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Background: Narcolepsy type 1 (NT1, narcolepsy with cataplexy) is a disabling neurological disorder
caused by loss of excitatory orexin neurons from the hypothalamus and is characterized by decreased
motivation, sleep-wake fragmentation, intrusion of rapid-eye-movement sleep (REMS) during wake, and
abrupt loss of muscle tone, called cataplexy, in response to sudden emotions.
Objective: We investigated whether subcortical stimulation, analogous to clinical deep brain stimulation
(DBS), would ameliorate NT1 using a validated transgenic mouse model with postnatal orexin neuron
degeneration.
Methods: Using implanted electrodes in freely behaving mice, the immediate and prolonged effects of
DBS were determined upon behavior using continuous video-electroencephalogram-electromyogram
(video/EEG/EMG) and locomotor activity, and neural activation in brain sections, using immunohistochemical labeling of the immediate early gene product c-Fos.
Results: Brief 10-s stimulation to the region of the lateral hypothalamus and zona incerta (LH/ZI) doseresponsively reversed established sleep and cataplexy episodes without negative sequelae. Continuous
3-h stimulation increased ambulation, improved sleep-wake consolidation, and ameliorated cataplexy.
Brain c-Fos from mice sacriﬁced after 90 min of DBS revealed dose-responsive neural activation within
wake-active nuclei of the basal forebrain, hypothalamus, thalamus, and ventral midbrain.
Conclusion: Acute and continuous LH/ZI DBS enhanced behavioral state control in a mouse model of NT1,
supporting the feasibility of clinical DBS for NT1 and other sleep-wake disorders.
© 2020 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
In the 1940s, seminal work by Moruzzi and Magoun suggested
that elimination of wakefulness resulted from interruption of input
from the brainstem’s reticular formation [1]. First, they showed that
electrical stimulation of the reticular formation, rather than sensory pathways, produced persistent widespread cortical activation
marked by a shift from cortical slow-waves to fast activity. Second,
they showed that lesions of the reticular formationdparticularly
involving the oral pontine and midbrain reticular formation,
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posterior hypothalamus, and subthalamusdspeciﬁcally produced a
shift from cortical activation to slow-waves and behavioral immobility indicative of coma. Likewise, stimulation of the hypothalamus
was contemporaneously shown to produce cortical activation and
promote movement [2].
Narcolepsy type 1 (narcolepsy with cataplexy, NT1) is a neurological disorder characterized by decreased motivation, sleep-wake
fragmentation, intrusion of rapid-eye-movement sleep (REMS)
during wake, and cataplexy d the abrupt loss of muscle tone
triggered by strong emotion. NT1 results from autoimmunemediated degeneration of speciﬁc neurons in the lateral hypothalamus (LH) that produce orexin (also called hypocretin) [3], an
excitatory neuropeptide that coordinates motivation and arousal in
response to circadian, homeostatic, and cognitive needs [4e6]. The
disorder, affecting ~1:2000 people, is typically precipitated at any
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age by an autoimmune response to inﬂuenza in individuals with
susceptible human leukocyte antigen alleles, and continues
throughout life after onset [3]. Narcolepsy has no cure, and the
stimulants and antidepressants used to treat NT1 can have limited
effectiveness, intolerable side-effects, and/or potential for abuse
[3,7].
The neural circuits regulating sleep-wakefulness and statedependent postural tone, and their potential roles in narcolepsy
are increasingly understood [5,8,9]. In human NT1, functional
neuroimaging studies detected reduced activity in the LH and
increased activity in amygdala and medial prefrontal cortex (mPFC)
in response to reward and emotion [10,11]. In mouse models of
narcolepsy, focal lesions and optogenetic manipulation of amygdala
and mPFC suggest a descending modulatory inﬂuence on cataplexy
via unopposed actions on pontomesencephalic structures that
control postural tone [12e15]. Intracerebroventricular orexin
administration and ectopic genetic expression of orexin (e.g. in
hypothalamus and zona incerta [ZI]) ameliorate NT1 in mice, but
these approaches do not translate well into human therapies
[16e19].
Deep brain stimulation (DBS) is a safe, effective, and widelyaccepted surgical therapy for multiple neurological and psychiatric disorders [20e25]. DBS can alter synaptic activity, modulate
speciﬁc functional circuits, and improve neurological symptoms
[26,27]. While low frequency stimulation may favor spike generation from stimulated neurons and affected circuits, prolonged or
high frequency stimulation may cause depolarization blockade and
a relative inhibition of neurons and circuits [26,27]. Notably,
different cell populations of LH/ZI show distinct frequency preferences for spike generation in response to direct electrical stimulation [28]. Thus, we explored the immediate and prolonged effects of
subcortical stimulation, analogous to clinical DBS, on behavior and
histology using a well-validated NT1 animal model (orexin-ataxin 3
transgenic [Tg] mice) [19,29,30].
