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Abstract

The sleep-wake cycle is generated by competing neural circuits that control the
oscillation between wakefulness, rapid eye movement (REM) sleep, and non-REM
(NREM) sleep. While the sublaterodorsal tegmental nucleus (SLD) is recognized for
its role in REM sleep generation, the functional contribution of its GABAergic neu-
rons (SLD®"¥4) to sleep-wake regulation remains poorly understood. Here, we found
that SLD®*8A neurons function as a suppressor of wakefulness in both healthy (i.e.,
orexin**) and narcoleptic (i.e., orexin™") mice. In healthy mice, optogenetic silencing
of SLD®"8A neurons rapidly induced robust wakefulness, while enhancing cortical

and motor activity. Conversely, optogenetic activation of these neurons suppressed
wakefulness and promoted NREM sleep. We found traces of SLD®*#* axonal pro-
jections to wake-promoting brain regions, providing an anatomical basis for their
wake-suppressing effects. Importantly, we discovered that SLD®*®* neurons play a
pathological role in narcolepsy: their activation in orexin-deficient narcoleptic mice
triggered characteristic sleep attacks—rapid intrusions of NREM sleep during active
wakefulness—while silencing these neurons rescued animals from both sleep attacks
and cataplexy. Collectively, these findings establish SLD®*®* neurons as a key regula-
tor of arousal state transitions and identify them as a novel therapeutic target for the
treatment of narcolepsy.

Introduction

Current models propose that sleep-wake regulation is orchestrated by distinct neuro-
nal populations and circuits that compete for each arousal state control (i.e., wakeful-
ness, non-REM (NREM), and rapid eye movement (REM) sleep). The brainstem
contains critical parts of this regulatory network, yet the precise mechanisms govern-
ing arousal state transitions remain incompletely understood [1-3]. Understanding
these circuits is essential not only for basic sleep biology but also for developing
treatments for sleep disorders.
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The sublaterodorsal tegmental nucleus (SLD), located in the dorsal pons near
key arousal centers, including the locus coeruleus and parabrachial nucleus, plays a
strategic role within the sleep-wake regulatory network [4—6]. While the SLD is con-
sidered the generator of REM sleep, emerging evidence suggests it also influences
wakefulness. Pharmacological studies demonstrate that SLD activation promotes
REM sleep while suppressing wakefulness, whereas its inhibition prevents REM
sleep and enhances wakefulness [7,8]. This control over both REM sleep and wake-
fulness positions the SLD as a critical hub in arousal state regulation

The SLD contains both glutamate and GABA neurons. Glutamate SLD (SLD®-Y)
neurons are well-established promoters of REM sleep and its associated muscle ato-
nia [9—11]. In contrast, the functional role of GABA SLD (SLD®"¥*) neurons remains
speculative. For example, some studies suggest that SLD®*®A neurons suppress
wakefulness by inhibiting the ascending reticular activating systems [2,12,13], while
other studies suggest that they regulate REM sleep [14] or have minimal effect on
sleep-wake states [11]. These conflicting findings highlight a critical gap in our under-
standing of the function of SLD®*BA neurons in sleep-wake regulation, and underscore
the need for precise, cell-type-specific approaches (i.e., genetic tagging and optoge-
netic) to resolve their role in sleep-wake control.

The clinical relevance of understanding SLD function extends to narcolepsy, a debili-
tating neurological disorder characterized by pathological intrusions of sleep into wakeful-
ness. Narcolepsy results from the loss of orexin (also called hypocretin) signaling, which
normally stabilizes wakefulness. Narcolepsy is characterized by pathological disruptions
of wakefulness, manifesting as sleep attacks—sudden intrusion of NREM sleep into
wakefulness—and cataplexy—intrusions of REM sleep muscle atonia into wakefulness
[9,15]. Neuroanatomical and pharmacological evidence indicates that orexin neurons
extensively innervate and interact with the SLD, and the loss of orexin signaling pro-
foundly impacts SLD function [9,14,16—18]. Our recent work demonstrated that SLDC-V
neurons, which promote REM sleep muscle atonia in healthy mice (i.e., orexin**), drive
cataplexy in narcoleptic mice (i.e., orexin™") [9,19]. This suggests that the SLD may be a
central hub where orexin loss triggers the characteristic symptoms of narcolepsy.

Despite the clinical importance of the SLD in narcolepsy, the specific contribution
of SLD®"8* neurons to the disorder’s pathophysiology remains unknown. Given their
proposed role in suppressing wakefulness, we hypothesized that SLD®*®A neurons
might contribute to the sleep attacks that affect narcoleptic patients. Understanding
this relationship could reveal new therapeutic approaches for this disorder.

Here, we used optogenetics, electrophysiology, and genetically-assisted circuit
mapping to establish the role of SLD®®A neurons in sleep/wake control. First, our
findings reveal that SLD®*®* neurons function as powerful suppressors of wakeful-
ness, likely through suppressing wake-promoting brain regions. Then, we show that
these neurons play a direct role in triggering narcoleptic sleep attacks, as their acti-
vation triggers pathological sleep intrusions while their silencing provides therapeutic
rescue. Our findings not only resolve a longstanding question about the function of
SLD®A8A neurons but also identify a potential intervention target to resolve the exces-
sive sleepiness of narcolepsy.
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Results
Silencing SLD®*®A neurons promotes wakefulness

To test the role of SLD®*®” neurons in sleep-wake regulation, we used optogenetics to silence their activity across natural
sleep-wake states in mice. We did this by bilaterally injecting either AAV-EF1a-DIO-eArch3.0-eYFP or AAV-EF1a-DIO-
mCherry (control) into the SLD of male VGAT-Cre mice (Fig 1A and 1B). Then, we implanted optic fibers above either
Arch- or mCherry-expressing SLD®ABA neurons for light (532 nm) delivery (S1A and S1B Fig). EEG and EMG electrodes
were implanted to monitor and identify each arousal state.

We first silenced the activity of SLD®*®* neurons using an open-loop protocol (i.e., state-independent; 10 s continuous
silencing every minute for one hour), then quantified the changes in arousal states (Fig 1C) [20]. We found that silencing
the SLD®"BA neurons reliably induced episodes of wakefulness (Fig 1D). To quantify this effect, we aligned the 10 s inhi-
bition window from all mice by the time of its onset and then calculated the amount and probability of each arousal state
across time (Fig 1F). We found that silencing of SLD®*®A neurons induced a robust increase in the amount and probability
of wakefulness and a complementary decrease in both NREM and REM sleep (Fig 1E-1G). The same light delivery to
the mCherry-expressing SLD®*¥A neurons (control) had no effect on the arousal states (Figs 1E—-1G and S2) nor did light
applied to regions adjacent to Arch-expressing SLD®*¥A neurons (i.e., off-target optic fibers) (Fig 11 and 1K). This finding
supports that silencing of SLD®*¥A neurons is inducing wakefulness rather than the light itself.

To further determine the role of SLD®"®A neurons, we applied a closed-loop protocol (i.e., state-specific) whereby we
selectively silenced SLD®*¥A neurons during each arousal state. To do this, we monitored real-time EEG/EMG activity and
silenced these neurons as soon as spontaneous episodes of either wakefulness, NREM, or REM sleep occurred (Fig 1C).
We found that silencing SLD®*®¥ neurons either during NREM or REM sleep induced instantaneous transitions into alert
and motorically engaged wakefulness (Figs 1H-1K and S1C—-S1F and S1 Video). We also found that silencing SLD®8*
neurons during wakefulness sustained wakefulness. A prolonged silencing of SLD®*®* neurons (20 s versus 10 s) induced
a longer-lasting wakefulness and maintained a higher probability of wakefulness over time (Fig 1L—1N). These findings
demonstrate that silencing SLD®"®A neurons not only initiates wakefulness from sleep but also sustains wakefulness.

Next, we investigated whether silencing SLD®*#A neurons not only triggers wakefulness but also can enhance the
features of wakefulness (i.e., increase brain and muscle activity). To do this, we silenced SLD®®* neurons while the
animals were already awake. We found that silencing SLD®®* neurons during wakefulness increased the power of
wake-related cortical activity (i.e., gamma, 30-100 Hz; Fig 1P) while simultaneously decreasing sleep-related corti-
cal activity (i.e., delta, 0.5—4 Hz; Figs 10 and S1H-S1L). In addition, we found that silencing SLD®*®A neurons during
wakefulness also enhanced muscle activity (i.e., EMG) (Figs 1Q and S1G). Consistent with these physiological
changes, silencing SLD®*8A neurons during wakefulness was frequently accompanied by active wake behaviors, most
prominently locomotion (eArch3.0:eYFP; 43.8% +19.6%:16.91 + 3.37%; S1M Fig). Together, our findings show that
silencing SLD®"8* neurons not only triggers wakefulness but also enhances brain and muscle activity that character-
izes active arousal. These findings suggest that SLD®*¥A neurons play a powerful role in suppressing wakefulness and
its wake-related features.

