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Study Objectives
The present study investigated the function of Hypocretin (Hcrt or Orexin/OX) receptor antagonists in sleep modulation and memory function
with optical methods in transgenic mice.

Methods
We used Hcrt-IRES-Cre knock-in mice and AAV vectors expressing channelrhodopsin-2 (ChR2) to render Hcrt neurons sensitive to blue light
stimulation. We optogenetically stimulated Hcrt neurons and measured latencies to wakefulness in the presence or absence of OX1/2R
antagonists and Zolpidem. We also examined endogenous Hcrt neuronal activity with fiber photometry. Changes in memory after optogenetic
sleep disruption were evaluated by the novel object recognition test (NOR) and compared for groups treated with vehicle, OX1/2R antagonists,
or Zolpidem. We also analyzed electroencephalogram (EEG) power spectra of wakefulness, rapid eye movement (REM) sleep, and non-REM
(NREM) sleep following the injections of vehicle, OX1/2R antagonists, and Zolpidem in young adult mice.

Results
Acute optogenetic stimulation of Hcrt neurons at different frequencies resulted in wakefulness. Treatment with dual OX1/2R antagonists
(DORAs) DORA12 and MK6096, as well as selective OX2R antagonist MK1064 and Zolpidem, but not selective OX1R antagonist 1SORA1,
significantly reduced the bout length of optogenetic stimulation-evoked wakefulness episode. Fiber photometry recordings of GCaMP6f signals
showed that Hcrt neurons are active during wakefulness, even in the presence of OXR antagonists. Treatment with dual OX1/2R antagonists
improved memory function despite optogenetic sleep fragmentation caused impaired memory function in a NOR test.

Conclusions
Our results show DORAs and selective OX2R antagonists stabilize sleep and improve sleep-dependent cognitive processes even when
challenged by optogenetic stimulation mimicking highly arousing stimuli.
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Insomnia heavily impairs the daily functions of the brain, including cognition, learning, and memory. Our study shows dual antagonism of
OX1/2Rs, and selective antagonism of OX2R, but not selective blockade of OX1R, increased the total amount of non-rapid eye movement
(NREM) sleep. Importantly, dual OX1/2R and selective OX2R blockade reduced duration of wakefulness evoked by optogenetic stimulation of
Hcrt neurons without affecting latencies to wakefulness. Furthermore, measurement of Ca  transients showed that Hcrt neurons are active

during wakefulness even in the presence of DORAs or OX2R antagonist. Administration of DORAs or OX2R antagonist improved
impairments in memory caused by optogenetically-induced sleep disruption. Thus, the hypnotic effect of DORAs is likely mediated by OX2R
blockade. These data indicate that DORAs and OX2R selective antagonist, but not OX1R selective antagonist, can improve memory function
following disrupted sleep.

Introduction

Since the discovery of Hcrt/OX two decades ago [1, 2], studies have demonstrated the functions of Hcrt in sleep regulation, anxiety, food intake,
depression, addiction, and pain modulation [3–8]. In particular, the selective activation of Hcrt neurons via optogenetic stimulation established a causal
role of Hcrt in the onset and maintenance of wakefulness [9]. Deficits of Hcrt neuronal function or mutations of OX2Rs cause narcolepsy
characterized by excessive daytime sleepiness in rodents [10–12], canines [13, 14], and humans [15, 16]. Studies with Hcrt  mice revealed lack of

Hcrt impairs theta-dominated wakefulness and blunts delta power in slow-wave sleep which are relevant to narcoleptic excessive daytime sleepiness
and poor sleep quality [17]. Interestingly, both OX1R  and OX2R  mice show attenuation of wakefulness compared to wild-type controls after

intracerebroventricular administration of OX1/Hcrt1, with a stronger wakefulness attenuation observed in OX2R  mice [18].