Materials and methods
This study was approved by the Institutional Animal Care and
Use Committee (IACUC) of Emory University and was performed in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.
Mice
Adult narcoleptic mice (n ¼ 9, 3 males), PCR-genotype and
video-phenotype conﬁrmed orexin/ataxin-3 Tg hemizygous (Tg
(HCRT-MJD)1Stak, The Jackson Laboratory, C57Bl6J backcross > N10),
aged 3e6 months were used [29]. We used both sexes for our experiments, as sexual dimorphism with respect to sleep-wake behaviors has not been previously reported in this model.
Furthermore, we used a within-subjects experimental design (effects in each subject were compared to individual behavioral
baselines) to further control for any potential phenotypic variation.
Mice were housed in polycarbonate cages with food and water
available ad libitum on a 12-h light-dark schedule (lights-on Zeitgeber Time [ZT] 0).
Surgery
Mice were anesthetized with isoﬂurane for stereotaxic surgery
and implanted with a unilateral bipolar concentric stimulation
electrode (P1 Technologies, custom 1-mm contact separation) targeting the LH/ZI (Bregma 2.30, right 1.00 mm, depth
4.30e5.30 mm), two stainless steel electromyogram (EMG) pads
(Catalog #E363/76//NS/SPC, 0.12500 , 50 mm, P1 Technologies, Invivo

Preclinical) in neck muscle, and three stainless steel screws (Catalog
#8403, 0.1000 electrode with wire lead, Pinnacle Technology, Inc.) at
brain surface for frontal-contralateral-parietal (Bregma þ1.20 mm,
right 2.20 mm, and Bregma 3.00 mm, left 2.50 mm, respectively),
and ground (Bregma 7.30 mm) electroencephalogram (EEG).
Electrodes were soldered to a head mount (Pinnacle Technology,
Inc., Catalog #8431S-M), which was sealed to the skull with glass
ionomer dental cement (3M Ketac Cem Aplicap Capsule). Postoperatively, mice were individually housed under temperature-,
humidity-, and light-controlled conditions for 5 days, then habituated to freely behaving tethered conditions beginning 2 days prior
to experimentation.
Data acquisition and analysis
Time-locked infrared video/EEG/EMG were simultaneously
recorded using a standard acquisition system with custom headstage preampliﬁers (Pinnacle Technology, Inc.; Preampliﬁer Catalog #8406, SL conﬁguration, 100x gain; Box Camera, Catalog
#9000-K10). EEG/EMG were acquired at a 2-kHz sample rate (EEG:
1 kHz low pass, 0.5 Hz high pass; EMG: 1 kHz low pass, 10 Hz high
pass). Aided by commercial software (Spike 2, Cambridge Electronic Design, Ltd.), sleep was visually scored in 10-s epochs using
standard criteria for non-rapid eye movement sleep (NREMS),
REMS, wake, and cataplexy [30,31]. Continuous locomotor data was
acquired contemporaneously by counting sequential horizontal
infrared beam breaks (Accuscan Versamax Activity Monitor,
Omnitech Electronics, Inc.) and analyzed in hourly bins.
Deﬁnition of vigilance states
Mouse cataplexy episodes were deﬁned using video/EEG/EMG
as meeting consensus criteria [30,31] for at least 10 s (a): abrupt
cessation of purposeful activity (i.e., eating, grooming, exploring)
following wake (b), nuchal atonia (c) 6e8 Hz theta power dominance in fronto-parietal surface EEG, and (d) postural immobility
throughout the episode. NREMS was deﬁned by dominance of EEG
slow (delta) waves, attenuated EMG, and preceding sleeppreparatory behavior (i.e. grooming, huddling posture). REMS
was deﬁned by EEG theta dominance and EMG atonia following a
minimum of 30 s of NREMS. If an epoch had a mixture of states, it
was scored as the predominant state (5 s).
Experimental battery
Stimulation was performed using an external clinical (potentiostatic) DBS stimulator and programmer (Medtronic Model 8840).
A pilot study of three mice undergoing LH/ZI DBS investigated the
effects of varying frequency (2e40 Hz) and amplitude (1e4 V) to
ﬁnd a threshold of consistent arousal without electrographic
epileptiform activity or gross behavioral abnormalities. Using
video/EEG/EMG, arousal was deﬁned as a shift from sleep to
wakefulness within 20 s of the onset of stimulation. Based on initial
observations (described below), all subsequent experiments used
15 Hz for LH/ZI DBS. Charge densities and volumes of tissue activated (VTA) were estimated using standard methods (see Supplemental Material).
