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Optogenetic Stimulation of MCH Neurons Increases Sleep
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Melanin concentrating hormone (MCH) is a cyclic neuropeptide present in the hypothalamus of all vertebrates. MCH is implicated in a
number of behaviors but direct evidence is lacking. To selectively stimulate the MCH neurons the gene for the light-sensitive cation
channel, channelrhodopsin-2, was inserted into the MCH neurons of wild-type mice. Three weeks later MCH neurons were stimulated for
1 min every 5 min for 24 h. A 10 Hz stimulation at the start of the night hastened sleep onset, reduced length of wake bouts by 50%,
increased total time in non-REM and REM sleep at night, and increased sleep intensity during the day cycle. Sleep induction at a circadian
time when all of the arousal neurons are active indicates that MCH stimulation can powerfully counteract the combined wake-promoting
signal of the arousal neurons. This could be potentially useful in treatment of insomnia.

Introduction
Wake, non-REM sleep, and REM sleep are regulated by a coor-
dinated interaction between specific neurons in the hypothala-
mus and brainstem (Jones, 2011). The arousal groups are
collectively represented by neurons that contain acetylcholine,
histamine, norepinephrine, and serotonin, or specific peptides
such as orexin (also known as hypocretin) (Jones, 2011). The
sleep-active neurons are present in the medial and ventral lateral
preoptic area, the basal forebrain, and the posterior hypothala-
mus (Jones, 2011). Optogenetic stimulation of the arousal neu-
rons awakens the animal (Adamantidis et al., 2007; Carter et al.,
2010), which strengthens their position in network models of
sleep—wake regulation. However, it is not known whether such
selective stimulation of sleep-active neurons also produces sleep.
One sleep-active neuronal group contains melanin concen-
trating hormone (MCH) (Hassani et al., 2009). MCH neurons
are located in the hypothalamus and project widely throughout
the brain, including to the arousal neurons (Bittencourt et al.,
1992). In the present study, the gene for channelrhodopsin-2
(ChR2) was inserted using an MCH promoter whose specificity
has been established (van den Pol et al., 2004). We demonstrate
that optogenetic stimulation of MCH neurons increases sleep
against a strong waking drive. Thus, MCH neurons are candidate
sleep neurons in network models of sleep—wake regulation.
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Materials and Methods

PAAV-MCH-ChR2(H134R)-EYFP plasmid construction. The genes for
ChR2 (H134R) and the reporter, EYFP, were fused through NotI enzyme
site to express both genes as fusion proteins (from Karl Diesseroth) and
expressed only in MCH neurons by excising the human synapsin pro-
moter between Mlul and Sall sites and replacing it with MCH promoter
(462 bp). The plasmid was packaged in AAV stereotype 5 virus with titer
of 5 X 10'* (University of North Carolina, Chapel Hill, NC). rAAV-
MCH-GFP, was used as described previously (Liu et al., 2011) and rep-
resented control without ChR2.

Delivery of virus and implant of sleep electrodes. tAAV-MCH-
ChR2(H134R)-EYFP or rAAV-MCH-GFP were stereotaxically injected
(2% isoflurane; Institutional Animal Care and Use Committee guide-
lines) into the hypothalamus of 5-month-old C57BL/6] mice (The Jack-
son Laboratory; either sex). Four injections in each mouse (two each
hemisphere; 750 nl each site) targeted the medial and lateral MCH neu-
rons. At this time, the sleep electrodes were also implanted (Liu et al.,
2011).