Activation of SLD®*8* neurons suppresses wakefulness

To further examine the role of SLD®"BA neurons in sleep-wake control, we optically activated these neurons and
assessed their impact on each arousal state (Fig 2). To do this, we bilaterally injected AAV-EF1a-DIO-ChETA-eYFP or
AAV-EF1a-DIO-mCherry (control) into the SLD of male VGAT-Cre mice (Fig 2A). Optic fibers were positioned above
SLD®"8A neurons and EEG/EMG readout was used to assess how the activation of SLD®BA neurons affects arousal
states. Light (478 nm) was delivered in pulses (5 ms) at 40 Hz to match the natural firing rates of SLD®*®* neurons
reported in the literature [21-23].
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Fig 1. Silencing SLD®"®A neurons promotes wakefulness. (A) A schematic showing optogenetic silencing of SLD®*¥* neurons coupled with EEG and
EMG recordings. (B) Microscope images showing the expression of Arch (green) from VGAT (red) neurons in the SLD. (C) A schematic of open-loop
(i.e., state-independent) and closed-loop (i.e., state-specific) stimulation paradigm. (D) Example polysomnogram recording with open-loop inhibition
(i.e., 10 s laser stimulation every 60 s for 1 hour) of SLD®*®* neurons. Shown are EMG amplitude, EEG spectrogram, and EEG raw traces. (E) Mean
percentages of wake, NREM, and REM sleep during 10 s open-loop inhibition of SLD®*¥* neurons (mCherry n=5 and Arch n=5; unpaired ¢ test). (F)
Distribution of sleep-wake states in all laser trials aligned by the time of inhibition onset at t=0 s (mCherry n=5 and Arch n=5). (G) Probability of wake,
NREM, and REM sleep before, during, and after 10 s open-loop inhibition (mCherry n=5 and Arch n=5). (H) Example polysomnogram recording with
REM-specific inhibition of SLD®®A neurons. (I) Latency to wake from REM sleep upon inhibition of SLD®*® neurons (mCherry n=>5, off-target n=4, and
Arch n=5, one-way ANOVA with Tukey’s Multiple Comparison test). (J) Example polysomnogram recording with NREM-specific inhibition of SLD®AB*
neurons. (K) Latency to wake from NREM sleep upon inhibition of SLD®*¥* neurons (mCherry n=5, off-target n=4, and Arch n=5, one-way ANOVA with
Tukey’s Multiple Comparison test). (L) Example polysomnogram recording with wake-specific inhibition of SLD®*®4 neurons. (M) Probability of wakeful-
ness in response to 10 and 20 s inhibition of SLD®®A neurons (n=5, two-way ANOVA with Bonferroni post-test). (N) Duration of wakefulness in response
to 10 and 20 s inhibition of SLD®"¥* neurons (n=5, paired t test). (O and P) Mean change in 6 and y EEG power during wake-specific inhibition (mCherry
n=5, Arch n=5, unpaired f test). (Q) Mean change in EMG activity during wake-specific inhibition (mCherry n=5 and Arch n=5; unpaired t test). Brain
wave bands: 6 (delta, 0.5-4 Hz) and y (gamma, 30-100 Hz). Green patches indicate time of laser-ON period. All error bars and shades represent s.e.m.
*p<0.05, **p<0.01, *** p<0.001 indicate significant differences. Scale bar 25 pm. The data underlying this Figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003303.9001
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Fig 2. Activating SLD®®A neurons suppresses wakefulness. (A) A schematic showing optogenetic activation (478 nm, 40 Hz, 5 ms pulses) of SLD®
ABA neurons coupled with EEG and EMG recordings. (B) Example polysomnograms with NREM-specific activation of SLD®*®* neurons (top: mCherry
and bottom: ChETA). Shown are EMG amplitude, EEG spectrogram, and EEG raw traces. (C) Latency to wake from NREM sleep upon activation of
SLD®*8A neurons (mCherry n=4 and ChETA n=5; unpaired t test). (D) Duration of NREM sleep upon activation of SLD®*#A neurons (mCherry n=4 and
ChETA n=5; unpaired t-tests). (E) Latency to wake from REM sleep upon activation of SLD®*#* neurons (mCherry n=4 and ChETA n=5, unpaired t test).
(F) Example polysomnograms for wake-specific activation (60 s) of SLD®®A neurons (top: mCherry and bottom: ChETA). (G) Distribution of sleep-wake
states in all wake-specific activation trials (60 s) aligned by the time of activation onset t=0 s (mCherry n=4 and ChETA n=5). (H) Probability of wake,
NREM, and REM sleep before, during, and after the 60 s wake-specific activation (mCherry n=4 and ChETA n=5). (I) Mean percentages of wake,
NREM, and REM sleep during the 60 s wake-specific activation (mCherry n=4 and ChETA n=5; unpaired t test) (J) LEFT: EMG activity before, during,
and after 60 s wake-specific activation (mCherry n=5 and ChETA n=5). RIGHT: Mean EMG activity during the 60 s wake-specific activation (mCherry
n=5 and ChETA n=5; unpaired t test). (K and L) LEFT: 6 and y EEG activity before, dnuring, and after 60 s wake-specific activation (mCherry n=5 and
ChETA n=5). RIGHT: Mean 6 and y EEG activity during the 60 s wake-specific activation (mCherry n=5 and ChETA n=5; unpaired f test). EEG bands:
& (delta, 0.5-4 Hz) and y (gamma, 30-100 Hz). Blue patches indicate time of laser-ON period. All error bars and shades represent +s.e.m. * p<0.05, **
p<0.01, *** p<0.001 indicate significant differences. The data underlying this Figure can be found in S2 Data.

https://doi.org/10.1371/journal.pbio.3003303.9002
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Because silencing SLD®*B* neurons promotes wakefulness (Fig 1), we predicted that their activation would suppress
wakefulness and induce sleep. Using a closed-loop protocol, we found that the activation of SLD®*®* neurons during
NREM sleep significantly lengthened NREM sleep by preventing the entrance into wakefulness (Fig 2B—2D). In contrast,
we found that the activation of SLD®*#* neurons during REM sleep did not prolong REM sleep (Fig 2E). We also found that
neither cortical nor motor activity was affected by the activation during NREM or REM sleep (S3B-S3E Fig), indicating
that the effect of the activation specifically prolongs the state of NREM sleep. Light (478 nm, 40 Hz) delivery to
mCherry-expressing SLD®®A neurons had no effect during NREM or REM sleep (S2 Fig).

Next, we found that the activation of SLD®*#A neurons suppressed the probability and amount of wakefulness by
increasing NREM sleep but not REM sleep (Fig 2F—2I). In addition, we found that activating SLD®*®* neurons reduced the
cortical and motor indices of wakefulness. Specifically, we found that activation of SLD®*¥A neurons during wakefulness
significantly increased and decreased EEG 6 and y powers, respectively, while simultaneously decreasing levels of mus-
cle activity (i.e., EMG) (Figs 2J—2L and S3F-S3K). Together, these data show that the SLD®*® neurons suppress wakeful-
ness and the cortical and motor features that support it.

SLD®¢ABA axonal projections are found in wake-promoting brain areas

Having shown that SLD®*#A neurons suppress wakefulness, we next wanted to explore their projection patterns. To do
this, we injected a Cre-dependent anterograde viral tracer (AAV-EF1a-DIO-eArch3.0-eYFP) into the SLD of VGAT-Cre
mice, then identified brain areas with traces of eYFP-expressing axonal projections.

We found traces of SLD®*¥* axonal projections in brain regions previously implicated in the generation of wakefulness
and/or engaging cortical and motor activity (Fig 3A) [24—29]. Specifically, traces of axonal projections were identified in the
medial septum (MS), basal forebrain (BF), lateral hypothalamus (LH), tuberomammillary nucleus (TMN), supramammilary
nucleus (SuM), interpeduncular nucleus(IPN), and the ventrolateral periaqueductal gray (vVIPAG) many of which play key
roles in promoting wakefulness and/or inducing cortical activation (Fig 3B—3H). We also identified traces neural projec-
tions in the vestibular nucleus (VN) and in the ventral horn of the spinal cord, which both play key roles in engaging motor
activity (Fig 3J and 3K) [30-32]. These findings indicate that SLD®*®* neurons are anatomically positioned to modulate
wakefulness, cortical activity, and motor activity, which is consistent with our optogenetic data.