Next, all nine mice underwent a systematic paradigm of LH/ZI
DBS during which time-locked video/EEG/EMG and locomotor activity were continuously recorded. Tether-habituated mice were
recorded for 2 days of continuous baseline video/EEG/EMG. During
sleep episodes of the light (rest) phase of day 3, mice received acute
(10e15 s) 15 Hz stimulation, escalating from 1 to 4 V, to determine
individual thresholds for arousal. Following threshold determination, mice were delivered acute subthreshold (1 V) and suprathreshold (individually determined: 2.5e4 V) DBS in random order
during multiple episodes of established NREMS and REMS. During
the subsequent dark (active) phase, only acute supra-threshold
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stimulation was delivered during spontaneous cataplexy due to its
relative infrequency. On day 4, mice were delivered supra-threshold
stimulation for a continuous 3-h block during the light phase (ZT47). On day 5, following a >24-h washout period, mice received
supra-threshold stimulation for a continuous 3-h block during the
dark phase (ZT12-15). After a ﬁnal washout of 24 h, mice underwent 90 min of continuous DBS followed by rapid euthanasia and
brain harvesting for c-Fos immunohistochemistry.
Histology
Mice were euthanized with sodium pentobarbital (100 mg/kg,
i.p.) and perfused with heparinized saline and 10% formalin. Brains
were harvested, post-ﬁxed for 24 h in 10% formalin, preserved in
30% sucrose for 2 days, and then sliced on a microtome into 40-mm
sections. DBS placement was veriﬁed following Nissl staining (0.1%
cresyl violet acetate). Immunohistochemistry to visualize c-Fos was
performed (Rabbit anti-cFos, 1:40K, Millipore Sigma ABE457;
Donkey anti-rabbit IfF Biotin-SP, 1:1K, Jackson Laboratories 711065-152; ABC Elite Kit, 1:500, Vector Laboratories PK-6100). Every
third brain section was reviewed using light microscopy at 4e10x
magniﬁcation.
Data analyses
For all tests and models, an alpha level of 0.05 was applied to
determine statistical signiﬁcance. SAS 9.4 (SAS Institute, Inc., Cary,
NC) was used to conduct all statistical analysis. For all mixed effects
models, a ﬁrst order autoregressive covariance structure [AR (1)]
was utilized. See Supplemental Material for a detailed statistical
analysis.
Results
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mouse (ATA302) to supra-threshold stimulation during NREMS,
REMS, and cataplexy. Fig. 2D shows responses of another mouse
(ATA254) to sub- versus supra-threshold stimulation.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.brs.2020.04.006.
A total of 124 NREMS, 99 REMS, and 48 cataplexy episodes were
studied across 9 subjects to determine rates of state changes
(Fig. 2E), which were deﬁned as shifts in vigilance state within 20 s
after the onset of stimulation. Acute subthreshold DBS of NREMS
(9.3 ± 1.7 trials/subject) and REMS (10.2 ± 1.4 trials/subject) only
elicited arousal in 8.3% and 15.9% of episodes, respectively. By
contrast, acute supra-threshold DBS of NREMS (13.8 ± 3.9 trials/
subject) and REMS (11.0 ± 4.5 trials/subject) yielded arousal in
80.7% and 68.7% of episodes. Cataplexy-stimulation trials performed only at supra-threshold amplitudes (6.9 ± 3.8 trials/subject,
in which ATA236 and ATA299 were omitted for failure to exhibit
cataplexy during the experimental session), yielded arousal in
90.5% of observed episodes. Indeed, transition from NREMS to wake
was signiﬁcantly higher at supra-threshold compared to subthreshold stimulation (p < 0.001). At subthreshold stimulation,
mice remained in NREMS (p < 0.001) or transitioned to REMS
(p ¼ 0.004) signiﬁcantly more than when stimulated at suprathreshold voltages. Transition from REMS to wake was also significantly higher at supra-threshold compared to subthreshold stimulation (p ¼ 0.001). At subthreshold stimulation, mice remained in
REMS (p ¼ 0.002) signiﬁcantly more than when stimulated at
supra-threshold amplitudes. When supra-threshold stimulation
was delivered during cataplexy, mice recovered normal muscle
tone and behavior signiﬁcantly more often than compared to
remaining in cataplexy (p ¼ 0.016). Individual responses of all
subjects to acute stimulations during NREMS, REMS, and cataplexy
are summarized in Fig. 2F.

Electrode placement
All nine electrodes were successfully placed in the lateral hypothalamic area, spanning Bregma 1.94 to 2.27 [32,33] (Fig. 1).