In vitro slice electrophysiology. The 30—40 d after viral injection, brains
were removed (decapitation; 2% isoflurane) and slices (220 um) were
incubated in artificial CSF (ACSF) at 34°C for 1 h. Slices were transferred
to a submerged recording chamber, held at 34°C, and bathed in record-
ing ACSF. Incubation and recording buffers were continuously aerated
with 5% carbon dioxide/95% oxygen. Voltage-clamp and cell-attached
recordings were obtained from MCH neurons identified visually with
Dodt contrast optics using an Axio Examiner D1 microscope fitted
with fluorescence; for current-clamp recordings cells were detected with
Olympus BX51WI DIC/Fluorescence microscope. EYFP-positive MCH
neurons were stimulated with 10 ms blue light pulse trains (473 nm DPSS
Laser; OEM Laser Systems) at 5, 10, 20, and 30 Hz for 1 s with intertrain
intervals of 5 s. In current-clamp, cells were stimulated with a Bridgelux
BXRAC2002 LED array driven by a Luxdrive BuckBlock A009 constant
current driver; timing (10 ms) and frequency (1, 10, 20, and 30 Hz) of
stimulation were set with a Grass S44 stimulator. To mimic in vivo stim-
ulation conditions, EYFP-positive MCH neurons were stimulated with
light pulse trains at 10 Hz for 1 min with an intertrain interval of 1 min,
and recordings were performed over a 10 min period. An input—output
relationship was obtained by varying the intensity of a 1 s blue light pulse,
and steady-state amplitude was determined at 900—-950 ms for each
pulse.
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Sleep recording. Ten days after surgery the
mice were tethered to lightweight recording ca-
bles mounted to swivels and adapted for 10 d.
The swivels passed through electrical and fiber
optic signals allowing the mice unimpeded
freedom of movement. On day 21, a 48 h elec-
troencephalogram (EEG) and video recording
was made (represents 0 Hz). The EEG was re-
corded from two contralateral screws (frontal-
occipital). The electromyography (EMG)
signal was recorded from nuchal muscles. The
EEG and EMG signals were amplified via a
Grass polygraph and recorded onto the hard
disk using an analog—digital board (Kissei
Comtec). The animals were housed singly in
Plexiglas cages with bedding; food and water
were available ad libitum. The temperature in
the sleep recording room was 25°C and a 12 h
light/dark cycle (6:00 A.M.—6:00 P.M. lights
on; 100 lux) was maintained.

Immunohistochemistry. Perfused brains were
cut (40 wm coronal sections; 1 in 4 series) and the
free-floating sections were incubated overnight
in a primary antibody (rabbit anti-MCH, 1:1000
dilution;Phoenix Pharmaceutical); goat anti-
orexin (1:500; Santa Cruz Biotechnology); rabbit
anti-histidine decarboxylase (1:200; American
Research Products); or rabbit anti-tyrosine hy-
droxylase (1:200; Millipore) followed by 2 h incu-
bation in the secondary antibody (anti-rabbit or
anti goat-Alexa Fluor 568; 1:500; Invitrogen).
The sections were washed, mounted onto
gelatin-coated slides, and coverslipped. The fluo-
rescent images were visualized with a Leica con-
focal microscope and colocalization with EYFP
was done by 3D view software on Z-stack scan of
2-um-thick slices. Tally of EYFP and MCH-
positive neurons were made from on average 7.8
(%0.6) sections (wells 1 and 3) in the 14 mice
whose sleep was recorded.

Identification of sleep—wake states. The 48 h
EEG, EMG, and video recordings were scored
manually on a computer (SleepSign Software)
in 12 s epochs for wake, non-REM sleep, and
REM sleep (Liu et al., 2011). Wakefulness was
identified by the presence of desynchronized
EEG, and high EMG activity. Non-REM sleep
consisted of high amplitude slow waves to-
gether with alow EMG tone relative to waking.
REM sleep was identified by the presence of
regular EEG theta activity coupled with low
EMG relative to slow-wave sleep. After the EEG
data were scored, the code was broken to reveal
the identity of each mouse.

Analysis of the EEG frequency (fast Fourier
transform). Fast Fourier transform (FFT) raw
values during wake, non-REM, and REM sleep
were automatically calculated by the software
(SleepSign) in 0.5 Hz bins. Because of variability FFT values were normalized
by dividing the raw value of EEG power during non-REM sleep by the aver-
age of total EEG power for the spectrum (0.5-32 Hz) across 24 h.

Statistical analysis. One-way repeated-measures ANOVA with post
hoc, or a priori paired ¢ test (p < 0.05).

Results

ChR2-EYFP is expressed only in MCH neurons
rAAV-MCH-ChR2(H134R)-EYFP was injected into two sites in
each hemisphere since the MCH neurons are distributed over a
much wider area of the posterior hypothalamus compared with

Figure 1.