Activation of SLD®*BA neurons triggers sleep attacks in orexin—/- (i.e., narcoleptic) mice

Orexin is a neurotransmitter produced by neurons in the LH, which send axonal projections across the brain to support
wakefulness [16]. In narcolepsy, the loss of orexin signals destabilizes wakefulness, making this state vulnerable to sleep
disturbances [15,33—35]. Previous work demonstrates that loss of orexin impacts how SLD neurons control arousal states
[14,16,17]. For example, our recent work demonstrated that glutamate neurons in the SLD, which generate REM sleep
muscle atonia in orexin** (i.e., healthy) mice, promote cataplexy in orexin™" (i.e., orexin knockout, narcoleptic) mice. In this
current study, we decided to investigate how the loss of orexin impacts the function of SLD®*®A neurons. We hypothesized
that activation of the SLD®"8A neurons in orexin™~ mice will potently suppress wakefulness and induce sleep attacks. To
test this hypothesis, we bilaterally injected AAV-EF1a-DIO-ChETA-eYFP or AAV-EF1a-DIO-mCherry into the SLD of male
VGAT-Cre::orexin™~ mice. This newly developed mouse line behaves identically to ‘pure’ orexin”- mice and exhibits both
sleep attacks and cataplexy [36]. EEG/EMG electrodes and optic fibers were implanted to manipulate GABA neurons in
the SLD while monitoring sleep-wake states in VGAT-Cre::orexin™~ mice (Fig 4A and 4B).

Using a closed-loop protocol, we optically activated SLD®*¥A neurons (478 nm, 5 ms pulses at 40 Hz) during each
arousal state in orexin™ mice. We found that activation of SLD®*¥A neurons during wakefulness triggered a sudden
entrance into NREM sleep, which was not observed in the mCherry control group (Fig 4C—4G). Intriguingly, we found that
the effect of SLD®"®A neuron activation was different between orexin™~ mice and orexin** mice. Specifically, we show that
the activation of SLD®*8* neurons during wakefulness had a stronger wake-suppressing effect in orexin™ than in orexin**
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Fig 3. SLD®*®A axonal projections are found in wake-promoting nuclei. (A) A sagittal schematic of the brain illustrating the distribution of SLD®*8*
axonal projections. (B—K) Schematics (TOP) and microscope images (BOTTOM) showing coronal section of each brain nuclei that express SLD®ABA
axonal projections (green fluorescence). The smaller microscope images inserted on the top left are magnified images of the neural projections (25 pm
x 25 ym in dimension). These brain nuclei are B) MS, C) BF, D) LH, E) TMN, F) SUM, G) IPN, H) vIPAG, I) SLD (injection site), J) VN, and K) spinal
cord. Abbreviation: medial septum (MS), basal forebrain (BF), medial preoptic area (MPA), lateral hypothalamus (LH), cerebral peduncle (cp), fornix

(f), tuberomammillary nucleus (TMN), principle mamillary tract (pm), medial mammillary body (MM), supramammilary nucleus (SuM), interpeduncular
nucleus (IPN), ventrolateral periaqueductal gray (vIPAG), sublaterodorsal tegmental nucleus (SLD), aqueduct (Aq), laterodorsal tegmental nucleus
(LDT), trigeminal motor nucleus (Mo5), vestibular nucleus (VN) and 4th ventricle (4V). Scale bar 400 ym. Sagittal and Coronal brain schematics are from
Allen Brain Atlas 3rd edition.

https://doi.org/10.1371/journal.pbio.3003303.9003
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Fig 4. Activating SLD®*®A neurons in orexin™~ mice potently suppresses wakefulness. (A) A schematic of optogenetic activation of SLD®*®A neu-
rons coupled with EEG and EMG recordings in VGAT:.orexin™~ mice. (B) Schematic and microscope images showing the absence of orexin neuropep-
tide (red) from the lateral hypothalamus (LH) in VGAT::orexin™ (i.e., narcoleptic) mice. (C and D) Example polysomnogram with wake-specific activation
of SLD®"®A neurons in orexin™~ mice. Shown are EMG amplitude, EEG spectrogram, and EEG raw traces. (E-G) Mean percentages of wake, NREM,
and REM sleep during 60 s wake-specific activation of SLD®®A neurons (mCherry::orexin”~ n=5 and ChETA::orexin™~ n=>5; unpaired t test). (H) Distri-
bution of sleep-wake states in all wake-specific activation trials (60 s) aligned by the time of activation onset t=0 s (ChETA::orexin** n=5 and ChETA::-
orexin”™ n=5). (l) Probability of wake, NREM, and REM sleep before, during and after the 60 s activation (ChETA::orexin** n=5 and ChETA::orexin™~
n=5). (J-L) Mean percentages of wake, NREM, and REM sleep during 60 s wake-specific activation (ChETA::orexin"* n=5 and ChETA:.orexin”~ n=5;
unpaired t test). (M) LEFT: EMG activity before, during, and after 60 s wake-specific activation (mCherry::orexin™- n=5, ChETA::orexin"* n=5, and
ChETA::orexin™ n=5). RIGHT: Mean EMG activity during the 60 s wake-specific activation (mCherry::orexin** n=5, ChETA::orexin"* n=5, and ChETA::-
orexin”™ n=5; unpaired t test). (N and O) LEFT: & and y EEG activity before, during and after 60 s wake-specific activation (mCherry::orexin™ n=5,
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ChETA::orexin** n=5, and ChETA:.orexin”~ n=5). Right: Mean & and y EEG activity during the 60 s wake-specific activation (mCherry::orexin”~ n=5,
ChETA::orexin™* n=5, and ChETA::.orexin”~ n=5; unpaired t test). EEG bands: 6 (delta, 0.5-4 Hz) and y (gamma, 30-100 Hz). Blue patches indicate
time of laser-ON period. All error bars and shades represent +s.e.m. ** p<0.01 *** p<0.001 indicate significant differences. Coronal brain schematics
are from Allen Brain Atlas 3rd edition. The data underlying this Figure can be found in S3 Data.

https://doi.org/10.1371/journal.pbio.3003303.9004

mice (Fig 4H—4L). In addition, we also found that activation caused a greater reduction in the cortical and motor activity in
orexin™™ mice (Figs 4M—40 and S40-S4T). Together, these findings demonstrate that SLD®*® neuron activation sup-
presses wakefulness and the cortical and motor features that support it, but the loss of orexin signaling potentiates these
effects, causing the typical sleep-attack symptoms observed in narcoleptic patients.

We found that the wake—NREM sleep transitions induced by the activation of SLD®*®* neurons in orexin™" animals
were distinguishable from the wake—NREM sleep transitions observed in orexin** animals by how quickly they occurred.
In orexin™ mice, the activation consistently and rapidly terminated wakefulness into NREM sleep (i.e.,~5 s) (Fig 4H-4L).
The orexin™ mice remained in NREM sleep throughout the duration of activation (60 s) and consistently and rapidly
returned to wakefulness at the offset of activation (Fig 4D, 4H, and 41), similar to what happened during naturally occurring
sleep-attacks. In addition, we found that activation in orexin~ mice could trigger a sleep attack regardless of the animal’s
behavior and location at the onset of activation. In orexin** mice, wake—NREM sleep transitions occur when animals
are settled in their nests [37]. However, in orexin™™ mice, the activation of SLD®*®A neurons induced a rapid entrance into
NREM sleep even when the animals were active outside of the nest (S2 Video). S2 Video is a typical behavioral example
showing that activation triggers an abrupt and direct wake—NREM sleep transition during a period of active wakefulness.
Abrupt intrusions of NREM sleep into wakefulness are the defining feature of sleep attacks in human and murine narco-
lepsy [33,37,38]; therefore, we reasoned that the activation of SLD®®4 neurons induced sleep attacks in orexin™~ mice.

Next, we investigated whether the cortical activity during the activation-induced NREM sleep resembles that of sponta-
neous sleep attacks in orexin™™ mice. We found that the activation-induced NREM sleep had an EEG activity comparable
to that of spontaneous sleep attacks, further supporting that the activation of SLD®*®A neurons induces sleep attacks in
orexin™™ mice (S5D-S5F Fig). By comparing the EEG activity, we further validated that activation of SLD®"#A neurons did
not induce wake—REM sleep transitions, nor did it induce transition into cataplexy in orexin™~ mice (S5A-S5C and S5G
Fig). In addition, we found that the activation-induced state could immediately be terminated by tactile stimulation (i.e.,
touching a mouse with a paintbrush) (S5H and S5I Fig). We previously showed that an episode of cataplexy cannot be
terminated by tactile stimulation [9]. Collectively, our findings demonstrate that activation of SLD®*¥A neurons induces
sleep attacks in orexin™ mice.

Finally, we activated SLD®*®* neurons selectively during both NREM and REM sleep in orexin”~ mice. Here, we found
no difference between genotypes in how activation of SLD®*¥A neurons changed behavior during either NREM or REM
sleep. As in orexin** mice, we found that activation of SLD®*®A neurons during NREM sleep lengthened NREM sleep
and delayed the entrance into wakefulness in orexin™ mice. The magnitude of this effect was similar in both genotypes
(S4A-S4D Fig). Activating SLD®*¥A neurons during REM sleep had no effect in either orexin** or orexin™~ mice (S4E and
S4F Fig). Lastly, we found that neither motor nor cortical activity was impacted by their activation during NREM and REM
sleep in either orexin** or orexin™ mice (S4G—S4N Fig). These data, therefore, indicate that the activation of SLDG®8A
neurons reinforces NREM sleep specifically.

