hyman et al., 2005, 2006; Leschziner et al., 2013; Licis
236 et al., 2013; Walsh et al., 2013). Studies in mammalian models have revealed a robust role for
237  Nf1 in sleep and metabolic regulation, raising the possibility that they contribute to the complex
238  systems in humans (Anastasaki et al., 2019; Tritz et al., 2021). In Nf1-deficient Drosophila,
239  metabolic rate is chronically elevated, sleep is shortened, and circadian rhythms are dysregulated
240 in Nf1 mutants (Bai et al., 2018; Bai & Sehgal, 2015; Botero et al., 2021; King et al., 2016;
241  Machado Almeida et al., 2021; Maurer et al., 2020; Williams et al., 2001), suggesting deep
242 evolutionary conservation of Nff1 function. The findings that Nff plays a conserved role in
243  regulating both sleep and metabolic rate raises the possibility that Nf7 is a critical integrator of
244  these processes and that it may play a role in various forms of metabolic dysfunction that are
245  associated with sleep disturbance (Arble et al., 2015; Depner et al., 2014).

246

247  In Drosophila and mammals, sleep is associated with reduced metabolic rate (Brown et al., 2022;
248 Fontvieille et al., 1994; Stahl et al., 2017). In Drosophila, metabolic rate is elevated across the
249  circadian cycle in Nff mutants, and this is associated with reductions in energy stores and
250  starvation resistance (Botero et al., 2021). Here, we have applied indirect calorimetry to examine
251  metabolic rate across individual sleep bouts and find that Nf7 is required for reductions in
252  metabolic rate associated with prolonged time spent asleep. These findings raise the possibility
253  that Nf1 signaling is a sleep output that specifically serves to regulate metabolic rate. Supporting
254  this notion, Nf1 is proposed to be an output of the circadian clock because circadian gene
255  expression is normal in Nff mutants, yet flies are arrhythmic (Williams et al., 2001), and Nf1
256  impacts the physiology of neurons downstream of clock circuits (Bai et al., 2018). In Drosophila,
257  numerous populations of neurons contribute to regulating sleep and wakefulness, presenting a
258 challenge to localizing the integration of sleep and metabolic regulation (Shafer & Keene, 2021).
259  The failure of Nff mutant flies to integrate sleep and metabolic rate may provide a pathway to
260 identify output from sleep neurons that regulate metabolic state.

261

262  There is growing evidence that Drosophila, like mammals, possess light and deep sleep (Faville
263 et al.,, 2015). For example, readouts of both broad electrical activity and defined neural circuits
264  suggest light sleep associates with periods early in a sleep bout, while deeper sleep associates
265  with periods later in a sleep bout (Nitz et al., 2002; Tainton-Heap et al., 2021; van Alphen et al.,
266  2013). Furthermore, periods later in a sleep bout are associated with an elevated arousal
267  threshold that indicates deeper sleep (van Alphen et al., 2013). These findings are supported by
268  functional evidence that consolidation of sleep bouts is required for critical brain functions,
269 including waste clearance and memory, and that these processes are impaired when sleep is
270  disrupted (Dissel et al., 2015; Tononi & Cirelli, 2014; van Alphen et al., 2021). Here, we provide
271  evidence that Nf1 flies fail to enter deep sleep, including sleep fragmentation, mathematical
272 modeling of sleep pressure, reduced arousal threshold, and a loss of sleep-dependent reductions
273 in metabolic rate. These findings suggest that Nf1 mutants fail to enter deep sleep, even during
274  prolonged sleep bouts. Examining local field potentials and neural activity within Nf1 mutants, as
275  has been previously described (Tainton-Heap et al., 2021; van Alphen et al., 2013), is likely to
276  inform the neural basis for the loss of deep sleep.

277
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278  Nf1 is broadly expressed and regulates numerous behaviors and brain functions. For many
279  behaviors, Nf1 function has been localized to different subsets of neurons, suggesting localized
280 changes in Nf1 regulate distinct behaviors. For example, Nff is broadly required within the
281  pacemaker circuit to regulate 24-hour rhythms, while Nf7 in the mushroom bodies regulates clock-
282  dependent wakefulness (Bai et al., 2018; Machado Almeida et al., 2021). For a number of other
283  processes, including grooming behavior and metabolic rate, the specific population of neurons
284  where Nf1 functions has not been identified (Botero et al., 2021; King et al., 2016). The broad and
285 diverse effect of Nf1 raises the possibility that Nff functions widely in many circuits, and that it
286  may be challenging to localize its function to defined cell types. Here, we find that the metabolic
287 and sleep phenotypes of Nff mutant flies are phenocopied in flies with specific loss of Nf7 in
288  GABAa receptor/Rdl-expressing neurons. These findings raise the possibility that sleep
289  dysregulation is due to altered GABA signaling. Supporting this notion, GABA signaling to the
290  mushroom bodies, the Drosophila memory center, is dysregulated in Nff mutants (Georganta et
291  al., 2021). It has also previously been reported that Nff knockdown in GABAx receptor neurons
292 leads to shortened sleep bouts and reduced sleep duration (Maurer et al., 2020). These findings
293  support the notion that Nff modulates GABA signaling. Future studies defining the specific
294  population(s) of neurons where Nff functions may reveal novel neural mechanisms regulating
295  sleep-dependent regulation of metabolic rate.