The DBS electrode also spanned ZI in eight of nine subjects
(excluding ATA287). ATA287 was included in analysis as behavioral
results resembled those of the group. At stimulation amplitudes up
to 4 V, charge densities were <68 mC/cm2, and VTAs were <0.8 mm3
(see Supplemental Material for calculations). Estimated VTAs across
individual subjects indicated that stimulated brain tissue involved
LH and ZI (Fig. 1).
Frequency dependence
In the pilot experiment to determine frequency dependence of
stimulation, LH/ZI DBS at 2e3 V consistently produced arousal from
sleep at frequencies of 15, 40, and 130 Hz, but not at lower frequencies of 2, 5, 7, or 10 Hz (Fig. 2A). This ﬁnding is consistent with
a prior study suggesting non-orexin-producing LH neurons might
exhibit increased spiking in response to electrical stimulation at
>10 Hz [28].
LH/ZI DBS acutely reverses sleep and cataplexy
Next, we performed an experiment to determine the immediate
dose-response effects of varying amplitudes of 15 Hz LH/ZI DBS
upon sleep and cataplexy (n ¼ 9). All subjects exhibited an arousal
threshold from sleep between 2.5 and 4 V (median 3 V), which did
not clearly correlate to minor variation in electrode placement
within the targeted LH/ZI ﬁeld (Fig. 1). Fig. 2B shows video photographic screenshots of a representative mouse undergoing acute
DBS during cataplexy (for full video, see Supplemental Video).
Fig. 2C shows representative arousal responses of a narcoleptic

Continuous LH/ZI stimulation consolidates wake and ameliorates
cataplexy
Hypnograms of behavioral states over time (derived from video/
EEG/EMG) illustrate the phenotypic distinction between normal
and narcoleptic subjects during the dark phase (Fig. 3A). At baseline, a typical wildtype subject (ATA341) showed prolonged and
consolidated wake during the dark phase, while the narcoleptic
subject (ATA254) had baseline behavioral state instability (sleep
and wake fragmentation) and direct intrusions of REMS into
wakefulness (cataplexy). By comparison, 3 h of continuous LH/ZI
DBS of the narcoleptic subject during the dark phase exhibited
prolonged wake bouts and reduced cataplexy, resulting in phenotypic similarity to the wildtype subject. Eventual breakthrough
sleep and rebound sleep following DBS suggests that underlying
homeostasis remained intact. Three-hour LH/ZI DBS resulted in
cataplexy frequency reduction in most subjects (Fig. 3B) and a
reduction in time spent in cataplexy in all subjects (Fig. 3C). At the
group level, the median number of cataplexy episodes was reduced
from 4.5 to 3 (Fig. 3B, p ¼ 0.109) and the median duration of cataplexy was signiﬁcantly reduced by 73% during stimulation (Fig. 3C,
p ¼ 0.004). Three-hour LH/ZI DBS also measurably increased wake
and/or decreased cataplexy in every subject tested during both
light (Fig. 3D) and dark (Fig. 3E) phases. In Fig. 3D, changes in
cataplexy were not detected in three subjects (ATA250, ATA301, and
ATA299) during the light phase because these three subjects did
not exhibit cataplexy during their light-phase baseline condition.
When sleep-wake states were quantiﬁed for the group during
each 3-h phase of DBS, we observed enhancements of wake (light,
p < 0.001; dark p < 0.001), reductions in NREMS (light, p < 0.001;
dark, p < 0.001), reductions in REMS (light, p ¼ 0.172; dark,
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Fig. 1. Top: Example of electrode tract in mouse brain section stained for c-Fos. Approximate locations of the electrode shaft, anode (þ), and cathode () are marked. Bottom:
Locations of bipolar DBS electrodes (white bars represent the 1-mm interval between active contacts) and estimates of tissue activation (semitransparent white shaded regions) in
narcoleptic Tg mice (n ¼ 9), determined from histologic brain sections (see text for details). CP: Caudate putamen. cpd: Cerebral peduncle. LV: Lateral ventricle. VM: Ventral medial
nucleus of the thalamus. VPMpc: Ventral posteromedial nucleus of the thalamus, parvocellular part. ZI: Zona incerta. LH: Lateral hypothalamic area. STN: Subthalamic nucleus.
PSTN: Parasubthalamic nucleus. FF: Fields of Forel. VTA: Ventral tegmental area. SUM: Supramammillary nucleus. MM: Medial mammillary nucleus. Modiﬁed from Allen Mouse
Brain Atlas, Online Interactive Map (33).

p ¼ 0.027), and reductions in cataplexy (light, p ¼ 0.945; dark,
p ¼ 0.136) (Fig. 4A).