Silencing SLD®A8A neurons terminates sleep attacks by promoting wakefulness in orexin—/- mice

Next, we wanted to determine if silencing SLD®*¥A neurons can rescue narcoleptic animals from sleep attacks (Fig 5A).
First, we investigated whether wakefulness produced by silencing SLD®*#A neurons differs between orexin™ and orexin**
mice. We found that silencing SLD®*¥A neurons had similar wake-promoting effects in both orexin** and orexin™ mice.
As in orexin** mice, we found that silencing SLD®*®* neurons triggered immediate wakefulness from both NREM and
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Fig 5. Silencing SLD®®A neurons in orexin™~ mice rescues the animals from sleep attacks and cataplexy. (A) A schematic of optogenetic silenc-
ing of SLD®*8* neurons coupled with EEG and EMG recordings in VGAT::orexin™~ mice. (B) Latency to wake from NREM sleep upon inhibition (mCher-
ry::orexin®™ n=5, Arch::orexin”~ n=5, and Arch::orexin** n=5; unpaired t test). (C) Latency to wake from REM sleep upon inhibition (mCherry::orexin™~
n=5, Arch::orexin™= n=5, and Arch::orexin** n=>5; unpaired t test). (D and E) Example polysomnograms with SLD®*®A neurons during sleep attacks.
Shown are EMG amplitude, EEG spectrogram, and EEG raw traces. (F) Duration of sleep attacks upon inhibition (mCherry n=5 and Arch n=5; unpaired
t test). (G) Power spectral density of EEG in response to the inhibition during sleep attacks (mCherry n=5 and Arch n=5; Two-way RM ANOVA with
Bonferroni post-tests). (H) EMG activity before and during inhibition from sleep attacks (mCherry n=5 and Arch n=5; Two-way ANOVA with Bonferroni
post-test). (I and J) Example polysomnograms with inhibition of SLD®8A neurons during cataplexy. (K) Duration of cataplexy upon inhibition (mCherry
n=5 and Arch n=5; unpaired t test). (L) Power spectral density of EEG in response to inhibition during cataplexy (mCherry n=5 and Arch n=5; Two-way
RM ANOVA with Bonferroni post-tests). (M) EMG activity before and during inhibition from cataplexy (mCherry n=5 and Arch n=5; Two-way ANOVA with
Bonferroni post-test). Green patches indicate time of laser-ON period. All error bars and shades represent £s.e.m. *p<0.05, ** p<0.01, *** p<0.001
indicate significant differences. The data underlying this Figure can be found in S4 Data.

https://doi.org/10.1371/journal.pbio.3003303.9005

REM sleep in orexin™™ mice and the latency to wakefulness did not differ between the genotypes (Fig 5B and 5C). In
addition, we found that the wakefulness triggered by silencing SLD®"®A neurons had cortical activity and motor activity
that was comparable between orexin™ and orexin** mice (S6A-S6H Fig). We also found that silencing SLD®*®A neurons
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in orexin™~ mice prolonged wakefulness and increased the probability of wakefulness across time. The magnitude of this
effect was not significantly different from that observed in orexin** mice (S61 and S6J Fig). Finally, we found that silencing
SLD®"8A neurons during wakefulness enhanced both cortical and motor indices of wakefulness to the same extent in both
orexin™~ and orexin** mice (S6K—S6P Fig). Together, these data show that the silencing SLD®®A neurons promotes wake-
fulness and the cortical and motor features that support it, but these effects are unaltered by the loss of orexin signaling.
Because the activation of SLD®*®A neurons promotes sleep attacks in orexin™ mice, we wanted to test whether silencing these
neurons could rescue animals from sleep attacks. We tested this by silencing SLD®*®A neurons at the onset of individual sleep
attacks in orexin™ mice. We found that silencing SLD®*®* neurons immediately rescued the animals from sleep attacks into alert
and motorically engaged wakefulness, which was not observed in the mCherry control group (Fig 5D—-5H). These findings, in com-
bination with the activation data (Fig 4), indicate that SLD®*®4 neurons are both necessary and sufficient to generate sleep attacks.
Lastly, we wanted to determine if silencing SLD®*®* neurons could also rescue narcoleptic animals from cataplexy.
Surprisingly, we found that silencing SLD®*¥A neurons at the onset of cataplexy immediately rescued the animal into wake-
fulness (Fig 51 and 5K) by reinstating brain and motor activity (Fig 5L and 5M). Such behavioral effect was not observed
in the mCherry control group (Fig 5J-5M). Because we showed that silencing SLD®*B* neurons enhances motor activity
in both orexin™~ and orexin** mice (Figs 1Q and S6P), we propose that silencing SLD®"®A neurons rescues cataplexy by
engaging motor activity.

Discussion

Our study is the first to characterize the functional role of SLD®*¥A neurons in sleep-wake control and establishes their link
to the pathophysiology of narcolepsy. Through precise optogenetic manipulation, we found that SLD®*¥* neurons function
to suppress wakefulness (Figs 1 and 2). Next, we found traces of SLD®*®* axonal projections to wake-promoting brain
regions, positioning SLD®*8A neurons as a potential nucleus in the neural circuits controlling arousal state transitions (Fig
3). Finally, we demonstrated that activation of SLD®*®A neurons induces pathological sleepiness, manifesting as sleep
attacks in narcoleptic animals and that silencing of these neurons rescue them from this debilitating symptom (Figs 4-6).

The SLD has long been viewed as a core REM sleep-promoting structure. Specifically, GABA neurons in the SLD
were hypothesized to promote REM sleep by inhibiting REM-off neurons in the vVIPAG. This was supported by neu-
roanatomical and lesion-based evidence [14]. However, a subsequent study using a cell-specific genetic disruption
approach showed that deletion of GABA neurotransmission in the SLD did not yield a clear effect on REM sleep [11].
Thus, the specific causal contribution of SLD®*®A neurons to arousal state control has remained speculative. By using
cell-type-specific optogenetics in genetically defined populations, we demonstrate that SLD®"® neurons suppress
wakefulness rather than promote specific sleep states. Several lines of evidence support this conclusion. First, silenc-
ing SLD®"8* neurons promotes wakefulness from NREM and REM sleep, while activating the same neurons promotes
NREM sleep from wakefulness (Figs 1 and 2), indicating that their influence extends beyond any single sleep stage.
Second, silencing these neurons during existing wakefulness enhances arousal intensity by increasing cortical gamma
activity and motor engagement (Figs 1 and 2). Together, these findings support a prominent wake-suppressive role for
SLD®ABA neurons. However, our strategy broadly manipulated SLD®*®* neurons, which may have masked functional
diversity within this population. We cannot exclude the possibility that distinct SLD®*8* subpopulations contribute to
additional functions, including REM-state gating, or broader aspects of pontine state control [14,21,23,39]. Further
experiments will need to dissect the functions of subpopulations of SLD®*®* neurons based on axonal projection pro-
files and cellular mechanisms.

This wake-suppressive function aligns with the broader organizational principles of sleep-wake control, where
inhibitory mechanisms balance excitatory arousal systems to enable stable state transitions [14,40—43]. The SLD®A8A
neurons appear to function as a “brake” on wakefulness, allowing controlled transitions into sleep states when arousal
drive diminishes. This regulatory mechanism may be particularly important during vulnerable periods when wake
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Fig 6. A proposed mechanism by which SLD®®* neurons suppress wakefulness in healthy and narcoleptic animals. This schematic illus-

trates how the balance of wake-promoting signals from the LH orexin (LH®X) neurons and wake-suppressive signals from the SLD®*®A neurons may
determine the changes in arousal states. In healthy mice (orexin**), the wake-promoting signal mediated by the LH°* neurons predominates over the
wake-suppressive signal mediated by the SLD®*®* neurons, generating a stable wakefulness. Conversely, in narcoleptic mice (orexin™"), orexin-mediated
wake-promoting signals are absent, allowing the SLD®®A neurons to produce a disproportionately strong suppression of wakefulness, resulting in wake
instability seen as sleep attacks.

https://doi.org/10.1371/journal.pbio.3003303.g006

stability is challenged, such as during sleep deprivation or circadian misalignment, or during pathologic conditions like
narcolepsy [15,44,45]

Our genetically-assisted anatomical mapping reveals that SLD®*®A neurons possess the neuroanatomical potential to
modulate multiple aspects of arousal. We found traces of SLD®"8* axonal projections to various wake-promoting nuclei
across the brain [24—29] (Fig 3). Our findings suggest that SLD®*®A neurons may suppress cortical activation by target-
ing brain regions such as the MS and BF, while dampening global wake-promoting drive through targeting brain regions
potent wake-suppressive effects we observed. Our interpretation is further supported by a previous work which showed
that the GABA-expressing Crhbp* neurons in the SLD project to a wake-promoting region (i.e., the BF), and chemoge-
netic activation of these neurons suppresses wakefulness and promotes NREM sleep [47]. Traces of SLD®*®* axonal
projections were also observed in motor-related areas, including the VN and the spinal cord. This may underlie the ability
of SLD®*8* neurons to modulate motor activity during wakefulness [31]. Together, these distributed projections to both
arousal and motor systems suggest a role for SLD®*®A neurons in maintaining stable state control and preventing partial or
mixed arousal states that could destabilize sleep-wake boundaries.