296

297  Epidemiological data and individuals with chronic sleep loss reveal a link between shortened
298  sleep duration and serious health problems (Chattu et al., 2018; Medic et al., 2017). Additionally,
299 in several model organisms, sleep restriction can lead to premature death (Bentivoglio & Grassi-
300 Zucconi, 1997; Koh et al., 2008; Rechtschaffen et al., 1983; Shaw et al., 2002; Stephenson et al.,
301  2007). Lifespan is reduced in Nff mutant flies (Tong et al., 2007), but its relationship to reduced
302 sleep or circadian dysregulation has been unclear. In Drosophila, lifespan is reduced in short-
303 sleeping genetic mutants and by chronic sleep deprivation (Bushey et al., 2010; Koh et al., 2008).
304 Sleep loss induced by acute manipulations in young flies, or during aging, results in increased
305 sensitivity to ROS, suggesting the generation of ROS, or changes in clearing ROS, may be a
306 critical function of sleep that is necessary for survival (Hill et al., 2018; Koh et al., 2006; Wang et
307 al., 2010). Further, evidence suggests that sleep deprivation leads to increased accumulation of
308 ROS in the gut, resulting in gut permeability and death (Vaccaro et al., 2020). We find the ROS
309 and permeability phenotypes in the guts of aged Nf1 flies phenocopy those of animals that have
310 been mechanically sleep deprived. These findings suggest that sleep consolidation, or deep
311  sleep, is essential for maintaining fly health. Ultimately, genetic models with reduced sleep quality
312 may resemble human sleep disorders more closely than chronic sleep deprivation.

313

314  Taken together, our findings reveal a novel and complex role for Nf1 in regulating sleep depth.
315  Loss of Nf1 induces multiple phenotypes classically associated with a loss of deep sleep. Human
316  mutations in Nf1 have been introduced to Drosophila and phenocopy many aspects of the human
317 disease (Botero et al., 2021; Hannan et al., 2006; Ho et al., 2007; Walker et al., 2006). Therefore,
318 these findings establish Nf1 mutants as a model to study the function of deep sleep and provide
319 the ability to investigate the function of disease-causing mutations on sleep regulation.

320

321  Methods

322 Fly husbandry and Stocks

323  Flies were grown and maintained on standard Drosophila food media (Bloomington Recipe,
324  Genesee Scientific, San Diego, California) in incubators (Powers Scientific, Warminster,
325 Pennsylvania) at 25°C on a 12:12 LD cycle with humidity set to 55—-65%. The following fly strains
326  were obtained from the Bloomington Stock Center: w''"® (#5905); Nsyb-GAL4 (#39171; Jenett et
327  al., 2012); RdI-GAL4 (#66509); UAS-mcd8::GFP (#32186; Pfeiffer et al., 2010); and UAS-Nf1RNAZ
328  (#25845; Perkins et al., 2015). The Nf1?" and UAS-dicer2;UAS-Nf1’" ines were a kind gift from
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329  Seth Tomchik (Botero et al., 2021; Dietzl et al., 2007). All lines were backcrossed to the w''®
330 laboratory strain for 10 generations. Unless otherwise stated, 3-to-5 day old mated males were
331  used for all experiments performed in this study. For experiments using aged flies, flies were
332  maintained on standard food and transferred to fresh vials every other day.

333

334  Sleep and activity

335  For experiments using the Drosophila Activity Monitoring (DAM) system (Trikinetics, Waltham,
336 MA, USA), measurements of sleep and waking activity were measured as previously described
337  (Hendricks et al., 2000; Shaw et al., 2000). For each individual fly, the DAM system measures
338  activity by counting the number of infrared beam crossings over time. These activity data were
339 then used to calculate sleep, defined as bouts of immobility of 5 min or more. Sleep traits were
340 then extracted using the Drosophila Sleep Counting Macro (Pfeiffenberger et al., 2010).

341

342 Arousal threshold and reactivity

343  Arousal threshold was measured using the Drosophila Arousal Tracking system (DART), as
344  previously described (Faville et al., 2015). In brief, individual female flies were loaded into plastic
345  tubes (Trikinectics, Waltham, Massachusetts) and placed onto trays containing vibrating motors.
346  Flies were recorded continuously using a USB-webcam (QuickCam Pro 900, Logitech, Lausanne,
347  Switzerland) with a resolution of 960x720 at 5 frames per second. The vibrational stimulus, video
348  tracking parameters, and data analysis were performed using the DART interface developed in
349 MATLAB (MathWorks, Natick, Massachusetts). To track fly movement, raw video flies were
350 subsampled to 1 frame per second. Fly movement, or a difference in pixelation from one frame to
351 the next, was detected by subtracting a background image from the current frame. The
352  background image was generated as the average of 20 randomly selected frames from a given
353  video. Fly activity was measured as movement of greater than 3 mm. Sleep was determined by
354  the absolute location of each fly and was measured as bouts of immobility for 5 min or more.
355  Arousal threshold was assessed using sequentially increasing vibration intensities, from 0 to 1.2
356 g, in 0.3 g increments, with an inter-stimulus delay of 15 s, once per hour over 24 hours starting
357 at ZT0. Measurements of arousal threshold are reported as the proportion of the maximum force
358  applied to the platform, thus an arousal threshold of 40% is 40% of 1.2g.