Konadhode, Pelluru et al. e Stimulation of MCH Neurons Increases Sleep

, ChR2-YFP

Distribution of MCH-ChR2(H134R)-EYFP-positive neurons in the posterior hypothalamus. A-F, Photomicrograph
depicts the distribution of neurons containing MCH (red) and EYFP (green) in two representative WT mice given rAAV-MCH-
ChR2(H134R)-EYFP in the hypothalamus. B—D, Higher magnification of the area denoted by the arrow in A and shows that
all ChR2-EYFP neurons are also MCH positive. G, The arousal orexin-immunoreactive neurons (red) are intermingled with the
MCH-ChR2-EYFP neurons (green). H, MCH-ChR2-EYFP neurons (green) innervate the arousal histidine decarboxylase neurons in
the tuberomammillary nucleus (red). /, MCH-ChR2-EYFP terminals surround the tyrosine hydroxylase-immunoreactive neurons of
the locus ceruleus (red). /, Inset depicts dense MCH projections (green) into the locus ceruleus. Scale bars: (in 4) 220 wm; (in E, F)
100 wm; (in B=D, G, H) 20 m; (in /) 15 wm. f, fornix; mt, mammillothalamic tract.

the orexin neurons (Elias et al., 2001). The MCH neurons dorsal
to the fornix (53.4 = 6.4%), especially in the zona incerta, were
also EYFP positive (Fig. IA-F). However, in the ventral and lat-
eral hypothalamus only 19.6% (*1.8) of MCH neurons con-
tained EYFP. All EYFP-positive neurons were MCH positive.
EYFP-positive but MCH-negative neurons were not evident.
MCH-ChR2-EYFP-positive neurons were intermingled with the
arousal orexin neurons (1G) and EYFP-positive axons inner-
vated downstream arousal neurons in the tuberomammillary nu-
cleus (1H) and the locus ceruleus (11).
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Figure2.  MCH-ChR2(H134R)-EYFP containing neurons respond to 473 nm light. A, Representative image of an EYFP-positive neuron in an acute brain slice sensitive to blue laser stimulation.
Scalebar, 20 m. B, Whole-cell current-clamp recordings demonstrate action potentials at each suprathreshold light stimulus with 10 ms pulses of light (B, see temporal expansion; 5 Hz not shown).
C, Subthreshold stimulation induced depolarization with no action potentials. D, Sustained light stimulation (500 ms, 50 ms) induced an action potential followed by a prolonged depolarization. E,
Peak and steady state current increased as a function of light intensity. F, Representative trace of 1 min stimulation at 10 Hz followed by a 1 min period without stimulation. This stimulation protocol
was repeated for 10 min. Although amplitude was reduced, spikes were generated during the entire 1 min period of stimulation. Bar graph shows that peak amplitude of responses during the last
10 s of the first and ninth minute of the 10 min epoch was similar. @, Control cell lacking ChR2 showed no response to light stimulation at 10 ms 10 Hz.
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Figure 3.  Sleep is increased in response to optogenetic stimulation of rAAV-MCH-ChR2-EYFP neurons. 4, Effect of optogenetic stimulation on non-REM, REM sleep, and wake across the 24 h.

Closed circles represent mice that were stimulated for 24 h starting at night, while the open triangles represent the same animals stimulated for 6 hin the second half of the day cycle. B, The average
percentage difference from 0 Hz during the 12 h night period. Hatched bar represents mice (n = 7) without ChR2 but stimulated at 10 Hz. C, Average length (minutes) of episodes at night in mice
with ChR2 stimulated at 0 Hz (open bar) or 10 Hz (black bar). D, Average number of transitions between the three sleep—wake states at night in mice with ChR2 stimulated at 0 Hz (open bar) or 10
Hz (black bar). Daytime data for length and transitions s provided in Figure 4. E, EEG power in the delta and theta frequencies in mice with ChR2 stimulated at 0 Hz (open circle) or 10 Hz (closed circle).
F, Waxing and waning of delta power (0.5—4 Hz) across the night and day in mice with ChR2 stimulated at 0 Hz (open circle) or 10 Hz (closed circle). *p << 0.05 versus 0 Hz. *p << 0.05 versus 0 Hz

for the two time periods.