When behavioral responses were analyzed hourly, the largest
differences from baseline were during the ﬁrst 2 h of stimulation
for both the light phase (ZT4-6) and dark phase (ZT12-15)
(Fig. 4BeD). Cataplexy was signiﬁcantly reduced during the ﬁrst
hour of the dark phase with stimulation on (ZT12, p ¼ 0.02) and
signiﬁcantly increased at ZT17 (p ¼ 0.040) with stimulation off,
suggesting a rebound in cataplexy (Fig. 4B), which may be similar to
that observed after REMS deprivation [34]. No signiﬁcance was
reached during the lights on period due to the relative infrequency
of light-phase cataplexy. DBS signiﬁcantly enhanced wake during
both the light (ZT4, p < 0.001; ZT5, p < 0.001; ZT6, p ¼ 0.011) and
dark (ZT12, p ¼ 0.004; ZT13, p ¼ 0.002) phases (Fig. 4C).
Locomotor activation signiﬁcantly increased in response to DBS
during the light phase (ZT4, p < 0.001; ZT5, p ¼ 0.003; ZT6,
p ¼ 0.005) and dark phase (ZT12, p < 0.001; ZT13, p < 0.001; ZT14,
p < 0.001). Absolute locomotor counts for both sham and stimulation conditions were greater overall during the dark phase, but

the initial effect of DBS was a ~4.5x proportionate increase in
locomotion under both light and dark conditions.
LH/ZI DBS activates wake-associated brain nuclei
Mice underwent 90 min of continuous LH/ZI DBS at which point
subjects were rapidly euthanized and brains collected. Immediate
early gene c-Fos protein distributions were visualized in the brains
of subjects following either sub- (n ¼ 3) or supra-threshold (n ¼ 6)
DBS during the middle of the light phase (ZT4-5.5), when behavior
is normally predominated by sleep. Photomicrographs of sections
of representative mice from each group (1 V versus 3 V) are displayed in Fig. 5.
In basal forebrain (Fig. 5A and B), DBS induced c-Fos protein
expression in lateral septal nuclei, which processes spatial,
contextual, and locomotor information, and in nucleus accumbens,
which is implicated in motivated behavior and suppression of
NREMS [35,36]. Furthermore, activations in the preoptic area
(Fig. 5C and D), especially ventrolateral preoptic area, have been
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Fig. 2. Effects of acute LH/ZI DBS upon sleep-wake states. (A) Arousal from sleep induced by frequency-dependent LH/ZI DBS at 2e3 V (n ¼ 3). (B) Video stills illustrating a
representative mouse undergoing acute DBS during cataplexy (for full video, see Supplemental Video). (C) Representative EEG/EMG traces of a mouse (ATA302) being stimulated
during NREMS (left), REMS (middle), and cataplexy (right); N: NREMS; R: REMS; C: cataplexy; W: wake. (D) Example state-transition graphs of a mouse (ATA254) undergoing acute
DBS during spontaneous sleep states (blue: wake, red: cataplexy, yellow: NREMS, cyan: REMS) at subthreshold and supra-threshold stimulation. Each row represents an independent episode. (E) Flow-charts representing mean percent rates of state transitions following stimulation (n ¼ 9). Middle boxes represent vigilance state of mice before stimulation. Solid arrows represent transition elicited with supra-threshold stimulation (2.5e4 V, determined individually for each mouse). Dotted arrows represent transition elicited
with subthreshold stimulation (1 V). Circle arrows indicate no transition was made from original state. Supra-threshold stimulations caused transitions to wakefulness from sleep
and cataplexy signiﬁcantly more often than did subthreshold stimulations. (F) Individual responses of each mouse to stimulation. Bars (unﬁlled striped: subthreshold, gray striped:
supra-threshold) represent percent response rates in which mice transitioned to wake from NREMS (left), REMS (middle), and cataplexy (right). *p 0.05, **p 0.005. See text for
exact p-values. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Individual responses to 3-h continuous LH/ZI DBS. (A) Representative hypnograms of a Tg mouse (ATA254) during DBS-off (top) versus DBS-on (middle) during the ﬁrst 4 h of
the dark phase. A representative hypnogram from a wildtype mouse (DBS-off, bottom), which exhibits normal prolonged awake periods, is shown for comparison. States are
represented as line deﬂections of the y-axis and color-coded bars (blue: wake, red: cataplexy, yellow: NREMS, cyan: REMS) over time. (B, C) Individual and group median values of
cataplexy bouts (B) and total time spent in cataplexy (C) during baseline (black) and 3-h-lights-off DBS (striped gray). (D, E) Individual percent changes in wake (blue) and cataplexy
(red) during 3-h lights-on DBS (D) and lights-off DBS (E) as compared to baselines for individual mice. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Group total and hourly effects of 3-h continuous LH/ZI DBS. Left panel: lights on; right panel: lights off. Black: baseline; striped gray: stimulation; solid gray: post-stimulation. (A) Mean percent time spent in each vigilance state during 3-h of stimulation (n ¼ 9). (B, C, D) Responses to DBS during each hour of stimulation and subsequent recovery.