359

360 Indirect calorimetry

361  Metabolic rate was measured using the Sleep and Activity Metabolic Monitor (SAMM) system, as
362  previously described (Brown et al., 2022; Stahl et al., 2017). Briefly, male flies were placed
363 individually into behavioral chambers containing a food vial of 1% agar and 5% sucrose. Flies
364  were acclimated to the chambers for 24 hrs and then metabolic rate was assessed by quantifying
365 the amount of CO; produced in 5 min intervals during the subsequent 24hrs. To investigate how
366 CO: production may change with time spent asleep, sleep and activity were measured
367  simultaneously using the Drosophila Locomotor Activity Monitor System. The percent change in
368 VCO; over the duration of a single sleep bout was calculated using the following equation: [(VCO:
369 @ 5 min)— (VCO, @ 10 min)] / (VCO2 @ 5min) x 100. This was repeated for each 5 min bin of
370  sleep, for the entire length of the sleep bout. Since a single fly typically has multiple sleep bouts,
371  the percent change in VCO, for each 5 min bin of sleep was averaged across all sleep bouts over
372  the course of the day/night.

373

374  Immunohistochemistry

375  Brains of three to five day old female flies were dissected in ice-cold phosphate buffered saline
376  (PBS) and fixed in 4% formaldehyde, PBS, and 0.5% Triton-X for 35 min at room temperature, as
377  previously described (Kubrak et al., 2016). Brains were then rinsed 3x with cold PBS and 0.5%
378  Triton-X (PBST) for 10 min at room temperature and then overnight at 4°C. The following day, the
379  brains were incubated for 24 hours in primary antibody (1:20 mouse nc82; lowa Hybridoma Bank;
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380 The Developmental Studies Hybridoma Bank, lowa City, lowa), and then diluted in 0.5% PBST at
381 4°C on a rotator. The following day, the brains were rinsed 3x in cold PBST for 10 min at room
382  temperature and then incubated in secondary antibody (1:400 donkey anti-rabbit Alexa 488 and
383  1:400 donkey anti-mouse Alexa 647; ThermoFisher Scientific, Waltham, Massachusetts) for 95
384  min at room temperature. The brains were again rinsed 3x in cold PBST for 10 min at room
385  temperature, then stored overnight in 0.5% PBST at 4°C. Lastly, the brains were mounted in
386  Vectashield (VECTOR Laboratories, Burlingame, California) between a glass slide and coverslip,
387 and then imaged in 2um sections on a Nikon A1R confocal microscope (Nikon, Tokyo, Japan)
388 using a 20X oil immersion objective. Images are presented as the Z-stack projection through the
389  entire brain and processed using ImageJ2.

390

391  Longevity

392  Longevity was measured using the DAM system. Freshly emerged flies were isolated and
393  provided time to mate for 2 days. Male flies were then separated by anesthetizing with mild CO;
394  and loaded into tubes containing standard food. Flies were flipped to new tubes containing fresh
395 standard food every 5 days. The time of death was manually determined for each individual fly as
396 the last bout of waking activity. The lifespan of a fly was calculated as the number of days it
397  survived post-emergence.

398

399  Intestinal permeability

400 Intestinal integrity was assessed using the Smurf assay, as previously described (Martins et al.,
401  2018; Rera et al., 2012). First, freshly emerged flies were isolated and provided time to mate for
402 2 days. Male flies were then separated by anesthetizing with mild CO, and placed into vials
403  containing standard food at a density of ~20 flies per vial. At ZT O, flies of a given age and
404  genotype were transferred onto fresh medium containing blue dye (2.5% w/v; FD&C blue dye #1)
405  for 24 hrs. At ZT 0 the following day, the percentage of Smurf flies in each vial was recorded. Flies
406  were considered Smurf if blue coloration extended beyond the gut.

407

408 ROS Imaging and Quantification

409 In situ ROS detection was performed using dihydroethidium (DHE; D11347, ThermoFisher
410  Scientific), as previously described (Owusu-Ansah et al., 2008; Vaccaro et al., 2020). Briefly, flies
411  were anesthetized on ice and whole guts were dissected in Gibco™ Schneider’s Drosophila
412  Medium (21720024, ThermoFisher Scientific). The tissue was then incubated at room
413  temperature with 60 um DHE for 5 min in the dark. Next, tissues were washed 3x in Schneider’s
414  medium for 5 min and then once in PBS for 5 min. Samples were then mounted in Vectashield
415  Antifade Mounting Medium with DAPI (VECTOR Laboratories) between a glass slide and
416  coverslip and then imaged immediately on a Nikon A1R confocal microscope (Nikon) using a 10X
417  air objective. Total ROS levels were quantified from pixel intensities of the Z-stack projection (sum
418  slices). An ROI (gut tissue) was determined from the DAPI channel and then the mean of the
419 summed DHE intensity averaged from each tissue was used for statistical analysis. Images are
420 presented as the Z-stack projection through the entire gut and were processed using ImageJ?2.
421