Multiple lines of study have examined the effect of selective or dual OX1R and OX2R antagonism on sleep modulation [19–29]. ACT-078573
(Almorexant), a dual OX1/2R antagonist, has been shown to be effective in treatment of primary insomnia in humans [30], and has been shown to
increase both non-rapid eye movement (NREM) and rapid eye movement (REM) sleep as measured by electroencephalogram (EEG) and
electromyography (EMG) or behavioral changes, in rats, canines, and humans [19]. Suvorexant, a dual OX1/2R antagonist is effective in decreasing
sleep latency, and has comparable EEG spectral profiles to normal sleep [20, 26, 27]. Interestingly, selective OX2R antagonists including C1 m [31]
and IPSU [23, 32, 33] are sufficient to increase the amount of NREM sleep. However, a more detailed analysis of sleep patterns and architecture
after OXR antagonism is necessary to understand the mechanisms of action by such agents for the treatment of insomnia. In addition, it was unclear
which subtype of OXRs is essential for mediating the hypnotic effect in vivo. Here, we used optogenetic stimulation of Hcrt neurons to determine
whether dual or selective antagonism of OXRs is sufficient to block optogenetically-evoked wakefulness or reduce wakefulness maintenance. We
also used fiber photometry to characterize Hcrt neuronal activity in the presence of OX1/2R antagonists. Furthermore, we investigated whether
memory deficits caused by optogenetic sleep fragmentation can be prevented by antagonism of OX1/2Rs. In addition, we provide a detailed
comparison of power spectra upon drug treatment. We also compared the hypnotic effect by OXR antagonists with a typical hypnotic agent
Zolpidem, an α1-GABAA receptor modulator [34]. Together, our findings provide a detailed analysis of the impact of OXR antagonists on sleep

architecture and suggest blockade of OX2R is essential for promoting sleep. These findings have implications for sleep health and cognitive deficits
related to sleep fragmentation, and hyperarousal/insomnia.

Methods

Animals
All experimental protocols were approved by the Stanford University Animal Care and Use Committee and in accordance to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Young adult wild-type C57BL6J (WT, 10–12 weeks) mice from the Jackson
Laboratory (Sacremento, CA) were used for studying the effect of OX1/2R antagonists and Zolpidem on modulation of sleep patterns. For all the
optogenetic and fiber photometry experiments, we used Hcrt-IRES-Cre knock-in heterozygote mice [35] backcrossed onto C57BL6J backgrounds.
The mice were housed in a temperature-controlled facility with a 12/12-hour light-dark cycle (light phase: 09:00–21:00 (ZT0–ZT12), dark phase:
21:00–09:00 (ZT12–ZT24) for sleep pattern recording; light phase: 07:00–19:00 (ZT0–ZT12), dark phase: 07:00–19:00 (ZT0–ZT12) for novel object
recognition [NOR] task). Mice were allowed to access food and water ad libitum. The facility was fully accredited by the American Association for
the Accreditation of Laboratory Animal Care.
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Chemicals
DORA12, MK6096, 1SORA1, and MK1064 were provided by Merck (One Merck Drive, Whitehouse Station, NJ) through the Merck Investigator
Studies Program (MISP). Poly (ethylene glycol) average Mn 400 (PEG400) was obtained from Sigma-Aldrich (3050 Spruce Street, Saint Louis,
MO). Zolpidem was purchased from Tocris. 0.9% Sodium Chloride (Saline) was purchased from Hospira (Lake Forest, IL). All the Merck
compounds and Zolpidem were dissolved separately in a mixture of 50% Saline and 50% PEG400 to a concentration of 2 mg/ml. All injections were
performed intraperitoneally (i.p.), and the compound solutions were administered to the mice at a dosage of 0.1 ml/10 g to reach a concentration of 20
mg/kg. All the injections were administered to the mice assigned through a balanced crossover design (Latin Square Design). At least 1 week was
given between injections to prevent drug carryover effects.

Surgery
WT mice were anesthetized with a mixture of Ketamine (100 mg/kg) and Xylazine (20 mg/kg) and mounted onto an animal stereotaxic frame (David
Kopf Instruments). Cortical EEG and EMG electrodes were implanted according to our previously published protocols [36]. Briefly, EEG mini-screws
(US Micro Screw) connected with insulated wires were placed in the skull above the frontal (AP: −2 mm; ML: ±1 mm) and temporal (AP: 3 mm,
ML: ±2.5 mm) cortices. Mini-rings connected to insulated wires were inserted into neck muscles for EMG recording. Electrode sockets were
anchored with meta-bond and dental acrylic on skull for EEG/EMG signal sampling. After surgery, mice were singly housed and allowed to recover
for at least 1 week prior recording.

Virus injection, glass fiber implantation and immunohistochemistry
Hcrt-IRES-Cre knock-in mice underwent stereotaxic surgery under anesthesia (Ketamine 100 mg/kg and Xylazine 20 mg/kg) and received injections
of 0.3 μl AAV-DJ-EF1α-DIO-hChR2(H134R)-eYFP viruses or AAV-DJ-EF1α-DIO-eYFP (2.5 × 10  genome copies per ml, Stanford Virus Core)

to the right or left LH (AP: −1.35 mm, ML: ±0.95 mm, DV: −5.15 mm) with a 5 μl Hamilton microsyringe. A glass fiber (200 μm in diameter, Doric
Lenses, Franquet, Québec, Canada) was implanted with the tip right above the injection site for optogenetic stimulations later on. For fiber
photometry, 0.3 μl AAV vectors carrying genes encoding GCaMP6f (AAV-DJ-EF1α-DIO-GCaMP6f, 1.1 × 10  genome copies per ml, Stanford