MCH-ChR2-EYFP neurons are stimulated by blue

(473 nm) light

In vitro experiments confirmed that EYFP labeled neurons were
sensitive to 473 nm blue light and readily followed light-pulse
stimulation (Fig. 2B). EYFP-positive neurons faithfully followed
photostimulation at all frequencies tested (Fig. 2B—D; 5 Hz not
shown). In addition, ChR2-EYFP-positive neurons demon-
strated a near-linear increase in the steady-state amplitude as a
function of an increase in the intensity of the laser power (Fig.
2E). In one protocol relevant to the paradigm used for the behav-
ioral studies the neurons were stimulated for 1 min and then not
stimulated for 1 min. This cycle was repeated for 10 min. Blue
light pulses at 10 Hz for 1 min generated action potentials for the

*p < 0.05 versus 0 or 5 Hz. Black bar on the abscissa in A and F denotes the 12 h night period.

duration of the stimulation epoch (Fig. 2F). Importantly, the
peak amplitude of the photo-stimulated responses during the last
10 s of the first minute did not differ from the peak amplitude of
the responses measured during the last 10 s of the ninth minute of
stimulation (Fig. 2F, bar graph). Cells with no ChR2 expression
were not responsive to light stimulation (Fig. 2G). These data
confirm that EYFP-positive neurons express functional ChR2
channels that reliably and precisely respond to stimulation across
a range of frequencies without diminishing over time.

Sleep is increased with MCH-ChR2-EYFP neuron stimulation
The effect of optogenetic stimulation of the MCH neurons on
sleep—wake behavior was next examined. Wild-type (WT) mice
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sleep time by 96.3% (19.82 min * 2.41;
p =0.00015) and 68% (16.99 min = 2.13;
p = 0.005), respectively, compared with 0
Hz (10.09 min = 1.53). In the first hour, 5
Hz stimulation also increased non-REM
sleep (14.56 min = 2.53) but it was not
significant compared with 0 Hz.

In the first 6 h of 10 Hz MCH stimu-
lation there was a 59.7% increase in
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with 0 Hz (Fig. 3B). MCH stimulation had
Figure 4. Average length of episodes (in minutes) and number of transitions during the 12 h day ycle (4, €) or during the ~ 1O significant effect on non-REM, REM

second half of the day cycle (B, D) in ChR2-positive mice stimulated with 0 or 10 Hz stimulation. Length of waking bouts was

significantly decreased during the day (*p << 0.05).

(5-7 months old; 26 g = 0.7; 10 males; n = 14) were injected with
the rAAV-MCH-ChR2(H134R)-EYFP into the posterior hypo-
thalamus and sleep—wake behavior was recorded beginning 3
weeks after ChR2 gene delivery. A 48 h baseline recording (0 Hz)
was obtained and then the fiber optic probes were inserted into
the guide cannulas (mice were gently restrained). To discount the
effect of cannula insertion on sleep we waited for 72 h after probe
insertion to start optogenetic stimulation.

To better understand the effects of MCH stimulation in pro-
moting sleep, light stimulation was applied at two phases in the
circadian sleep cycle. In the first experiment, MCH stimulation
began at the start of the animal’s active period (lights-off cycle).
We hypothesized that for MCH to be considered as part of the
network promoting sleep MCH neuronal stimulation should in-
duce sleep during the animal’s wake-active cycle. In nocturnal
rodents such as the WT mice used in this study the light—dark
cycle strongly entrains the sleep—wake cycle and lights off is the
signal to awaken, and to eat and drink. A clear day—night circa-
dian rhythm in sleep-wake was evident in the mice (Fig. 3A). At
the start of the lights-off (night) period the mice were stimulated
with 5 Hz, 10 Hz, or 30 Hz (random order) of 473 nm light pulses
(10 ms duration; 1 mW at the tip). The light pulses were delivered
for 1 min every 5 min for 24 h, and 36 h elapsed between the three
stimulation rates.