422  Statistical Analysis

423  Measurements of sleep duration, metabolic rate, and DHE intensity are presented as bar graphs
424  displaying the mean + standard error. Unless otherwise noted, a one-way or two-way analysis of
425  variance (ANOVA) was used for comparisons between two or more genotypes and one treatment
426  or two or more genotypes and two treatments, respectively. Measurements of arousal threshold
427  and intestinal permeability were not normally distributed and so are presented as violin plots;
428 indicating the median, 25", and 75™ percentiles. The non-parametric Kruskal-Wallis test was used
429  to compare two or more genotypes. To compare two or more genotypes and two treatments, a
430 restricted maximum likelihood (REML) estimation was used. Linear regression analyses were
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431  used to characterize the relationship between the change in CO, output and time spent asleep as
432  well as between reactivity and time spent asleep. An F-test was used to determine whether the
433  slope of each regression line was different from zero, while an ANCOVA was used to compare
434  the slopes of different treatments. To assess differences in survivorship, longevity was analyzed
435  using a log-rank test. All post hoc analyses were performed using Sidak’s multiple comparisons
436  test. All statistical analyses were performed using InStat software (GraphPad Software 8.0).
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728  Figure Legends

729

730  Figure 1. Loss of Nf1 decreases sleep and increases sleep fragmentation. (A-D) Sleep traits
731 of Nf1?" mutants, heterozygotes, and their respective control. A. Sleep profiles. B. There is a
732  significant effect of genotype on sleep duration (two-way ANOVA: F, 172 = 80.70, P<0.0001).
733  Compared to control and heterozygote flies, Nf1*! mutants sleep significantly less during the day
734  (+, P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). (C,D). Compared to control
735  and heterozygote flies, Nf1?" mutants have a significantly higher (C) bout number (one-way
736 ANOVA: F2 8 = 56.18, P<0.0001), and significantly lower (D) bout length (one-way ANOVA: F2gs
737 = 32.58, P<0.0001). (E-H) Sleep traits of pan-neuronal Nf1™A' knockdown flies and their
738  respective controls. E. Sleep profiles. F. There is a significant effect of genotype on sleep duration
739  (two-way ANOVA: F2314 = 46.27, P<0.0001). Compared to controls, pan-neuronal knockdown of
740  Nf1 significantly reduces sleep during the day (nsyb>+, P<0.0001; Nf1"N4>+ P<0.0001) and night
741 (nsyb>+, P<0.0001; Nf1”NA>+ P<0.0004). (G,H) Compared to controls, pan-neuronal knockdown
742 of Nft significantly increases (G) bout number (one-way ANOVA: F» 157 = 18.35, P<0.0001), and
743  significantly decreases (H) bout length (one-way ANOVA: F2 157 = 10.95, P<0.0001). For profiles,
744  shaded regions indicate + SEM. White background indicates daytime, while gray background
745  indicates nighttime. ZT indicates zeitgeber time. For violin plots, the median (solid line), as well
746  as the 25th and 75th percentiles (dotted lines) are shown. **p<0.01; ***p<0.001; ****p<0.0001.
747

748  Figure 2. Loss of Nf1 decreases sleep depth. (A-G). The Drosophila Arousal Tracking (DART)
749  was used to probe arousal threshold and reactivity measurements. This system records fly
750  movement while simultaneously controlling mechanical stimuli via a digital analog converter
751  (DAC). All measurements included were taken from sleeping flies and determined hourly, starting
752  at ZT0. A. Mechanical stimuli of increasing strength were used to assess arousal threshold and
753  was determined by fly movement within 15 sec of stimulus delivery. B. Mechanical stimuli at
754  maximum intensity was used to measure reactivity. A fly was considered reactive if it moved within
755 60 sec of stimulus delivery. C. There is a significant effect of genotype on arousal threshold
756  (REML: F2,04 = 37.62, P<0.0001; N = 29-35). Compared to control and heterozygote flies, arousal
757  threshold significantly decreases in Nf1™' mutants and occurs during the day (+, P<0.0001; het,
758  P<0.0001) and night (+, P<0.0001; het, P<0.0001). D. There is a significant effect of genotype on
759  arousal threshold (REML: Fz9s = 7.795, P<0.0007; N = 25-40). Compared to controls, pan-
760  neuronal knockdown of Nff has mixed effects on arousal threshold during the day (nsyb>+,
761  P<0.2138; Nf1"NA>+ P<0.0040) and significantly decreases arousal threshold during the night
762  (nsyb>+, P<0.0271; Nf1™NA>+ P<0.00062). E. Linear regression of daytime reactivity as a
763  function of time asleep in Nf1"' mutants, heterozygotes, and their respective control. The slopes
764  of each regression line are not significantly different from each other (ANCOVA with time asleep
765  as the covariate: F22062 = 0.0254, P<0.9749). F. Linear regression of nighttime reactivity as a
766  function of time asleep in Nf1"' mutants, heterozygotes, and their respective control. The slopes
767  of each regression line are significantly different from each other (F22100 = 57.05, P<0.0001). G.
768  Linear regression of daytime reactivity as a function of time asleep in pan-neuronal Nf1RNA
769  knockdown flies and their controls. The slopes of each regression line are not significantly
770  different from each other (F2,1285 = 0.5551, P<0.5741). H. Linear regression of nighttime reactivity
771  as afunction of time asleep in pan-neuronal Nf1"NA knockdown flies and their controls. The slopes
772 of each regression line are significantly different from each other (F2,1s64 = 4.887, P<0.0077). For
773  arousal threshold measurements, the median (solid line), as well as the 25th and 75th percentiles
774  (dotted lines) are shown. For reactivity, error bars indicate £+ SEM. The P-values in each panel
775 indicates whether the slope of the regression line is significantly different from zero. White
776  background indicates daytime, while gray background indicates nighttime. *p<0.05; **p<0.01;
777  ***p<0.001; ****p<0.0001.