Virus Core) were delivered to the right or left LH (AP: −1.35 mm, ML: ±0.95 mm, DV: −5.15 mm) with a 5 μl Hamilton micro-syringe, and a glass
fiber (400 μm in diameter, Doric Lenses) was implanted with the tip at the injection site for GCaMP6f signal acquisition later on. AAV-DJ- EF1α-
DIO-GFP was used as control. After fixing the glass fiber with meta-bond, the EEG and EMG electrodes were implanted similarly as for the WT
mice.

Primary antibody against OX1/Hcrt1 (SC-8070, Lot#A2915, Goat polyclonal IgG) was purchased from Santa Cruz Biotechnology, INC. Secondary
antibody Alexa Fluor 594 Donkey anti-Goat IgG (H+L) was purchased from Invitrogen (Manufacturer: Life Technologies). Upon experiment
completion, animals were anesthetized with Ketamine and Xylazine (100 and 20 mg/kg, i.p.) and transcardially perfused with 5 ml 1× phosphate
buffered saline (PBS), followed by 20 ml paraformaldehyde (PFA; 4%, in PBS). Brains were rapidly extracted, postfixed overnight in 4% PFA at
4°C, and cryoprotected for 2 days at 4°C in sucrose solution (30% sucrose in PBS containing 0.1% NaN3) until equilibrated with the solution. Brains

were sliced into 35 μm coronal sections at −22°C on a cryostat (Leica Microsystems), collected consecutively in 24-well plates containing PBS with
0.1% NaN3, covered with aluminum foil, and stored at 4°C until immunostaining and imaging. Sections around the implantation site were washed in

PBS for 5 minutes three times and then incubated for 1 hour in a blocking solution of PBS with 0.3% Triton X-100 (PBST) containing 4% bovine
serum albumin (BSA). Then primary antibody against OX1/ Hcrt1 was applied (1:500) overnight in 4% BSA/PBST blocking buffer. On the following
day, sections were washed in PBS for 5 minutes three times, and then incubated for an additional 2 hours in blocking buffer. After that, secondary
antibody (donkey anti-goat Alexa 594, 1:500 dilution) was applied to the incubation solution for 2 hours. After three final 5-minute PBS washes,
sections were mounted onto gelatin-coated glass slides (LabScientific, Inc.), and coverslipped with Fluoroshield containing DAPI Mounting Media
(Sigma-Aldrich, F6057) for imaging with LSM 710 Confocal Microscope (Zeiss, Germany).

Optogenetic stimulation of Hcrt neurons
After connecting the fiber optic patch cord to the laser, the light intensity was calibrated with a light meter (Thorlabs). Then, fiber optic patch cord
(MFP_200/240/900-0.22_3.0m_FC-MF2.5, Doric lenses) was connected to the glass fiber implant through a zirconia sleeve (SLEEVE_ZR_2.50,
Doric lenses) together with the EEG/EMG lead for acclimation for at least 1 week. After habituation, optogenetic stimulation with varying
frequencies was performed during EEG/EMG recording (light intensity at the fiber tip: 10 mW, light pulse width: 15 ms; 1, 5, 10, 20 Hz stimulation for
10 s were performed, different stimulation frequencies were randomly arranged, Figure 1). For testing the effect of OX1/2R antagonists and
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Zolpidem on optogenetically-evoked wakefulness, the light stimulations were delivered to the mice between 45 minutes and 90 minutes after the
injections based on their effect on sleep architecture (Supplementary Figure S1). The latency to optogenetic stimulation-evoked wakefulness was
defined as the time window between the start of optogenetic stimulation and onset of wakefulness. The bout length of optogenetic stimulation-evoked
wakefulness was determined from the onset of wakefulness upon light stimulation to the end of the same wakefulness episode.

Sleep and GCaMP6f data acquisition and analysis
Once mice recovered, they were connected to flexible recording cables to habituate for at least 1 week. EEG/EMG signals were amplified through a
multiple channel amplifier (Grass Instruments) and sampled with VitalRecorder (Kissei Comtec Co.) at 256 Hz sampling frequency filtered between
0 and 120 Hz for offline signal analysis. Raw EEG/EMG data were exported to Matlab and analyzed with custom scripts as well as built-in Matlab
tools (The MathWorks). A power spectral density (PSD) function was used to plot power-frequency distributions (0–30 Hz). Band power of delta
(1–4 Hz), theta (4–12 Hz), beta (12–30 Hz) was calculated in Matlab using custom scripts. For EEG/EMG recordings with optogenetic manipulations,
real-time markers were tagged during recording when triggering the optogenetic stimulations for determining sleep-wake transition latency and bout
length of optogenetic stimulation-evoked wakefulness. For mice expressing GCaMP6f, EEG/EMG and GCaMP6f signals were acquired
simultaneously between second and fourth hour after the injections of vehicle, OX1/2R antagonists, or Zolpidem. EEG/EMG and GCaMP6f signals