However, anatomical tracing alone does not establish synaptic connectivity. In addition, many of these potential target
brain regions are functionally heterogeneous and contribute to processes beyond sleep-wake regulation. For example, the
BF is involved in attention, learning, and memory [48]; the LH regulates feeding and motivated behaviors [49]; the TMN
participates in thermoregulation [50] and stress responses [51]. Furthermore, some of the target brain regions contain
sleep-inducing neurons. For example, neurotensin neurons in VIPAG promote NREM sleep [52]; GABA neurons in BF
promote NREM sleep [25]; Melanin concentrating hormone (MCH) neurons in LH promote REM sleep [53]. Thus, future
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studies will be required to determine which specific neural population in these target brain regions receives synaptic input
from the SLD®"8A neurons and directly mediates wake suppression.

Previous work has shown that the SLD also receives inputs from the cortex, forebrain, midbrain, pons, and hindbrain
[54], and these inputs may interact with SLD®*®* neurons to modulate wakefulness. Finally, the SLD®*®* neurons poten-
tially receive inputs from the neighboring glutamate neurons within the SLD (SLD®"Y neurons). These neurons promote

both REM sleep initiation with wake suppression, ensuring smooth state transitions without arousal interference.

The ability of SLD®*®A neurons to suppress wakefulness can be beneficial for sleep stability and normal sleep-wake
regulation, but it can also pose a threat to wakefulness stability when engaged at the wrong time, as seen in narcolep-
tic patients [57]. The hypothalamic orexin system normally provides a strong excitatory drive to maintain wake stability
[33,58]. We found that in orexin-deficient mice (orexin™"), activation of SLD®"®* neurons triggers rapid sleep attacks—
abrupt intrusions of NREM sleep during active wakefulness that closely resemble the clinical presentation of human nar-
colepsy (Fig 4). The activation of SLD®*¥A neurons in orexin™~ mice rapidly initiates NREM sleep even amid active waking
behavior (i.e., eating and moving) [15], bypassing stereotypical sleep-preparatory behaviors (e.g., grooming and nesting)
(S2 Video). This effect is significantly enhanced compared to orexin** animals, suggesting that orexin loss removes a
critical brake on SLD®ABA neuron function (Fig 4). Importantly, this effect does not appear to be due to an increased sleep
drive, as narcoleptic and control mice exhibit similar overall sleep-wake amounts (S4U Fig) [15]. Previous work has
demonstrated that the fragmented wakefulness observed in orexin-deficient mice is not due to abnormal sleep homeosta-
sis and increased sleep pressure [15]. Instead, the fragmented behavior of orexin™ mice is best described as behavioral-
state instability, with low thresholds for transitions between states. We hypothesize that when orexin signaling is lost,
SLD®"8A neurons override residual wake-promoting signals, creating windows of wake instability and triggering abnormal
sleep intrusions (Fig 6). This hypothesis explains why narcoleptic patients experience sleep attacks even during stimulat-
ing activities. The loss of orexin signals allows wake-suppressive mechanisms to dominate inappropriately.

Given the well-established wake-promoting role of LH orexin neurons, we propose that these neurons may inhibit the
wake-suppressing SLD®*8* neurons through an indirect pathway involving an intermediate GABAergic relay. Studies have
shown that hypothalamic orexin neurons send projections to the SLD and surrounding regions, indicating the potential
for neuromodulatory control of SLD neurons [16,59]. In addition, local infusion of orexin into the pontine reticular forma-
tion (PnO), which includes the SLD, suppresses PnO neurons by enhancing local GABAergic signaling and promoting
wakefulness. [17] These findings raise the possibility that orexin inputs could suppress SLD®*¥A neurons indirectly via
local GABAergic interneurons, highlighting the possible heterogeneity of SLD®*®* neurons and the involvement of com-
plex microcircuits within the SLD. In parallel, orexin neurons also strongly innervate the vIPAG, and vIPAG GABA neurons
provide inhibitory GABAergic input to the SLD, suggesting another indirect pathway through which orexin neurons may
regulate SLD activity [14,18,60]. Loss of orexin signaling could therefore disrupt SLD®*®A neurons through multiple indirect
neural pathways. However, these indirect pathways remain speculative as the relevant synaptic connectivity and their
functional role have not yet been established. The orexin neurons may also interact with SLD®*®* neurons at a postsyn-
aptic level. Orexin neurons project broadly throughout the brain, many of which overlap with the projection pattern of
the SLD®ABA neurons [16]. Orexin peptide has been shown to attenuate GABAergic inhibitory postsynaptic currents and
reduce GABA,-receptor-mediated hyperpolarization via orexin-1 receptor activation [61]. This evidence suggests that
orexin may counteract SLD®**A—mediated inhibition at the postsynaptic level. Together, these observations suggest that
the relationship between LH orexin neurons and SLD®** neurons is complex and may involve the functional heterogene-
ity among SLD®"8* subpopulations, multiple indirect circuit mechanisms, and downstream postsynaptic interaction.

Finally, our discovery that silencing SLD®*¥A neurons can rescue both sleep attacks and cataplexy (Fig 5) opens new
therapeutic avenues for narcolepsy treatment. These two cardinal symptoms of narcolepsy —sleep attacks and cat-
aplexy—are distinct physiological states [37]. The ability of SLD®8* silencing to terminate both symptoms raises the
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possibility that these neurons can contribute to overlapping neural pathways. While SLD®Y neurons drive cataplexy
through REM sleep muscle atonia mechanisms, we hypothesize that the SLD®*®* neurons may interact with SLD®V
neurons and contribute to generating cataplexy. Additional studies will be needed to define the precise circuit mechanism
through which SLD®*8* neurons influence both sleep attacks and cataplexy. Although our optogenetic experiments demon-
strated that acute silencing of the SLD®*®* neurons can rapidly terminate both sleep attacks and cataplexy, establishing
their therapeutic potential requires determining whether sustained suppression of these neurons can reduce the overall
emergence of these symptoms. Accordingly, an important future goal will be to employ a chemogenetic approach to test
whether prolonged inhibition of SLD®*#A neurons can consolidate wakefulness and alleviate symptoms of narcolepsy.

Our study provides definitive evidence for SLD®*®* neuron function; however, several important questions remain. First,
the precise mechanisms by which orexin loss potentiates SLD®*84 function require further investigation. While outside
of the aim of our current study, direct recordings from SLD®*®A neurons in orexin-deficient animals could reveal whether
orexin loss alters their intrinsic excitability, synaptic inputs, or both. Second, the upstream signals that normally regulate
SLD®A8A gctivity in healthy animals remain unclear. Identifying these regulatory mechanisms could reveal how environ-
mental and circadian factors influence sleep-wake stability. Third, the present study was conducted exclusively in male
mice to maintain consistency with prior work; hence, it remains unknown whether sex-dependent mechanisms influence
SLD®A8A-medicated control of arousal and narcolepsy-related symptoms. Finally, the thorough investigation of the inter-
action between the SLD®*®* and SLD®" neurons in both health and disease states would identify what makes the SLD
essential for the regulation of the sleep-wake cycle.

Materials and methods
Ethics statement

All procedures for this study were approved by the University of Toronto Animal Care Committee (Protocol: 20011374) and
were in accordance with the Canadian Council on Animal Care.

Animals and surgery

Experiments were conducted on 3 different strains of adult male mice (>5 weeks old, average weight: 21.2+0.2 g). We
used 33 VGAT-Cre mice (i.e., 129S6/SvEvTac background, provided by Dr. Adamantidis), 5 VGAT-Cre::TdTomato mice
(i.e., VGAT-Cre mice crossed with Ai14 mice with C57BL6 background purchased from Jackson Laboratory), and 19
VGAT-Cre::orexin™™ mice (i.e., VGAT-Cre mice crossed with orexin™™ mice with background C57BL6 purchased from Jack-
son Laboratory). The genotype of the animals was verified using in-house genotyping, where we looked for the presence
of a gene for Cre recombinase, TdTomato, and lacZ cassette. Male mice were used to maintain consistency with the
majority of previous sleep-wake studies, which have predominantly focused on male animals due to concerns that fluctu-
ations across the estrus cycle can influence sleep architecture [62]. This conservative approach was taken to allow direct
comparison with our previously published work.

Animals were housed individually and maintained on a 12-hour light/dark cycle (lights on at 7:00). Both food and water
were available ad libitum.