778
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779  Figure 3. Loss of Nf1 disrupts metabolic regulation of sleep. The Sleep and Metabolic
780  Monitoring (SAMM) system was used to measure metabolic rate as a function of time spent
781  asleep. A. Overview of the SAMM system. This system records activity while simultaneously
782  measuring CO- production, thereby enabling sleep and activity metrics to be paired with CO;
783  output. B. Linear regression of daytime CO, output as a function of time asleep in Nf1”" mutants,
784  heterozygotes, and their respective control. There is no significant difference between the slopes
785  of each regression line (ANCOVA with time asleep as the covariate: F2 532 = 2.988, P<0.0512). C.
786  Linear regression of nighttime CO, output as a function of time asleep in Nff"' mutants,
787  heterozygotes, and their respective control. The slopes of each regression line are significantly
788  different from each other (F253s = 3.847, P<0.0219). D. Linear regression of daytime CO- output
789  as a function of time asleep in pan-neuronal Nf1f¥A knockdown flies and their controls. There is
790  no significant difference between the slopes of each regression line (F2g05 = 1.001, P<0.3680). E.
791  Linear regression of nighttime CO- output as a function of time asleep in pan-neuronal NffTRNA
792  knockdown flies and their controls. The slopes of each regression line are significantly different
793  from each other (F2,822 = 5.625, P<0.0037). Error bars indicate + SEM. The P-values in each panel
794 indicates whether the slope of the regression line is significantly different from zero. White
795  background indicates daytime, while gray background indicates nighttime. *p<0.05; **p<0.01;
796  ****p<0.0001.

797

798  Figure 4. GABAA receptor neurons mediate sleep depth via Nf1. GABAa receptor neurons
799  were targeted using the Rdl-GAL4 driver. A. The expression pattern of Rdl-expressing neurons
800 s visualized with GFP. Background staining is NC82 antibody (magenta). Scale bar = 100um. (B-
801 D). Sleep traits of NF1”NA knockdown flies and their respective controls. B. There is a significant
802 effect of genotype on sleep duration (two-way ANOVA: F238 = 110.4, P<0.0001). Compared to
803  controls, knockdown of Nf1 in Rdl-expressing neurons significantly reduces sleep and occurs
804  during the day (Rd/>+, P<0.0001; Nff"N4>+ P<0.0001) and night (Rd/>+, P<0.0001; Nf1"NA>+
805  P<0.0001).(C,D) Compared to controls, knockdown of Nf7 in Rdl-expressing neurons significantly
806 increases (C) bout number (one-way ANOVA: Fz20s = 9.007, P<0.0002), and significantly
807 decreases (D) bout length (one-way ANOVA: F2 204 = 47.04, P<0.0001). (E-G) Measurements of
808  arousal threshold and reactivity in Nf1"NA knockdown flies and their respective controls using the
809 DART system. E. There is a significant effect of genotype on arousal threshold (REML: F2 103 =
810 13.76, P<0.0001; N = 22-38). Compared to controls, knockdown of Nf7 in Rdl-expressing neurons
811  significantly decreases arousal threshold and occurs during the day (Rd/>+, P<0.0003; Nf1RNA> +
812  P<0.0011) and night (Rdl>+, P<0.0001; Nf1™A>+ P<0.0014). F. Linear regression of daytime
813  reactivity as a function of time asleep in Nf1""A knockdown flies and their controls. The slopes of
814  each regression line are not significantly different from each other (F21760 = 0.6085, P<0.5443).
815  G. Linear regression of nighttime reactivity as a function of time asleep in NF1" knockdown flies
816  and their controls. The slopes of each regression line are significantly different from each other
817  (F21946 = 2.804, P<0.0450). (H-J) Measurements of metabolic rate in NF1"¥ knockdown flies and
818 their respective controls using the SAMM system. H. There is a significant effect of genotype on
819  metabolic rate (two-way ANOVA: F, 18 = 55.60, P<0.0001). Compared to controls, knockdown of
820  Nf1 in Rdl-expressing neurons significantly increases CO; output and occurs during the day
821  (Rdl>+, P<0.0001; Nf1”NA>+ P<0.0001) and night (Rd/>+, P<0.0001; Nff™NA>+ P<0.0001). I.
822  Linear regression of daytime CO, output as a function of time asleep in pan-neuronal Nf1RNA
823  knockdown flies and their controls. The slopes of each regression line are significantly different
824  from each other (F2698 = 11.17, P<0.0001). J. Linear regression of nighttime CO. output as a
825  function of time asleep in pan-neuronal Nf1”N" knockdown flies and their controls. The slopes of
826  each regression line are significantly different from each other (F27s6 = 13.64, P<0.0001). For
827  violin plots, the median (solid line) as well as 25th and 75th percentiles (dotted lines) are shown.
828  For reactivity and metabolic rate measurements, error bars indicate £+ SEM. The P-values in each
829  panel indicate whether the slope of the regression line is significantly different from zero. White
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830 background indicates daytime, while gray background indicates nighttime. *p<0.05; **p<0.01;
831  ***p<0.001; ****p<0.0001.