Figure 1.
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Optogenetic stimulations triggered sleep-wake transitions in Hcrt-IRES-Cre knock-in mice injected with Cre-dependent AAV viruses
expressing ChR2-eYFP. (A) Configuration of optogenetic stimulations and EEG/EMG recording in Hcrt-IRES-Cre knock-in mice. (B–D)
Immunostaining against Hcrt1 confirmed the majority of the AAV viruses infected neurons are hypocretinergic. (E) More than 80% AAV
viruses infected cells are positive for Hcrt1 antibody staining and about 78% Hcrt1 positive neurons are infected by AAV viruses. (F,G)
15 ms blue light pulses at 10 mW stimulation for 10 s with different frequencies trigger sleep-wake transitions with different latencies (F)
and different post-stimulation wakefulness bout lengths (G) (linear mixed-effects model analysis followed by Tukey’s multiple
comparisons, **p < 0.01, ***p < 0.005, ****p < 0.001, n = 6 for each group).

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s1.png?Expires=1561211421&Signature=vfCSyPHqias8EQCD03WAt-B9dirwvfHdEivdHwx1a5sG1cikzemRdUb4A~2-YG56pEPKCejqLtOTY61Qb8C69y9WaCP33QSqNDhu5UOG2Gb1HGPkEaCp0qENOCHH7vUwntWiuTuXxvyF-GQ5K5hMPVc2y7wyAMf0gtyWxtkpDVak3N7QfaHNbX6uMWXZrTRee5mAno~8cpZYV9txGHD1CE~YiVPZtZKGJOmSZ~qdbNSV8BTub~8PcaGwE4nKDiFFBbtOcEevfZX9r8nPPp9uaOFV~uac6HS9p7wZh68C0bqCUGVacp9869sDv-SaT2q7V9TWA8-IKXTDTg~aj9u4pw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://academic.oup.com/view-large/figure/122161677/zsy14101.jpg
https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy14101.jpeg?Expires=1561211421&Signature=Pu7hd2o0vKJxkCsnRyENUjQy3lo5LM0GXRx24bDBYu~A14OuahyeJQwlr1zFTutT4ccJwl6l9M~Bt6UsDjK5q1SfBNsThz8-89D4NSHSBtjPaMvKfi3WWEIyX8j9CxDPC17elHbZl7B10Gkdu5l4E1Z4y32t~q58ui2KKVsWv7-YE8RBPsr4G90ILMLxxTKVdd0SMs8iOWkqw2sUmH~BDJD4OX-ld5Y-p8~x7PrY0QtnaFurfZs3W~v3Aobq5GiOTiPY5i2ly4RPHSGr8u71-bGamjg3oU6mDvVZ8zAUIjyplFcyoMslg6xsW~7leVsyQejEPnPjadVFLtJcRdBcEw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=122161677&ar=5060288&xsltPath=~/UI/app/XSLT&imagename=&siteId=5573


were staged offline in Matlab with custom scripts. To quantify the change of GCaMP6f signals, the values before state transitions were averaged as
the baseline, and the area size (ΔF/F integral) between the baseline and GCaMP6f signal trace was determined and averaged for each individual
mouse (Figure 3, Supplementary Figure S5).

NOR and optogenetic sleep fragmentation
The NOR task included a training session, delay period of 24 hours, and a test session (Figure 4). Previous studies have shown that learning in the
NOR test is dependent on sleep during the light phase, and that disruption of sleep in the dark phase does not influence NOR performance. Thus, we
conducted all NOR experiments during the light phase (stimulation starts at 09:30) [37, 38].

Training

After 1 hour of habituation to the experiment room and 10 minutes of habituation to the arena (black walled open field containing Sani-Chip pine
bedding, 34 cm ×17 cm) the mice were given the opportunity to explore two identical objects for a total of 5 minutes. Each object was placed at the
same distance from the walls and corners of the open field. No specific spatial or odor cues were provided within the field (bedding was changed and
arena and objects were cleaned with 10% ethanol before each exposure).

Injection

Immediately after training, animals were injected with 20 mg/kg (i.p.) of DORA12, MK6096, 1SORA1, MK1064, Zolpidem or vehicle and returned to
their home cages.