Percent time spent in cataplexy (B, n ¼ 9), percent time spent in wake (C, n ¼ 9), and mean locomotor count (D, n ¼ 6). *p0.05, **p0.005. ZT6 and ZT12 time points include n ¼ 8
due to data acquisition failure in one subject. For consistency, data shown are means; p-values, however, were calculated using medians. See text for exact p-values and Supplemental Material for detailed data analysis.

particularly implicated in the regulation of sleep-wake control in
conjunction with lateral hypothalamic circuits [37,38]. Activation in
bed nuclei of stria terminalis (Fig. 5E and F), as well as in amygdala
(Supplemental Figure) and mPFC (not shown) may reﬂect
engagement of limbic networks associated with emotional-salience
processing that modulate cataplexy [12e14].

In hypothalamus, DBS induced broad dose-responsive activations encompassing ipsilateral > contralateral medial, basal, lateral,
and posterior hypothalamic nuclei. Notably, activations in the suprachiasmatic nucleus (Fig. 5E and F) and dorsomedial nucleus
(Fig. 5G and H) could inﬂuence circadian rhythms of sleep-wake,
locomotor, and feeding behaviors [39,40]. Likewise, pronounced
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Fig. 5. Representative images of c-Fos activation following LH/ZI DBS at 1 V (left) versus 3 V (right). Stimulation at 3 V resulted in greater activation within nuclei of the septal and
preoptic areas (AeD), stria terminalis (E, F), hypothalamus (G, H), thalamus (I, J), and brain stem (KeN) that inﬂuence vigilance and state-dependent postural muscle tone. LSD:
lateral septal, dorsal; LSI: lateral septal, intermediate; LSV: lateral septal, ventral; LV: lateral ventricle; ICjM: island of Calleja; AcbSh: accumbens shell; AcbC: accumbens core; aca:
anterior commissure; ec: external commissure; DCl: claustrum, dorsal; VCI: claustrum, ventral; Pir: piriform; f: fornix; Shy: septohypothalamic nucleus; StHy: striohypothalamic
nucleus; ST: bed nucleus of the stria terminalis; PVA: paraventricular thalamus, anterior; LPO: lateral preoptic area; SCh: suprachiasmatic nucleus; MPA: medial preoptic area; A14:
area 14 dopamine cells; ic: internal capsule; VM: ventromedial nucleus of hypothalamus; DM: dorsomedial nucleus of hypothalamus; PeF: perifornical nucleus; MTu: medial
tuberal nucleus; Te: terete nucleus; PVT: paraventricular thalamic nucleus; IMD: intermediodorsal thalamic nucleus; fr: fasiculus retroﬂexus; LDTg: laterodorsal tegmental nucleus;
DTg: dorsal tegmental nucleus; dorsal raphe nucleus; LPBC: lateral parabrachial nucleus, central; MPB: medial parabrachial nucleus; VPLAG: ventrolateral periaqueductal gray; PnR:
pontine raphe nucleus; mlf: medial longitudinal fasciculus; Bar: Barrington’s nucleus; LC: locus coeruleus; Sph: sphenoid nucleus; DTgP: dorsal tegmental nucleus, pericentral part;
CGB: central gray, beta part. Nuclei boundaries from Paxinos Atlas [32].

activations of the perifornical subnucleus of LH and also the
tuberomamillary nucleus, which contains wake-active histamineproducing neurons that mediate arousing effects of orexin [30], are
typical of wakefulness (Fig. 5G and H).
In thalamus, dense dose-responsive activation was speciﬁc to
the paraventricular, centromedian, and centrolateral thalamic

nuclei, structures particularly implicated in mediating wakefulness
[30,41e43] (Fig. 5E, F, I, J). Broad activations of the medial and
dorsal pontomesencephalic junction, a region where focal injuries
induce coma [1,42] were observed (Fig. 5K-N). In particular, c-Fos
activation within the raphe nuclei, dorsal tegmental nucleus, laterodorsal tegmental nucleus, ventrolateral periaqueductal gray,
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lateral parabrachial nucleus, and locus coeruleus are all consistent
with activation of neurons that contribute to ascending circuits of
vigilance and descending postural motor control well known to
contribute to wakefulness and locomotion [5,8,9,44,45]. Of note,
the nucleus precuneiformis, a midbrain region innervated by LH
and implicated in locomotor activation in rodents [44,46], did not
exhibit increased c-Fos.