832

833  Figure 5. Loss of Nff in GABAA receptor neurons reduce longevity and promote aging-
834  associated phenotypes. A. Compared to controls, knockdown of Nf71 in Rdl-expressing neurons
835  significantly decreases longevity (Log-Rank test: x?=253.4, d.f.=2, P<0.0001). (B,C) The Smurf
836 assay was used to measure intestinal barrier dysfunction. B. Representative images depicting
837  non-Smurf (left) and Smurf flies (right). C. There is a significant effect of genotype on intestinal
838  permeability (two-way ANOVA: F235 = 29.45, P<0.0001). Knockdown of Nff in Rdl-expressing
839  neurons does not change intestinal barrier dysfunction in 5d flies (Rdl>+, P<0.0565; Nf1RNA>+
840  P<0.0648), but significantly increases in 20d flies (Rd/>+, P<0.0001; Nf1f""A>+ P<0.0001). (D-F)
841 ROS was measured in 5d and 20d flies by quantifying oxidized DHE. Scale bar = 500um. D
842  Oxidized DHE was measured in 5d control and Nf7 knockdown flies. E. There is no significant
843  difference in oxidized DHE signal intensity in 5d flies (one-way ANOVA: F253= 3.367, P<0.0520).
844  F. Oxidized DHE was measured in 20d control and Nf1 knockdown flies. G. Knockdown of Nf7 in
845  Rdl-expressing neurons significantly increases oxidized DHE signal intensity in 20d flies (one-
846  way ANOVA: F257=25.71, P<0.0001). The median (solid line) as well as 25th and 75th percentiles
847  (dotted lines) are shown. ****p<0.0001.

848

849  Supplemental Figure 1. Loss of Nf1 increases waking activity. Waking activity was measured
850  as the number of beam crosses per waking minute. A. Compared to control and heterozygote
851 flies, Nf1”" mutants have significantly higher waking activity (one-way ANOVA: Fag = 41.50,
852  P<0.0001). B. Compared to controls, pan-neuronal knockdown of Nf1 significantly increases
853  waking activity (one-way ANOVA: F,157 = 11.48, P<0.0001). The median (solid line) as well as
854  25th and 75th percentiles (dotted lines) are shown. *p<0.05; ****p<0.0001.

855

856  Supplemental Figure 2. Pan-neuronal knockdown of Nf1 significantly reduces sleep
857 duration and sleep depth using an independent RNAI line. (A-F). Sleep and activity traits of
858  pan-neuronal Nf1”NA2 knockdown flies and their respective controls. A. There is a significant effect
859  of genotype on sleep duration (two-way ANOVA: F2 373 = 79.47, P<0.0001). Compared to controls,
860  pan-neuronal knockdown of Nf7 significantly reduces sleep during the day (nsyb>+, P<0.0001;
861  Nf1RNA2>+ P<0.0001) and night (nsyb>+, P<0.0001; Nf1"NA2>+ P<0.0001). (B,C) Compared to
862  controls, pan-neuronal knockdown of Nff1 has no effect on (B) bout number (one-way ANOVA:
863  Fo180 = 2.422, P<0.0915), while (C) bout length is significantly lower (one-way ANOVA: F3 189 =
864 11.21, P<0.0001). D. Compared to controls, pan-neuronal knockdown of Nf1 significantly
865  increases waking activity (one-way ANOVA: F2 180 = 18.37, P<0.0001). E. P(Doze) is significantly
866  lower upon knockdown of Nf71 (one-way ANOVA: F2 19 = 60.44, P<0.0001). F. P(Wake) is
867  significantly higer upon knockdown of Nf7 (one-way ANOVA: F2 139 = 33.11, P<0.0001). (G,H)
868  Linear regression of (G) daytime and (H) nighttime reactivity as a function of time asleep in Nf1RNA
869  knockdown flies and their controls. During the day, the slopes of each regression line are not
870  significantly different from each other (F2816 = 1.243, P=0.2890). During the night, the slopes of
871  each regression line are significantly different from each other (F2s23 = 3.504, P=0.0305). For
872  violin plots, the median (solid line) as well as 25th and 75th percentiles (dotted lines) are shown.
873  For reactivity measurements, error bars indicate + SEM. The P-values in each panel indicate
874  whether the slope of the regression line is significantly different from zero. White background
875 indicates daytime, while gray background indicates nighttime. **p<0.01; ***p<0.001;
876  ****p<0.0001.