Optogenetic sleep disruption

Immediately after training, animals received 4 hours of optogenetic stimulation as described in earlier work from our lab [37].

Test

After a delay of 24 hours, animals were placed in the same arena with one of the objects from the training session replaced with a novel object. Real-
time monitoring was videotaped during training and test sessions using a Panasonic WV-LZA61/2S videotaping system. The time spent around the
objects (defined as a 7 cm radius around the objects) was scored with BORIS 5.1.0 software (University of Torino, Italy). Time spent climbing on
object or facing away from object within the 7 cm radius was not counted as exploration. Mice that demonstrated over 65% preference for either
object in the training session were excluded from the experiment (one mouse showed obvious bias toward an object on the training day was excluded
from data analysis).

Statistical analysis
We used a linear mixed-effects model to analyze our data to rule out possible carryover effects by different compounds. Different treatments were
used as fixed factors and position of individuals in the Latin Square Design were used as randomized factors. Post hoc Tukey’s multiple comparisons
test was used to reveal whether there was a significant difference between different treatments. This method was used to analyze bout total length,
bout counts, mean bout length, latency of NREM and REM sleep following injections in Supplementary Figure S1, latency to wakefulness and bout
length of optogenetic stimulation-induced wakefulness for different frequencies in Figure 1, normalized band power of delta, theta, and beta following
treatment of OX1/2R antagonists and Zolpidem in Supplementary Figure S2, optogenetic stimulation-evoked wakefulness latency and duration in
Figure 2, comparison of GCaMP6f signals in Figure 3, and NOR task in Figure 4. Hourly based sleep comparisons were analyzed by two-way
repeated-measures ANOVA followed by Tukey’s multiple comparisons to compare the difference by the treatments of vehicle and OXR antagonists,
or Zolpidem. Significant difference levels were set at *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, p <0.0001. All statistical analyses were

performed in IBM SPSS Statistics 21 software (Armonk, NY: IBM Corp).
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DORA12 (20 mg/kg), MK6096 (20 mg/kg), 1SOARA1 (20 mg/kg), MK1064 (20 mg/kg), and Zolpidem (20 mg/kg) reduced bout length of
optogenetic stimulation-evoked wakefulness in Hcrt-IRES-Cre knock-in mice injected with AAV viruses expressing ChR2 in Hcrt
neurons. (A) Optogenetic stimulation triggered immediate sleep-wake transition even in the presence of DORA12, MK6096, 1SORA1,
MK1064, Zolpidem with no difference with vehicle-treated group. (B) DORA12, MK6096, MK1064 and Zolpidem significantly reduced the
mean bout length of optogenetic stimulation-evoked wakefulness in Hcrt-IRES-Cre knock-in mice expressing ChR2. (C) Raw traces of
EMG, EEG, and power spectra of EEG for each group (n = 6, light stimulation were delivered to the animals at 45–90 minutes following
the injections. Experiments were performed during ZT5-ZT9 (light phase: ZT0-ZT12; dark phase: ZT12-ZT24), Vehicle (solvent): 50%
0.9% Sodium Chloride, 50% PEG400; DORA12: 20 mg/kg; 1SORA1: 20 mg/kg; MK6096: 20 mg/kg; MK1064: 20 mg/kg; Zolpidem: 20
mg/kg; linear-mixed effects model followed by post hoc Tukey’s multiple comparisons test, ****p < 0.001, p < 0.00001, n = 6 for each
group).
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Hcrt neural activities during sleep-wakefulness transitions in the presence of OXR antagonists and Zolpidem. (A1–A6) GCaMP6f signals
for NREM sleep-to-brief wakefulness for Vehicle, DORA12, MK6096, 1SORA1, MK1064, Zolpidem treated group respectively. (B1–B6)