Discussion
Summary
Subcortical DBS is a mainstay of clinical therapy for an
expanding variety of neuropsychiatric disorders, yet DBS for a
primary-sleep wake disorder has never been described. Direct
electrical stimulation in animal models is a critical translational link
to new neuromodulation therapies. We hypothesized that DBS
targeting sleep-wake and emotional-motor circuits could treat the
features of narcolepsy with cataplexy (NT1). A pilot investigation
using limited electrical stimulation parameter space revealed acute
DBS of either amygdala or mPFC to be inconsistent with respect to
arousal effects or detrimental in eliciting seizures in a validated
model of NT1 (Supplemental Figure). By contrast, we found LH/ZI
DBS to deliver consistent frequency- and amplitude doseresponsive beneﬁts. Acute LH/ZI DBS during established sleep and
cataplexy dose-dependently caused rapid electrophysiological and
behavioral shifts to normal-appearing wake without inducing gross
behavioral or electroencephalographic abnormalities. Continuous
DBS consolidated wakefulness, alleviated cataplexy, and increased
ambulation to varying degrees during both light and dark phases.
Continuous LH/ZI DBS induced cellular activations in circuits
associated with vigilance and emotional-motor control.
Potential mediators of vigilance
The LH regulates states of consciousness, energy balance, and
motivated behavior [4e6,8]. Orexin neurons, normally found
exclusively in the LH, promote cortical and sympathetic arousal and
net energy use in response to circadian and homeostatic inﬂuences,
while their inactivity evokes sleep and energy conservation. Loss of
orexin neurons causes narcolepsy with cataplexy, which is marked
by pathological intermixing of sleep and waking states in humans
and animal models [3,29,30,47e49]. In the absence of orexin neurons, LH/ZI DBS may still directly impact several other physiologically distinct neuron populations of this region. Vesicular GABA
transporter (VGAT)-expressing LH neurons release GABA and promote consumptive behaviors, and their hyperactivity leads to
overeating and hyperarousal [50e52]. Melanin-concentrating
hormone (MCH) neurons, found exclusively in LH and ZI, modulate sleep, locomotion, energy homeostasis, and sleep-related
memory processing [53e56]. Genetic deletion of MCH or selective destruction of MCH neurons increased wakefulness and
metabolic rate [55,57e59] Lastly, glutamic acid decarboxylase 65
(GAD65) neurons, which do not overlap with the orexin and MCH
neurons and only partly overlap with VGAT cells, are necessary and
sufﬁcient for normal locomotion and appear to mediate the effects
of orexin on locomotion [60]. Thus, LH neurons that express VGAT,
MCH, and GAD65 neurons have all been implicated in wakefulness
and motivated behavior, and each population is a candidate for
mediating the effects of DBS.
Just as distinct endogenous neural oscillations organize topdown signaling to hypothalamus to promote motivated behavior
[61], different DBS parameters may affect distinct neural populations. Indeed, prior work suggests that discrete cell classes in the
LH network show distinct frequency preferences for spike
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generation in response to direct electrical stimulation in a brainslice whole-cell patch-clamp preparation [28]. Speciﬁcally, orexin
neurons show a spiking preference for low frequencies (<10 Hz),
while non-orexin neurons prefer frequencies >10 Hz [28]. Indeed,
VGAT- and GAD65-expressing neurons of LH are particularly activated when stimulated at 15 Hz relative to orexin and MCH neurons
[28]. Thus, prior results correspond well to the threshold of
10e15 Hz DBS that we observed to produce vigilance (Fig. 2). While
selective depolarization blockade of MCH neurons or depletion of
MCH neuropeptides could also potentially result from DBS, mice
deﬁcient in both orexin and MCH are more severely affected with
narcolepsy than mice with orexin deﬁciency alone [59]. Future
studies using double-label immunohistochemistry to combine cellspeciﬁc markers with c-Fos may clarify which populations are
activated by DBS. Likewise, selective activation or blockade by
pharmacological, optogenetic, or chemogenetic means could suggest which neural populations mediate the effects of DBS.
Direct electrical activation of ﬁbers of passage through the region of the LH and ZI could also mediate the effects of DBS. Indeed,
in humans, direct activation of white matter structures including
cingulum bundle, ventral anterior capsule, and medial forebrain
bundle (mfb) are thought to be critical for DBS for psychiatric
conditions [25,62,63]. The mfb passes through the posterior and
lateral hypothalamus and carries monoaminergic ﬁbers from the
mesencephalon to the forebrain in support of attention and motivation [64]. Likewise, the fornix tract carries bidirectional ﬁbers
through the LH and connects the hippocampus and hypothalamus
including the mammillary nuclei [65]. In an investigation to treat
obesity, high frequency DBS in the LH near the fornix elicited biographical memories and improved cognitive performance over
time in at least one neurosurgery patient [66]. In an investigation of
outcomes following human posterior hypothalamus DBS for cluster
headache, continuous stimulation was associated with nocturnal
insomnia, consistent with the arousing effects we observed [67].