877

878 Supplemental Figure 3. Probabilistic analysis suggests that loss of Nff increases the
879  probability of waking. (A-D) Computational modeling of waking probabilities. A. Profiles of the
880  probability of waking up in Nf1”" mutants, heterozygotes, and their control. B. There is a significant
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881 effect of genotype on the probability of waking up (two-way ANOVA: F2 172 = 144.6, P<0.0001).
882  P(Wake) is significantly higher in Nf1?" mutant flies during the day (+, P<0.0001; het, P<0.0001)
883  and night (+, P<0.0001; het, P<0.0001). C. Profiles of the probability of waking up in pan-neuronal
884  Nf1"NA knockdown flies and their controls. D. There is a significant effect of genotype on the
885  probability of waking up (two-way ANOVA: F2314 = 67.34, P<0.0001). P(Wake) is significantly
886  higher upon knockdown of Nf1 during the day (nsyb>+, P<0.0001; Nf1f"¥>+ P<0.0001) and night
887  (nsyb>+, P<0.0001; Nfff"">+ P<0.0001). (E-H) Computational modeling of sleep probabilities.
888  E. Profiles of the probability of falling asleep in Nf1”" mutants, heterozygotes, and their control. F.
889  There is a significant effect of genotype on the probability of falling asleep (two-way ANOVA: F2,172
890 = 23.10, P<0.0001). P(Doze) is significantly lower in Nff"' mutant flies during the day (+,
891  P<0.0001; het, P<0.0001), but there is no difference during the night (+, P<0.0001; het,
892  P<0.0001). G. Profiles of the probability of falling asleep in pan-neuronal Nf1"™NA knockdown flies
893  and their controls. H. There is a significant effect of genotype on the probability of falling asleep
894  (two-way ANOVA: F2314 = 13.55, P<0.0001). P(Doze) is significantly lower upon knockdown of
895  Nf1 during the day (nsyb>+, P<0.0001; Nff™NA>+ P<0.0001), but there is no difference during
896 the night (nsyb>+, P<0.8053; Nf1"NA>+ P<0.9999). For profiles, shaded regions indicate + SEM.
897  White background indicates daytime, while gray background indicates nighttime. ZT indicates
898  zeitgeber time. For violin plots, the median (solid line) as well as 25th and 75th percentiles (dotted
899 lines) are shown. ****p<0.0001.

900

901 Supplemental Figure 4. Loss of Nf1 decreases sleep in the DART system. A. There is a
902 significant effect of genotype on sleep duration (two-way ANOVA: Fz37. = 131.7, P<0.0001).
903  Compared to control and heterozygote flies, Nf1™! mutants sleep significantly less during the day
904  (+, P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). B. There is a significant
905 effect of genotype on sleep duration (two-way ANOVA: F2220 = 19.05, P<0.0001). Compared to
906  controls, pan-neuronal knockdown of Nf7 significantly reduces sleep during the day (nsyb>+,
907  P<0.0003; Nf1®NA>+ P<0.0001) and night (nsyb>+, P<0.0106; Nf1"N">+ P<0.0135). The median
908 (solid line) as well as 25th and 75th percentiles (dotted lines) are shown. *p<0.05; ***p<0.001;
909  ****p<0.0001.

910

911  Supplemental Figure 5. Loss of Nf1 decreases sleep and increases metabolic rate in the
912  SAMM system. Sleep duration and metabolic rate were measured in the SAMM system. A. There
913 is a significant effect of genotype on sleep duration (two-way ANOVA: F»,154 = 10.92, P<0.0001).
914  Compared to control and heterozygote flies, Nf1*! mutants sleep significantly less during the day
915  (+, P<0.0414; het, P<0.0159) and night (+, P<0.0167; het, P<0.0033). B. There is a significant
916 effect of genotype on metabolic rate (two-way ANOVA: F3 154 = 43.72, P<0.0001). Compared to
917  control and heterozygote flies, Nf1”! mutants significantly increase CO, output during the day (+,
918  P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). C. There is a significant effect
919  of genotype on sleep duration (two-way ANOVA: F2204 = 13.79, P<0.0001). Compared to controls,
920  pan-neuronal knockdown of Nf7 significantly decreases sleep during the day (nsyb>+, P<0.0001;
921  Nf1"NA>+ P<0.0001), but not the night (nsyb>+, P<0.3333; Nf1"NA>+ P<0.2203). D. There is a
922  significant effect of genotype on metabolic rate (two-way ANOVA: F2224 = 136.0, P<0.0001).
923  Compared to controls, pan-neuronal knockdown of Nf7 significantly increases CO- output during
924  the day (nsyb>+, P<0.0001; Nf1ff™A>+ P<0.0001) and night (nsyb>+, P<0.0001; Nf1R"NA>+
925  P<0.0001). The median (solid line) as well as 25th and 75th percentiles (dotted lines) are shown.
926  *p<0.05; **p<0.01; ****p<0.0001.

927

928  Supplemental Figure 6. Loss of Nff increases metabolic rate during waking and sleeping.
929 A. There is a significant effect of genotype on metabolic rate during waking (two-way ANOVA:
930  Fz15 = 16.76, P<0.0001). In the daytime, Nf1"! mutants significantly increase waking CO, output
931  compared to control and heterozygote flies (+, P<0.0003; het, P<0.0412). At night, Nf1?! mutants
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932  significantly increase waking CO. output compared to control flies (+, P<0.0002), with
933  heterozygotes being intermediate (het, P<0.0762). B. There is a significant effect of genotype on
934  metabolic rate during sleep (two-way ANOVA: F» 154 = 53.48, P<0.0001). Compared to control and
935  heterozygote flies, Nf1™' mutants significantly increase CO; output during sleep during the day
936 (+, P<0.0001; het, P<0.0001) and night (+, P<0.0001; het, P<0.0001). C. There is a significant
937  effect of genotype on metabolic rate during waking (two-way ANOVA: F2204 = 97.10, P<0.0001).
938  Compared to controls, pan-neuronal knockdown of Nf7 significantly increases waking CO; output
939  during the day (nsyb>+, P<0.0001; Nf1"NA>+ P<0.0001) and night (nsyb>+, P<0.0001; Nf1"NA>+
940  P<0.0001). D. There is a significant effect of genotype on metabolic rate during sleep (two-way
941  ANOVA: Fz24 = 176.1, P<0.0001). Compared to controls, pan-neuronal knockdown of Nf1
942  significantly increases CO; output during sleep during the day (nsyb>+, P<0.0001; Nf1RNA>+
943 P<0.0001) and night (nsyb>+, P<0.0001; Nf1ff"">+ P<0.0001). The median (solid line) as well
944  as 25th and 75th percentiles (dotted lines) are shown. *p<0.05; ***p<0.001; ****p<0.0001.