https://academic.oup.com/view-large/figure/122161692/zsy14102.jpg
https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy14102.jpeg?Expires=1561211421&Signature=uArry4IhbFjjo4oWbJFu085IGP0kCFCGuA50y0rR8BtbPUohdyiJ~3BywCUBwCKBvYcUVCf1HkFoe8pBX4AdWHpkIysBAQor70OW8~sdWTANLob0XofTLH2vjrlaHedc1LQP-4cG2rqD1kg5pGYc0HV-3RdYzHRsKCZ9YpCmjF3OtYsWrO8~zAL2cKGDFj8u0XZn4aHqoU2mI6W8GV4oTbP9yTx5XtwAjIxJzwygotxCGPH9CjOaD9jjiC75WnFTlgHkd2PgxBlLsI7szRe2RA7Fss-GhczbzHI6H6FDyBW-aXX7Lz8XrFkEEtG3vrVXKAtX5sLTtZBDS4cgHQLkBg__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=122161692&ar=5060288&xsltPath=~/UI/app/XSLT&imagename=&siteId=5573
https://academic.oup.com/view-large/figure/122161693/zsy14103.jpg
https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy14103.jpeg?Expires=1561211421&Signature=TichmQvHuWqYQGbdsbSigTiwzXTXfhcOTcIthp8WCqGmlpVdeqVuVbuGmvgqTKmOXL8OkHkmOhs5NTGyVcONf5SUWKCVru40xmdZwmcBjlp4Y1agNywaVmtYJhpWS02UNoqFPDlDhQ7bfzIOVzFpLqiP4uMo-t-JvvQ~-2Kui4UwWpk4vZtSS1ogD2U-4Le3kmsVd8q6Q~Moyx0O1MzI2FzCavyvbD0NIHsSHVD6oXDUWnHZ8PF~p~6vKVGFGiYfh8Jt4UMtKsdxuPsjJjzcEFDJgtkdgwtP5r~cp0sFa6467GUzxQWTWzxVt55VwyJd8dVVP7WRu6aucyLS~CObmw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=122161693&ar=5060288&xsltPath=~/UI/app/XSLT&imagename=&siteId=5573


Results

DORAs, OX2R selective antagonist MK1064, Zolpidem significantly increased
NREM sleep and altered EEG band power distribution
We first examined the effect of OXR antagonists and Zolpidem on sleep architecture modulation in young adult mice (Supplementary Figure S1,
Table 1). All the drugs were administered at the beginning of dark (active) phase when the mice have strong drive for wakefulness. Dual blockade of
OX1/2Rs by DORA12 and MK6096, selective antagonism of OX2R by MK1064, and treatment with α1-GABAA receptor modulator Zolpidem

significantly decreased the amount of wakefulness and increased the amount of NREM sleep from the first hour until the sixth hour post-injection
(Supplementary Figure S1). Interestingly, selective antagonism of OX1R by 1SORA1 had no obvious effect of sleep patterns compared to the
vehicle-treated group (Supplementary Figure S1, G–I; Table 1). In contrast to OX1R antagonist 1SORA1, selective antagonism of OX2R had
pronounced effect in promoting NREM sleep (Supplementary Figure S1, J–L; Table 1). These data are consistent with previous reports showing that
dual OXR antagonist or OX2R selective antagonist increases the amount of NREM sleep [19, 20, 31, 39–43].

Table 1.

DORAs, selective OX2R antagonist MK1064, and typical hypnotic Zolpidem significantly increased the amount of NREM sleep within 6
hours following the injections (unit: minute)

GCaMP6f signals during NREM sleep-to-wakefulness transitions for Vehicle, DORA12, MK6096, 1SORA1, MK1064, Zolpidem treated
group respectively. (C1–C6) GCaMP6f signals during wakefulness-to-NREM sleep transitions for Vehicle, DORA12, MK6096, 1SORA1,
MK1064, Zolpidem treated group respectively. (A7–C7) Size of the area under the GCaMP signal trace (ΔF/F integral) after the transition
of state for NREM-to-brief wakefulness (A7), NREM-to-wakefulness (B7), wakefulness-to-NREM (C7) (n = 6 mice per group, multiple
trials may be staged from the same mouse, GCaMP6f ΔF/F integral has been averaged for each animal under different treatment,
linear-mixed effects model followed by post hoc Tukey’s multiple comparisons test, *p < 0.05, n = 6 for each group).

Figure 4.

View large Download slide

Treatment with dual OX1/2R antagonists on memory function in mice that have undergone optogenetic sleep fragmentation. (A)
Schematic representation of the behavioral paradigm. (B) Percentage of novel object exploration (out of the total time exploring) for each
mouse (linear-mixed effects model followed by post hoc Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, n = 5 per group).
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Test Sleep/wake state Optogenetic stimulation-evoked
wakefulness 

NOR 

Group Wakefulness
(minute) 

NREM sleep
(minute) 

REM sleep
(minute) 

Latency (s) Bout length (s) Novel time
(%) 

Vehicle 195.997 ± 9.915 155.621 ± 8.939 8.198 ± 1.454 0.201 ± 0.012 81.53 ± 18.00 45.660 ±
4.252 