The 10 Hz light pulses were most effective in increasing sleep
(Fig. 3B). The 10 and 30 Hz stimulation at the start of the night
cycle significantly reduced by almost sixfold and threefold,
respectively, the time to sleep onset compared with 0 Hz (0 Hz =
41.8 min * 14.24; 10 Hz = 7.27 min * 3.16; 30 Hz = 12.94 =
3.16; F = 5.29; df = 2,41; p = 0.012). Time to REM sleep onset
was almost halved but it was not significant (0 Hz = 110.46
min * 23.2; 10 Hz = 59.37 £ 29.59; 30 Hz = 77.31 = 25.91). The
5Hz stimulation did not decrease time to sleep (66.03 = 34.82) or
REM sleep (90.17 = 40.3) onset. In the first hour of night stim-
ulation, 10 and 30 Hz MCH stimulation increased non-REM

sleep, or wake during the day cycle, perhaps
because of a ceiling effect. Over the course of
24 h, 10 and 30 Hz light pulses produced a
significant increase in total sleep (F = 6.17;
df = 3, 55; p = 0.002) and in non-REM sleep (F = 6.26; df = 3, 55;
p = 0.001) but not REM sleep. Light stimulation did not increase
sleep in WT mice lacking ChR2 in MCH neurons (n = 7) (Fig. 3B,
hatched bar).

Length of wake bouts is decreased

At night WT mice are awake for long periods. During this time 10
Hz stimulation decreased in half the average length of wake bouts
(Fig. 3C), but there was no change in the length of non-REM or
REM sleep bouts. Length of wake bouts was also significantly
decreased during the day (Fig. 4A). At night, 10 Hz stimulation
increased the transitions from wake to non-REM and non-REM
to REM sleep bouts (Fig. 3D). Transitions from non-REM sleep
to waking also increased at night but because the waking bouts
were short the mice often re-entered into non-REM sleep in-
creasing overall sleep times. Thus, with 10 Hz stimulation the
increase in sleep at night was from shorter wake bouts and more
sleep bouts.

Might MCH stimulation increase sleep if it was freshly applied
during the animal’s circadian sleep cycle? To answer this ques-
tion, in the second experiment, 10 Hz stimulation was applied
only during the second half of the lights-on period. In this exper-
iment (n = 10) MCH stimulation (I min on—4 min off) was
started 6 h into the day cycle and continued for the remaining 6 h
of the day cycle. Six of the 10 mice were exposed to the stimula-
tion for the first time, while four mice were stimulated 36 h after
completing the series of nighttime stimulations. The 10 Hz stim-
ulation during the second half of the day cycle (Fig. 3A, open
triangles) had no effect on non-REM sleep, REM sleep, or waking
compared with 0 Hz. The length or number of bouts of sleep—
wake did not increase either (Fig. 4).

EEG delta power is increased
An electrophysiological index of sleep intensity is represented by
the slow oscillations in the delta frequency range (0.5-4 Hz)
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during sleep (Borbély, 1982). These slow oscillations correspond
to the synchronized up-down states of hyperpolarized thalamo-
cortical and corticothalamic neurons (Steriade et al., 1993), and
increased power of the delta waveform would indicate that MCH
stimulation was driving, either directly or indirectly, these neu-
rons. Indeed, the EEG frequency in the delta band was signifi-
cantly slowed (Fig. 3E, closed circles). Therefore, the delta band
during non-REM sleep was more closely analyzed for changes in
the waxing and waning of delta power across the 24 h night—day
cycle (Borbély, 1982). The 10 Hz MCH stimulation significantly
blunted the waning of delta power during the day cycle (Fig. 3F,
closed circles) indicating persistent increase in sleep intensity
(Fig. 3F). Theta activity during REM sleep was not affected (Fig.
3E). There was no stimulus artifact in the EEG at the 10 Hz
stimulation frequency (Fig. 3E).

Discussion

This is the first evidence that sleep is increased by selectively
activating a specific phenotype of neurons. Stimulating a subset
of MCH neurons robustly increased sleep during the animal’s
waking period attesting to the potency of the MCH neurons in
counteracting the combined signal of the arousal neurons. MCH
neurons contain GABA (Del Cid-Pellitero and Jones, 2012), but
MCH also exerts an inhibitory effect on target neurons (Gao and
van den Pol, 2001). Thus, MCH neuron facilitation of sleep is
possibly mediated by presynaptic and postsynaptic actions of
MCH onto arousal neurons (Gao and van den Pol, 2001), and
also by direct GABA co-release with MCH onto arousal neurons
(Del Cid-Pellitero and Jones, 2012). MCH neuron inhibition
could be locally on the orexin neurons (Fig. 1B), but also from
innervations of distal arousal neurons (Fig. 1C,D). Recent data
show release of MCH in sleep in humans (Blouin et al., 2013).