Viral vector preparation

To optically excite or inhibit the activity of SLD®*®* neurons, we used viral vectors containing a transgene encoding for
excitatory or inhibitory opsin. The viral vectors were developed by modifying the adeno-associated virus (AAV) to carry a
gene encoding for either the ultra-fast-acting excitatory channel rhodopsin (i.e., ChETA) or the third-generation inhibitory
archaerhodopsin (i.e., eArch3.0) under human elongation factor 1 alpha (EF1a) promoter primarily selective for neu-
rons [63]. Both viral vectors were Cre-inducible (i.e., double-floxed inverted open reading frame, DIO). The transgenes
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encoding for ChETA and eArch3.0 were tagged with the fluorescent protein eYFP or mCherry, which assisted in validating
the location of opsin expression from postmortem brain tissue. For sham control experiments, we used the same AAV
construct but without the transgene encoding for the opsin. Thus, we used AAV5-EF1a-DIO-ChETA-eYFP for activation,
AAV5-EF10-DIO-eArch3.0-eYFP for inhibition, and AAV5-EF 1a-DIO-mCherry for sham control. These viral vectors were
packaged by the Viral Vector Core at the University of North Carolina. The final viral concentration was 4 x 10'> genome
copies (gc) per mL.

Viral vector injections

Under isoflurane anesthesia (0.5%—2%) and sterile conditions, appropriate AAV vector solution was loaded into a 50 yL
Hamilton syringe and 200 nL of the AAV vector was infused using a microinfusion pump (Pump 11 Elite, Harvard Appa-
ratus). The viral vectors were injected unilaterally or bilaterally through a cannula (Plastics One, Roanoke, VA) at a rate
of 0.05 pL/min into the SLD region of VGAT-Cre, VGAT-Cre;tdTomato, or VGAT-Cre;orexin™ mice. The initial stereotaxic
coordinate used for targeting the SLD was medio-lateral (ML): 0.9 mm; dorso-ventral (DV): 4.25 mm; rostro-caudal
(RC): —5.34 mm based on the coordinates in the Allen brain atlas for rodents. However, to account for different variables
that may exist between different stereotaxic apparatus and setups, the coordinates were empirically refined through pilot
adjustments. After each experiment, the targeting accuracy was verified through histological confirmation (S1A Fig). Only
animals with confirmed viral expression and optic fiber placement within the SLD were analyzed. These mice were given
at least 2 weeks to recover, allowing the viral vector to spread in the target brain area.

Polysomnographic electrodes and optical fibers implantation

After recovering from viral injection surgery, sterile surgery was performed to implant electroencephalogram (EEG)
electrodes, electromyogram (EMG) electrodes and optic fibers. Electrodes and optic fibers were made prior to the
implantation surgery. Four EEG electrodes and four EMG electrodes made of insulated, multi-stranded stainless-steel
wire (AS 632; Cooner Wire) were soldered onto a custom-made microchip with gold-plated pins called “headplug” (Allied
Electronics, Bristol, PA). Optic fibers were made using optic cables (200 ym, FT200EMT, ThorLabs) and ceramic ferrules
(MM-FER2007C; PFP) or custom-made optic fibers were purchased (400 um, Doric Lens). General anesthesia was
induced and maintained via inhalation (isoflurane, 0.5%—2%). Craniotomy was made at RC: =5 mm, ML:£0.9 mm from
bregma for optic fiber implantations into the SLD and at RC: +1 mm, ML:+1 mm and RC: -2 mm, ML:+3 mm from bregma
for EEG electrode implantation. Premade optic fibers were lowered bilaterally or unilaterally above the SLD and secured
with dental cement (C&B dental cement; Metabond). Four stainless-steel screws (PO090CE125; J.I. Morris) were used

to implant four EEG electrodes. Two EEG electrodes were implanted into the frontal bone (RC:+1 mm, ML:£1 mm from
bregma), and two EEG electrodes were implanted into the parietal bone (RC: —2mm, ML+3 mm from bregma). Two EMG
electrodes were sutured into the right masseter muscles, and the other two were sutured into the nuchal muscles. Once
all the electrodes were implanted, the headplug was secured on top of the skull using layers of dental cement (C&B dental
cement; Metabond and Ketac cement; 3M ESPE). Upon completion of the surgery, mice were given at least two weeks to
recover before undergoing behavior recording.

Recording environment

During experiments, animals were housed in a custom-made plexiglass recording chamber (20 w x 35 | x 42 h cm) kept
inside a sound-attenuated, ventilated, and illuminated 12:12 light/dark cycle (lights on 7:00; 110 lux) room. Studies have
shown that emotional stimuli, including exercise and chocolate, increase the frequency of cataplexy in narcoleptic mice
[38]. Thus, a running wheel was installed in the recording chamber for narcoleptic animals, and they received chocolate
(4.5 g, Hershey'’s Kisses) at the onset of the dark phase (19:00) when narcoleptic symptoms are most frequent [38].
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Optogenetics and sleep recording

Electrophysiological recordings. EEG and EMG activities were recorded by attaching a lightweight electrogram
cable (CW7117; CoonerWire) to the headplug which gives access to EEG and EMG electrodes. EEG and EMG signals
were further amplified using Super-Z high impedance headstage preamplifier and BM-400 AC/DC bioamplifier (CWE). The
EEG signal was bandpass filtered between 0.3 and 100 Hz. EMG signals were bandpass filtered between 30 Hz and 30
kHz. A 60 Hz notch filter was applied when necessary. All electrophysiological signals were sampled at 2 kHz, digitized
(Spike2 software, 1,401 interface; Cambridge Electronic Design, Cambridge, UK), monitored and stored on a computer.

Optogenetic experiment. The implanted optic fibers were connected to diode lasers (Laser Glow Technologies)
using patch cords (200 uym diameter; Doric lens). 473 nm (blue, 10 mW/mm [2]) lasers were used for activation, and 532
nm (green, 10 mW/mm [2]) lasers were used for inhibition. Both lasers were connected to a computer through a 1401
interface (CED). Stimulation instructions were generated via Spike2 software (CED), which sent digital signals to the
lasers to generate appropriate patterns of the light pulses. The Spike2 software program had the capacity to conduct
video recording, electrophysiological recording, and optogenetic manipulation simultaneously, which allowed us to
manipulate the SLD®*84 neurons selectively during a given arousal state in real-time. The animals underwent optogenetic
manipulation during the light phase (14:00-17:00) and dark phase (20:00-23:00) to capture sufficient samples from all
arousal states. The SLD®*¥A neurons were stimulated with 5-ms blue light pulses at 40 Hz for activation or continuous
green light pulse for inhibition. We decided to use 40 Hz pulse frequencies for activation because a previous study has
demonstrated that SLD®*®A neurons fire up to 50 Hz in vitro [22] and these neurons can fire at 40 Hz in vivo when a
continuous excitatory stimulus is delivered [23]. To ensure that light delivery followed stable transitions between arousal
states, stimulation was triggered only after animals maintained a given state for a predefined duration: 20 s for NREM
sleep, 5 s for REM sleep, and 10 s for wakefulness. These thresholds were determined based on the typical transition
dynamic between arousal states [20]. The success rate of the closed-loop illumination (defined as accurate state detection
and stimulus delivery within the intended arousal state, calculated from all optogenetic manipulation trials conducted in
this study) was 99.16% (99.17% for NREM-specific illumination, 98.43% for REM-specific illumination and 100% for wake-
specific illumination). Upon completion of closed-loop experiments, all inaccurate trials caused by human or system error
have been removed from the analysis.

Data analysis

State analysis. In VGAT-Cre mice, three behavioral states were characterized—wakefulness, NREM, and REM
sleep. Wakefulness was characterized by high-frequency and low-voltage EEG signals coupled with moderate to high
levels of EMG activity. NREM sleep was characterized by high-voltage and low-frequency (0.5—4 Hz) EEG signals and
minimal EMG activity. REM sleep was characterized by low-voltage and high-frequency theta-like (4-8 Hz) EEG activity,
and muscle atonia with periodic muscle twitches. Arousal states were visually identified and scored in 5-s epochs (Spike2
Script) by an experimenter blinded to the experimental conditions. We verified the accuracy of our visual scoring by
computing the power spectrum of EEG frequency bands (Fast Fourier Transform (FFT) analysis, Hamming windows,
1,024 sampling points). State probability was obtained by aligning scored states from all successive light manipulation
trials by the time of light onsets and calculating the odds for each arousal state.

EMG analysis. Raw EMG signals were full wave rectified, integrated, and quantified. Average EMG activity was
quantified in 1-s epochs during each trial of light stimulation. EMG activity during the stimulation was normalized to the
baseline EMG activity 10 s before the onset of the stimulation.

EEG analysis. EEG power spectrum analysis was conducted using Spike2 software FFT, Hamming windows, FFT
size: 1,024) to identify the frequency content of the EEG signals. EEG frequency bands were grouped into 0.5-4 Hz
(delta, &), 4—8 Hz (theta, 6), 8—12 Hz (alpha, a), 12-30 Hz (beta, ), and 30-100 Hz (gamma, y) [64]. The changes in EEG
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power across time were sampled at 1 s intervals. The EEG power of a given frequency band during the stimulation was
normalized to the baseline EEG power 10 s before the onset of the stimulation.