DORA12 135.444 ± 21.109* 217.724 ±
21.098** 

9.487 ± 0.572 0.231 ± 0.017 11.76 ± 0.4826**** 67.140 ±
4.153* 

MK6096 87.079 ±
7.458**** 

270.212 ±
8.000**** 

3.290 ± 1.426* 0.234 ± 0.006 12.69 ± 0.6572**** 74.160 ±
6.643** 

1SORA1 222.313 ± 9.603 130.188 ± 8.908 7.420 ± 1.258 0.221 ± 0.007 96.18 ± 13.44 48.033 ±
8.124 

MK1064 56.152 ±
3.316**** 

303.848 ±
3.316**** 

0  0.264 ± 0.010 14.272 ± 0.596**** 60.834 ±
7.091 

Zolpidem 95.708 ±
4.904**** 

263.082 ±
4.714**** 

0.866 ±
0.532**** 

0.234 ± 0.013 15.680 ± 0.639**** 71.352 ±
18.468 

Dual antagonism of OX1/2Rs and selective antagonism of OX2R as well as Zolpidem decreased the duration of optogenetic
stimulation-evoked wakefulness (unit: s). DORAs ameliorated the memory deficits by optogenetic stimulation-induced sleep
fragmentation (optogenetic stimulations: 15 ms blue light pulse, at 10 Hz for 10 s; linear-mixed effects model followed by Tukey’s
multiple comparisons, *p < 0.05, **p < 0.01, ****p < 0.001, p < 0.0001; n = 6 for the panels sleep/wakefulness state and optogenetic
stimulation-evoked wakefulness, n = 5 for NOR; Vehicle (solvent): 50% 0.9% Sodium Chloride, 50% PEG400; DORA12: 20 mg/kg;
MK6096: 20 mg/kg; 1SORA1: 20 mg/kg; MK1064: 20 mg/kg; Zolpidem: 20 mg/kg).

View Large

To assess whether blockade of OXRs affects the distribution of specific EEG power bands, we pooled the wakefulness episodes from hours 2–6
after injection for each individual animal and compared the EEG power spectra. Surprisingly, DORAs, OX2R antagonist MK1064, and Zolpidem
suppressed the typical theta peak during wakefulness and produced a delta peak during wakefulness, whereas 1SORA1 did not change power
spectral distribution (Supplementary Figure S2, A). Neither selective OX1R antagonist, nor DORAs, changed the power spectral distribution during
NREM sleep following injection. However, OX2R selective antagonist MK1064 as well as Zolpidem increased delta band power and decreased beta
band power (Supplementary Figure S2, E–H). As all the drugs we have tested in our study postponed REM sleep onset, we analyzed the initial 60-s
REM sleep episode after the injection of the drugs. Interestingly, during the first 60 s of REM sleep after injection, there was a small delta peak in the
DORA and OX2R antagonist MK1064 treated groups and an obvious delta peak in the Zolpidem treated group (Supplementary Figure S2, I).

Reduced maintenance of optogenetic stimulation-evoked wakefulness
episode by DORAs and OX2R selective antagonist MK1064, α1-GABAA
receptor modulator Zolpidem
Our lab previously showed that optogenetic stimulation of Hcrt neurons in the lateral hypothalamus (LH) increased the probability of sleep-to-wake
transitions [9]. However, whether OX1/2R antagonism could reduce the latency and bout length of wakefulness upon optogenetic stimulation of
Hcrt/OX neurons was unknown. Thus, we tested whether optical stimulation of Hcrt neurons expressing ChR2 could reliably trigger sleep-to-wake
transitions and maintain wakefulness in a new line of Hcrt-IRES-Cre knock-in mice [35] in the presence or absence of OXR antagonists and
Zolpidem (Figure 2).

Here we used a new Hcrt-IRES-Cre mouse line that achieved ChR2 expression eutopically in Hcrt neurons by the endogenous Hcrt gene locus,
combined with the powerful Cre-dependent EF1α promoter. This combination produces many more ChR2 molecules per neuron than the original 1.2
Kb mouse promoter packaged into lentiviral vectors [9]. Therefore, we observed short latencies and longer bout lengths of wakefulness upon
optogenetic stimulations. A mean of 83% AAV virus-infected neurons were positive for anti-Hcrt1 staining and a mean of 78% Hcrt1 positive
neurons were infected by AAV viruses (Figure 1, B–E). Blue light (473 nm, 15 ms pulse width, 10 mW light intensity at the tip of the glass fiber)
stimulation for 10 s could reliably trigger sleep-to-wake transitions to varying degrees based on stimulation frequencies (Figure 1, F and G). Light

#

#
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stimulation at 10 Hz and 20 Hz triggered immediate sleep-to-wake transitions in contrast to 1 Hz and 5 Hz (Figure 1F). Importantly, the bout length of
optogenetic stimulation-evoked wakefulness correlated with the stimulation frequency (Figure 1G, Supplementary Figure S3).