Immunohistochemical labeling of c-Fos may indicate afferent
targets of LH/ZI DBS, although this method alone cannot discriminate neural activations that cause or result from increased wakefulness.
DBS-induced
activations
in
basal
forebrain,
tuberomamillary nucleus of hypothalamus and paraventricular
nucleus of thalamus, and the tegmental, raphe, and locus coeruleus
nuclei of the medial-dorsal pontomesencephalon, are all consistent
with enhanced vigilance. Of the histaminergic, glutamatergic,
cholinergic, serotonergic, and noradrenergic neurons within each
of these nuclei, most have documented reciprocal innervation with
orexin neurons, and all participate in physiologically-characterized
subnetworks of the ascending arousal system [5,8,42,68]. When
collectively injured, profound deﬁcits in arousal result [1,8,69,70].
Further investigations are required to identify which speciﬁc
neurotransmitter systems are activated and which of these mediate
the effects of LH/ZI DBS.
Potential mediators of amelioration of cataplexy
Inappropriate activation of the circuitry engendering REMS
muscle paralysis during wake produces the experience of cataplexy
in subjects with NT1. Normally, glutamatergic-REMS-active subcoeruleus neurons trigger REMS paralysis via excitation of the
GABAergic/glycinergic cells of ventral medial medulla which in turn
inhibit motor neurons of the spinal cord [3,5,8,9,71]. Strong emotions, processed in limbic cortices such as mPFC, cause GABAergic
neurons of the central nucleus of the amygdala to inhibit cells in the
locus coeruleus, laterodorsal tegmentum, and ventrolateral periaqueductal gray. Such inhibition can be overwhelming in the
absence of excitatory orexin, leaving the subcoeruleus more likely
to trigger untimely features of REMS including postural atonia.
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Inhibition of LC neurons during cataplexy removes noradrenergic
inputs to motor neurons, further exacerbating muscle paralysis. In
light of this understanding of the mechanisms of cataplexy,
increased c-Fos activations in mPFC, amygdala, pontomesencephalon, and periaqueductal gray (Fig. 5 and Supplemental Figure)
are consistent with anti-cataplexy effects of LH/ZI DBS.
Notably, in our pilot studies of unilateral DBS to amygdala or
mPFC, we observed no consistent beneﬁts to vigilance or cataplexy,
but instead often observed seizures (Supplemental Figure). It is
possible that this seizure kindling might be avoided with different
stimulation parameters that we did not explore. In humans, modern experience with electrical amygdala stimulation comes from
patients that already have epilepsy, and a recent clinical trial of DBS
targeting the mPFC (dorsal anterior cingulate cortex) reported that
this therapy kindled seizures in three patients with no prior history
of epilepsy [72]. Importantly, we never observed epileptiform
electrographic activity or seizure-like behavior in any subject undergoing subcortical LH/ZI DBS under any experimental condition
(Supplemental Figure).
Conclusion
Acute and continuous LH/ZI DBS improved vigilance and
reduced cataplexy in a mouse model of the sleep-wake disorder
NT1. Future studies will investigate DBS for narcolepsy using
bilateral and/or multitarget circuit-level stimulation [73,74], circadian stimulation, and closed-loop responsive DBS approaches using
physiological biomarkers [75]. The impact of chronic DBS upon the
core features of narcolepsy and cataplexy, sleep and wake quality,
cognitive functions, and energy homeostasis need to be determined. Various targets and various stimulation parameters need to
be explored. Further electrophysiological investigation of networks
and their components in animal models will provide added insights
into sleep-wake control, emotional-motor behavior, and mechanisms of DBS. Our results show feasibility of neuromodulation for
narcolepsy with cataplexy and may have implications for treating
other primary and secondary disorders of sleep and impaired
consciousness.
Signiﬁcance statement
While proven effective for other neuropsychiatric conditions,
the utility of DBS for primary sleep-wake disorders such as NT1 has
not been investigated. LH/ZI DBS dose-responsively improved
locomotion, consolidated wake, ameliorated cataplexy, and activated c-Fos production in wake-related brain nuclei. These ﬁndings
constitute the ﬁrst report of therapeutic beneﬁt of DBS upon a
primary sleep-wake disorder, laying the groundwork for investigation of chronic DBS strategies.
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