The 10 and 30 Hz stimulations were effective in inducing sleep
whereas 5 Hz was not. In rats, MCH neurons are silent during
waking, but active during sleep, especially REM sleep when they
discharge at ~1 Hz (Hassani et al., 2009). However, MCH neu-
rons can discharge at 21 Hz bursts or doublets of spikes (Hassani
et al., 2009). Our in vitro experiments (Fig. 2) indicated that
MCH-ChR2-EYFP neurons faithfully maintained steady dis-
charge rates when stimulated, and it is possible that the faster
rates were necessary to secrete sufficient MCH + GABA onto
target arousal neurons to overcome the arousal signal. Adminis-
tration of MCH onto the various arousal neuronal populations
produces a dose-dependent increase in both non-REM and REM
sleep (Verret et al., 2003; Lagos et al., 2009, 2012). MCH knock-
out mice are awake more and have longer wake bouts at night, but
REM sleep is unchanged (Willie et al., 2008). MCH-receptor-1
knock-out mice do not have less sleep, like MCH-null mice (Ada-
mantidis et al., 2008), suggesting that non-MCH receptors also
convey the MCH neuron sleep signal.

Inhibition of the arousal neurons, such as orexin (Sasaki et al.,
2011; Tsunematsu et al., 2011) or the locus ceruleus noradrener-
gic neurons (Carter et al., 2010), does not induce sleep over an
extended time period, especially during the animal’s wake-active
period. This suggests that to increase sleep during the wake-active
period, it is not sufficient to temporarily suppress activity of the
arousal neurons. Instead, the sleep-generating neurons have to be
switched on. In the present study, 24 h of MCH stimulation (1
min stimulation every 5 min) increased both non-REM and REM
sleep at night. Delta power, an electrophysiological measure of
sleepiness, was significantly increased during the day cycle, at a
time when it wanes (Fig. 2F). There was no difference in delta
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power between 6 and 24 h of stimulation indicating that there was
no cumulative effect of longer stimulation.

It has been difficult to selectively manipulate any of the sleep-
active neurons as they are intermingled with arousal and other
neurons. To specifically target the MCH neurons in all verte-
brates the viral vector, rAAV-MCH-ChR2(H134R)-EYFP, was
created. With it the largest single phenotype of neurons impli-
cated in sleep were identified and controlled. The MCH neurons
are present alongside the arousal orexin neurons in an area of the
hypothalamus that also contains neurons regulating energy bal-
ance (Elias et al., 2001). MCH and orexin neurons show opposite
patterns on several measures such as sleep—wake related neuronal
activity and release of the peptides (Hassani et al., 2009; Blouin et
al., 2013), energy expenditure (Elias et al., 2001), and response to
glucose (Burdakov et al., 2005). The sleep-active neurons are
distributed broadly and even though they all contain GABA their
location in the brain likely determines how they inhibit the
arousal neurons and initiate sleep. For instance, the MCH neu-
rons respond to changes in energy balance while the sleep-active
neurons in the preoptic area (Sherin et al., 1996) are likely regu-
lating the circadian timing of sleep since they receive input from
the retina (Lu et al., 1999). By selectively targeting specific neu-
rons it will be feasible to elucidate how peripheral and central
signals regulate sleep and arousal.

MCH stimulation increased both non-REM and REM sleep
against a very strong circadian waking drive. This has significant
potential for the insomnia associated with shift-work and jet-lag,
conditions where a strong waking drive blocks sleep onset. Cur-
rent pharmacotherapies may help, but involve next-day sedation,
the risk of tolerance and dependence, or both. New agents that
promote sleep without residual next-day impairment are needed.
Inclusion of MCH neurons in network sleep—wake models offers
new opportunities for potential hypnotics.
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