Tissue preparation

After behavioral experiments, the animals were given an injection of tribromoethanol (300 mg/kg mouse, i.p.) followed by
inhalation of isoflurane. Once the animals no longer responded to a strong toe pinch, they were transcardially perfused
with 0.1 M PBS followed by a 4% solution of paraformaldehyde (PFA). The brain was extracted, stored in the 4% PFA
solution overnight and then switched to a 30% sucrose in 0.1 PB for a few days for cryoprotection. Once the brain had
sunk into the sucrose solution, the tissue was prepared for sectioning and immunohistochemistry.

Immunohistochemistry

The fixed, cryoprotected brains were embedded in optimal cutting temperature (OCT) compound and fast-frozen on dry
ice. Then, the brains were sectioned into 40 um slices using a cryostat (Leica Microsystems). To visualize the proteins of
interest, we performed immunohistochemistry on the sectioned tissue. The brain sections were washed in 0.1 M PBS (pH
7.4) three times for five min per wash then incubated in blocking buffer (10% goat serum, 0.4% Triton-X in PBS) for 1 hour
in room temperature (RT). After washing out the buffer solution, the brain sections were incubated in a primary antise-
rum for 24—48 hours at 4 °C. For orexin-A staining, we used a rabbit polyclonal antiserum specific for orexin-A (1:2000;
Phoenix Pharmaceuticals). To label the virally expressed opsin when necessary (i.e., when the innate fluorescence from
the eYFP tag is weak), we used a monoclonal mouse antiserum specific for the eYFP proteins (1:2000; Millipore). Once
complete, the sections were incubated in fluorescent secondary antiserum (Alexa-488 or Alexa-647; against appropriate
species IgG; 1:500; Jackson Immunoresearch Labs) for 1 hour in RT then washed in 0.1 M PBS. Brain sections were
mounted on glass slides and cover-slipped with aqua-mount (VWR) in preparation for microscopy. Images were obtained
using a fluorescent microscope (Axio Imager Z1, Zeiss) or a confocal microscope (Laser Scanning Confocal Microscope
LSMB800, Zeiss) using Zen software, and minimally processed to enhance brightness and contrast using Imaged and
Adobe Photoshop CS3.

Statistical analysis

The statistical tests used for analyses are included in the Results section. All statistical analyses were conducted using
GraphPad Prism (Version 5.00) and applied a critical two-tailed a value of p<0.05. One-way or Two-way analysis of
variance (ANOVA) was followed by Bonferroni post hoc comparisons. All data are presented as either average + standard
error of the mean (SEM) unless otherwise indicated.

Supporting information

$1 Fig. Silencing SLD®*®A neurons induces cortical and motor arousal. (A) Schematic and Microscope image of

the rostral and caudal SLD (coronal section) showing the area of viral expression (Arch-GFP, green) and location of the
implanted optic fiber above the SLD (white line). (B) A schematic showing the area of viral expression and location of
implanted optic fiber tips in the SLD (n=5). (C and E) Power spectral density of EEG before and during NREM-specific
and REM-specific inhibition (n=5; Two-way RM ANOVA with Bonferroni post-test). (D and F) EMG activity before and
during NREM-specific and REM-specific inhibition (mCherry n=5 and Arch n=5; Two-way ANOVA with Bonferroni post-
test). (G) LEFT: EMG activity before, during and after 20 s wake-specific inhibition (mCherry n=5 and Arch n=5). RIGHT:
Mean EMG activity during the 20 s inhibition (mCherry n=5 and Arch n=5; unpaired t test). (H-L) LEFT: ¢, 6, q, §3, and

y EEG activity before, during and after 20 s wake-specific inhibition (mCherry n=5 and Arch n=5). RIGHT: Mean 6, 6, q,
B, and y EEG activity during the 20 s inhibition (mCherry n=5 and Arch n=5; unpaired t test). (M) Animal behavior during
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wake-specific inhibition (mCherry n=5, 53 trials and Arch n=5, 48 trials). EEG bands: & (delta, 0.5—4 Hz), 6 (theta, 4-8
Hz), a (alpha, 8-12 Hz), B (beta, 12—-30 Hz), and y (gamma, 30—-100 Hz). Green patches indicate time of the inhibition (for
eArch3.0) or sham laser inhibition (for mCherry). All error bars and shades represent £s.e.m. *p<0.05, ** p<0.01, ***
p<0.001 indicate significant differences. Abbreviations: medio-lateral (ML), dorso-ventral (DV), rostro-caudal (RC), supe-
rior cerebellar peduncle (scp), trigeminal motor nucleus (Mo5), and 4th ventricle (4V). Atlas coordinates and coronal brain
schematics are from Allen Brain Atlas version 3rd edition. The data underlying this Figure can be found in S5 Data.

(TIF)

S2 Fig. Sleep-wake states were unaffected by green (532 nm, continuous) or blue (478 nm, 40 Hz, 5 ms pulses)
laser stimulation to mCherry-expressing SLD®*BA neurons. (A) Average latency to wake from NREM sleep during
baseline and 532 nm laser stimulation (continuous; n=5; paired ¢ test) (B) Power spectral density of EEG before and
during 532 nm laser stimulation from NREM sleep (n=5; Two-way RM ANOVA). (C) EMG activity across NREM sleep
during baseline and 532 nm laser stimulation (n=5; Two-way RM ANOVA). (D) Average latency to wake from NREM
sleep during baseline and 478 nm laser stimulation (n=4; paired ¢ test) (E) Power spectral density of EEG before and
during 478 nm laser stimulation from NREM sleep (n=4; Two-way RM ANOVA). (F) EMG activity across NREM sleep
during baseline and 478 nm laser stimulation (n=4; Two-way RM ANOVA). (G) Average latency to wake from REM
sleep during baseline and 532 nm laser stimulation (n=5; paired ¢ test). (H) Power spectral density of EEG before and
during 532 nm laser stimulation from REM sleep (n=5; Two-way RM ANOVA). (I) EMG activity across REM sleep during
baseline and 532 nm laser stimulation (n=5; Two-way RM ANOVA). (J) Average latency to wake from REM sleep during
baseline and 478 nm laser stimulation (n=4; paired t test). (K) Power spectral density of EEG before and during 478

nm laser stimulation from REM sleep (n=4; Two-way RM ANOVA). (L) EMG activity across REM sleep during baseline
and 478 nm laser stimulation (n=4; Two-way RM ANOVA). (M) LEFT: EMG activity before, during and after 532 nm
laser stimulation during wakefulness compared to baseline wakefulness (n=5; Two-way RM ANOVA). RIGHT: Mean
EMG activity during the 532 nm laser stimulation compared to baseline wakefulness (n=5; paired t test). (N-R) LEFT:
6, 6, a, B, and y EEG activity before, during, and after 532 nm laser stimulation from wakefulness compared to baseline
wakefulness (n=5). RIGHT: Mean §, 6, q, 3, and y EEG activity during the 532 nm laser stimulation compared to base-
line wakefulness (n=5; paired t test). (S) LEFT: EMG activity before, during and after 478 nm laser stimulation during
wakefulness compared to baseline wakefulness (n=5; Two-way RM ANOVA). RIGHT: Mean EMG activity during the 478
nm laser stimulation compared to baseline wakefulness (n=>5; paired t test). (T-X) LEFT: 6, 6, a, B, and y EEG activity
before, during, and after 478 nm laser stimulation from wakefulness compared to baseline wakefulness (n=5). RIGHT:
Mean §, 6, a, 3, and y EEG activity during the 478 nm laser stimulation compared to baseline wakefulness (n=5; paired
t test). EEG bands: 6 (delta, 0.5-4 Hz), 6 (theta, 4-8 Hz), a (alpha 8-12 Hz), B (beta, 12-30 Hz), and y (gamma, 30—-100
Hz). Green/Blue patches indicate time of laser stimulation. All error bars and shades represent +s.e.m. The data underly-
ing this Figure can be found in S6 Data.

(TIF)

S3 Fig. 40 Hz activation of SLD®*®A neurons suppresses cortical and motor arousal. (A) A schematic showing
optogenetic activation (478 nm, 40 Hz, 5 ms pulses) of SLD®*®A neurons coupled with EEG and EMG recordings. (B)
Power spectral density of EEG before and during NREM-specific activation (n=5; Two-way RM ANOVA). (C) EMG activity
before and during NREM-specific activation (mCherry n=4 and ChETA n=5; Two-way ANOVA with Bonferroni post-test).
(D) Power spectral density of EEG before and during REM-specific activation (n=5; Two-way RM ANOVA with Bonferroni
post-test). (E) EMG activity before and during REM-specific activation (mCherry n=4 and ChETA n=5; Two-way ANOVA).
(F) LEFT: EMG activity before, during, and after wake-specific activation (mCherry n=4 and ChETA n=5). RIGHT: Mean
EMG activity during the activation (mCherry n=4 and ChETA n=5; unpaired t test). (G-K) LEFT: §, 6, a, 3, and y EEG
activity before, during, and after wake-specific activation (mCherry n=4 and ChETA n=5). RIGHT: Mean §, 6, q, B, and
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y activity during the activation (mCherry n=4 and ChETA n=5; unpaired t test). EEG bands: & (delta, 0.5—4 Hz), 6 (theta,

4-8 Hz), a (alpha, 8-12 Hz), 3 (beta, 12-30 Hz), and y (gamma, 30—-100 Hz). Blue patches indicate time of laser stimula-
tion. All error bars and shades represent +s.e.m. *p<0.05, ** p<0.01 indicate significant differences. The data underlying
this Figure can be found in S7 Data.