945

946  Supplemental Figure 7. Computational modeling of sleep and waking probabilities upon
947 knockdown of Nf1 in Rdl-expressing neurons. A. Compared to controls, P(Dose) is
948  significantly lower upon knockdown of Nf71 in Rdl-expressing neurons (one-way ANOVA: F3 193 =
949  3.865, P<0.0226). B. Compared to controls, P(Wake) is significantly higher upon knockdown of
950 Nf1 in Rdl-expressing neurons (one-way ANOVA: F; 193 = 8.317, P<0.0003). The median (solid
951 line) as well as 25th and 75th percentiles (dotted lines) are shown. **p<0.01; ***p<0.001;
952  ****p<0.0001.

953

954  Supplemental Figure 8. Knockdown of Nf71 in Rdl-expressing neurons decreases sleep and
955 increases metabolic rate. A. There is a significant effect of genotype on sleep duration in the
956  DART system (two-way ANOVA: F2 378 = 27.38, P<0.0001). Compared to controls, knockdown of
957  Nf1 in Rdl-expressing neurons significantly reduces sleep and occurs during day (Rd>+,
958  P<0.0012; Nf1™NA>+ P<0.0001) and night (Rdl>+, P<0.0015; Nf1"NA>+ P<0.0001). B. There is
959  a significant effect of genotype on sleep duration in the SAMM system (two-way ANOVA: F2 188 =
960 4.708, P<0.0101). Compared to controls, knockdown of Nff1 in Rdl-expressing neurons
961 significantly reduces sleep, but only occurs during the day (Rdl>+, P<0.0001; Nf1RNA>4
962  P<0.0001) and not the night (RdIl>+, P<0.9410; Nf1™NA>+ P<0.2371). C. There is a significant
963 effect of genotype on metabolic rate during waking (two-way ANOVA: F2 188 = 54.14, P<0.0001).
964  Compared to controls, knockdown of Nf7 in Rdl-expressing neurons significantly increases CO;
965 output during the day (Rdl>+, P<0.0001; Nf1RNA>+ P<0.0001) and night (Rd/i>+, P<0.0003;
966  Nf1"NA>+ P<0.0001). D. There is a significant effect of genotype on metabolic rate during sleep
967  (two-way ANOVA: F2 188 = 136.1, P<0.0001). Compared to controls, knockdown of Nf1 in Rdl-
968  expressing neurons significantly increases CO;, output during the day (Rdl>+, P<0.0001;
969  Nf1RNA>+ P<0.0001) and night (Rd/>+, P<0.0001; Nf1”NA>+ P<0.0001). The median (solid line)
970  as well as 25th and 75th percentiles (dotted lines) are shown. **p<0.01; ****p<0.0001.

971

972  Supplemental Figure 9. Loss of Nff promotes aging-associated phenotypes. A. Compared
973  to control flies, loss of Nf1 significantly decreases longevity (Log-Rank test: x*=209.0, d.f.=2,
974  P<0.0001). B. Compared to controls, pan-neuronal knockdown of Nf1 significantly decreases
975  longevity (Log-Rank test: x?=253.4, d.f.=2, P<0.0001). C. There is a significant effect of genotype
976  on intestinal permeability (two-way ANOVA: Fi4 = 29.45, P<0.0002). Loss of Nf1 does not
977  change intestinal barrier dysfunction in 5d flies (+, P<0.0565; het, P<0.0648), but significantly
978 increases in 20d flies (+, P<0.0001; het, P<0.0001). D. There is a significant effect of genotype
979  on intestinal permeability (two-way ANOVA: F265 = 18.80, P<0.0001). Pan-neuronal knockdown
980  of Nff does not change intestinal barrier dysfunction in 5d flies (nsyb>+, P<0.2093; Nf1"NA>+
981  P<0.1973), but significantly increases in 20d flies (nsyb>+, P<0.0001; Nf1"NA>+ P<0.0001). The
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982 median (solid line) as well as 25th and 75th percentiles (dotted lines) are shown. ***p<0.001;
983  ****p<0.0001.

984

985  Supplemental Figure 10. ROS in the gut increases upon pan-neuronal knockdown of Nf1.
986 ROS was measured in 5d and 20d flies by quantifying oxidized DHE levels. A. Oxidized DHE was
987 measured in 5d control and Nf1 knockdown flies. B. Pan-neuronal knockdown of Nf7 significantly
988 increases oxidized DHE signal intensity in 5d flies (one-way ANOVA: F251= 30.20, P<0.0001). C.
989  Oxidized DHE was measured in 20d control and Nff knockdown flies. D. Pan-neuronal
990 knockdown of Nf1 significantly increases oxidized DHE signal intensity in 20d flies (one-way
991  ANOVA: F247=16.40, P<0.0001). Scale bar = 500um. The median (solid line) as well as 25th and
992  75th percentiles (dotted lines) are shown. ***p<0.001; ****p<0.0001.
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