(TIF)

S4 Fig. Activation of SLD®"BA neurons in orexin™™ mice suppresses wakefulness into NREM sleep more potently
than in orexin** mice. (A and B) Latency to wake from NREM sleep upon activation of SLD®*®A neurons (478 nm, 40
Hz; mCherry::orexin”= n=5, ChETA::.orexin”~ n=5, and ChETA::orexin"* n=5; unpaired t test). (C and D) Duration of
NREM sleep upon activation (mCherry::orexin”~ n=5, ChETA::orexin™~ n=5, and ChETA::orexin** n=>5; unpaired f test).
(E and F) Latency to wake from REM sleep upon activation (478 nm, 40 Hz; mCherry::orexin™"~ n=5, ChETA::orexin™~
n=>5, and ChETA::orexin** n=5; unpaired f test). (G and H) EMG activity before and during NREM-specific activation
(mCherry::orexin”- n=5, ChETA::.orexin”~ n=5, and ChETA::orexin** n=5; Two-way ANOVA). (I and J) Power spectral
density of EEG during NREM-specific activation (mCherry::orexin™= n=5, ChETA::orexin”- n=5, and ChETA::orexin**
n=5; Two-way ANOVA). (K and L) EMG activity before and during REM-specific activation (mCherry::orexin”~ n=5,
ChETA::orexin”~ n=5, and ChETA::.orexin** n=5; Two-way ANOVA). (M and N) Power spectral density of EEG during
REM-specific activation (mCherry::orexin” n=5, ChETA::.orexin”"~ n=5, and ChETA::orexin** n=5; Two-way ANOVA). (O)
LEFT: EMG activity before, during, and after 60 s wake-specific activation (mCherry::orexin”- n=5, ChETA::orexin** n=5,
and ChETA::orexin”~ n=5). RIGHT: Mean EMG activity during the activation (mCherry::orexin”~ n=5, ChETA::orexin*"*
n=5, and ChETA::orexin”~ n=5; unpaired t test). (P-T) LEFT: 6, 6, a, B, and y EEG activity before, during and after 60 s
wake-specific activation (mCherry::orexin™= n=5, ChETA::orexin** n=5, and ChETA::orexin”~ n=5). RIGHT: Mean 6, 6,
a, B, and y EEG activity during the activation (mCherry::orexin™- n=5, ChETA::orexin** n=5, and ChETA::orexin™~ n=5;
unpaired t test). (U) The amount of NREM, wake, and REM sleep is comparable between narcoleptic and healthy animals
during 20:00-23:00 (orexin™ n=5, orexin** n=5). EEG bands: 6 (delta, 0.5—4 Hz), 6 (theta, 4-8 Hz), a (alpha, 8—-12 Hz),
B (beta, 12-30 Hz), and y (gamma, 30—100 Hz). Blue patches indicate time of laser stimulation. All error bars and shades
represent £s.e.m. *p<0.05, ** p<0.01, *** p<0.001 indicate significant differences.The data underlying this Figure can be
found in S8 Data.

(TIF)

S5 Fig. Activation of SLD®"BA neurons in orexin™ mice induces sleep attacks and not cataplexy. (A) Example
polysomnogram during cataplexy. Shown are EMG amplitude, EEG spectrogram, and EEG raw traces. (B) Magnified
polysomnogram during the time window shown in dotted box in (A). (C) Power spectral density of EEG during acti-
vation of SLD®"8A neurons compared to spontaneous cataplexy attack (n=5; Two-way RM ANOVA with Bonferroni
post-test) (D) Example polysomnogram during sleep attacks. (E) Magnified polysomnogram during the time window
shown in dotted box in (D). (F) Power spectral density of EEG during activation of SLD®*®* neurons compared to spon-
taneous sleep attacks (n=5; Two-way RM ANOVA). (G) Power spectral density of EEG during activation of SLD®A8A
neurons compared to spontaneous NREM and REM sleep (n=5; Two-way RM ANOVA with Bonferroni post-test). (H)
A schematic summarizing the observation made from delivering tactile stimuli (i.e., touching a mouse with a paint-
brush) during the activation of SLD®A®A neurons in orexin™ mice. @ animal is in baseline wake state with no activa-
tion, @ activation of SLD®*8* neurons induces transition into NREM sleep, ® during the activation, physical stimulus
is delivered to the animal, and @ despite the sustained activation, the animal responded to the physical stimuli by
waking up. (I) Example polysomnogram showing orexin™- mice that are undergoing the procedure depicted from (H)
(n=5). Shown are EMG amplitude and EEG raw traces. All error bars and shades represent ts.e.m. **p<0.01 ***
p<0.001 indicate significant differences.

(TIF)
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S6 Fig. Silencing of SLD®5A neurons in orexin™ mice promotes wakefulness and enhances cortical and motor indices
of wakefulness like in orexin** mice. (A and B) EMG activity before and during NREM-specific inhibition (532 nm; mCherry::-
orexin™ n=5, Arch::orexin™~ n=5, and Arch::orexin** n=5; Two-way ANOVA with Bonferroni post-test). (C and D) Power spectral
density of EEG during NREM-specific inhibition (mCherry::orexin™= n=5, Arch::orexin™~ n=5, and Arch::orexin"* n=5; Two-way
ANOVA). (E and F) EMG activity before and during REM-specific inhibition (mCherry::orexin™ n=5, Arch::orexin™ n=5, and
Arch::orexin** n=5; Two-way ANOVA). (G and H) Power spectral density of EEG during REM-specific inhibition (mCherry::-
orexin™= n=5, Arch::orexin™= n=5, and Arch::orexin*"* n=5; Two-way ANOVA with Bonferroni post-test). (I) Duration of wakeful-
ness induced by 10 and 20 s inhibition (orexin** n=5 and orexin™~ n=5; one-way ANOVA with Tukey’s Multiple Comparison Test).
(J) Probability of wakefulness in response to 10 and 20 s inhibition during wakefulness (orexin** n=5 and orexin™™ n=>5; two-way
ANOVA). (K-0) LEFT: 6, 6, a, B, and y EEG activity before, during, and after 20 s wake-specific inhibition (mCherry:.orexin™
n=5, Arch::orexin™= n=5, and Arch::orexin”* n=5). RIGHT: Mean §, 6, a, 3, and y EEG activity during the 20 s inhibition (mCher-
ry:.orexin®™ n=5, Arch::orexin™~ n=5, and Arch::orexin** n=5; unpaired t test). (P) LEFT: EMG activity before, during, and after
20 s wake-specific inhibition (mCherry::orexin™ n=5, Arch::orexin”~ n=5, and Arch::orexin** n=5). RIGHT: Mean EMG activity
during the 20 s inhibition (mCherry::orexin™™ n=5, Arch::orexin™~ n=5, and Arch::orexin** n=5; unpaired ¢ test). EEG power
bands: § (delta, 0.54 Hz), L6 (theta, 4-8 Hz), HO (alpha, 8—12 Hz), B (beta, 12—-30 Hz), and y (gamma, 30—100 Hz). Green
patches indicate time of laser stimulation. All error bars and shades represent +s.e.m. All error bars and shades represent £s.e.m.
*p<0.05, ** p<0.01, *** p<0.001 indicate significant differences. The data underlying this Figure can be found in S9 Data.

(TIF)

S1 Data. Numerical data used in panels of Figure 1.
(XLSX)

S2 Data. Numerical data used in panels of Figure 2.
(XLSX)

S3 Data. Numerical data used in panels of Figure 4.
(XLSX)

S4 Data. Numerical data used in panels of Figure 5.
(XLSX)

S5 Data. Numerical data used in panels of Figure S1.
(XLSX)

S6 Data. Numerical data used in panels of Figure S2.
(XLSX)

S7 Data. Numerical data used in panels of Figure S3.
(XLSX)

S8 Data. Numerical data used in panels of Figure S4.
(XLSX)

S9 Data. Numerical data used in panels of Figure S6.
(XLSX)

S1 Video. Silencing of SLD®*BAneurons induces wakefulness from sleep. This video shows real-time recordings of animal
behavior with simultaneous EEG and EMG activity during optogenetic silencing of SLD®8A neurons in a healthy mouse.
(MP4)
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S2 Video. Activation of SLD®*BA neurons in orexin™ mice induces sleep attacks. This video shows real-time
recordings of animal behavior with simultaneous EEG and EMG activity during optogenetic activation of SLD®BA
neurons in a narcoleptic mouse.

(MP4)
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