We then performed optogenetic stimulation of Hcrt neurons in the presence of dual OX1/2R antagonists DORA12 and MK6096, selective OX1R
antagonist 1SORA1, selective OX2R antagonist MK1064, and a typical hypnotic Zolpidem. As DORAs, OX2R antagonist MK1064, and Zolpidem
significantly postponed the onset of REM sleep (Supplementary Figure S1, S), optogenetic stimulations (15 ms pulse width, 10 mW, 10 Hz for 10 s)
were delivered to the mice during NREM sleep between 45 minutes and 90 minutes after injections according to the alteration in sleep patterns by the
treatment of different drugs (Supplementary Figure S1). As the bout length of NREM sleep episode may vary, we delivered the optogenetic
stimulations 15 s after the onset of NREM sleep to avoid a short-lasting NREM episode [9]. Neither selective antagonism of OX1/2Rs, nor dual
blockade of OX1/2Rs by DORAs or treatment with α1-GABAA receptor modulator Zolpidem blocked the changes in NREM sleep-to-wake as

characterized by immediate increases of EMG activities and EEG changes from irregular delta patterns to theta patterns (Figure 2, A and C).
However, compared to persisted muscle activities and changed EEG patterns in vehicle and 1SORA1 treated groups, wakefulness-like activities in
EEG and EMG switched back to NREM sleep pattern shortly after termination of optogenetic stimulations in the presence of Zolpidem, DORAs, and
OX2R selective antagonist MK1064 (Figure 2, B and C; Table 1). Importantly, OX2R antagonist MK1064 significantly reduced the length of
wakefulness elicited by optogenetic stimulations compared to OX1R antagonist 1SORA1, which has a similar effect to vehicle (Figure 2, B and C;
Table 1).

Endogenous Hcrt neural activity during sleep-to-wakefulness transitions in
the presence of OX1/2R antagonists
Single unit recording in combination with neurobiotin juxtacellualr labeling and anti-Hcrt immunostaining revealed that activity of Hcrt/OX neurons
correlate with wakefulness in head-retrained mice [44] and rats [45, 46]. Although Zolpidem, DORAs and selective OX2R antagonist MK1064
reduced the bout length of optogenetic stimulation-evoked wakefulness (Figure 2, Table 1), whether Hcrt neurons are still active in the presence of
Zolpidem or OXR antagonism remained unexplored. Thus, we transduced Hcrt neurons in Hcrt-IRES-Cre knock-in mice with AAV vectors encoding
GCaMP6f and used in vivo fiber photometry Ca  recording to study the endogenous activity of Hcrt neurons in the presence of OX1/2R antagonists

or Zolpidem (Figure 3, Supplementary Figure S4). To quantify whether there is difference among different treatments, we calculated size of the area
(SOA) between the GCaMP signal trace and the mean value line based on the GCaMP signal prior to the state transition (Time 0, Supplementary
Figure S5). Our data showed that both DORAs (Figure 3, A2–C2 and A3–C3) or OX1R selective antagonist (Figure 3, A4–C4) had a marginal
effect compared to vehicle-treated group (p > 0.05) on Hcrt neuronal activities during brief wakefulness and sustained wakefulness (Figure 3, A7 and
B7). However, Zolpidem and OX2R selective antagonist MK1064 significantly reduced the SOA when mice switched from NREM to wakefulness
compared to vehicle and DORA treated groups, indicating a shorter lasting episode of wakefulness (Figure 3, B5–B7). Opposite to this state
transition, when mice switched from wakefulness to NREM sleep, the change of SOA was significantly smaller in OX2R antagonist (MK1064)
treated group compared to the groups treated by OX1R antagonist 1SORA1 (Figure 3, C7). Importantly, once the mice switched from NREM sleep
to brief wakefulness, there was an abrupt increase in GCaMP6f signals and a rapid decrease once back to NREM sleep, suggesting a causal
relationship between Hcrt neuronal activity and wakefulness (Figure 3, A1–A6). When the mice switched from NREM sleep to sustained
wakefulness, an increase in GCaMP6f signal emerged and remained at high level (Figure 3, B1–B6). Opposite to this, sustained GCaMP6f signal at
high level rapidly declined to baseline when the mice switched from wakefulness to NREM sleep (Figure 3, C1–C6). Our results show that Hcrt
neurons are active during wakefulness even in the presence of Zolpidem and OX1/2R antagonists. As REM sleep was suppressed after
administration of Zolpidem and OX1/2R antagonists (Supplementary Figure S1), GCaMP6f signal examples during REM episode following NREM
sleep or REM sleep to brief/sustained wakefulness were shown for the vehicle-treated group (Supplementary Figure S6). In the mice injected with
control viruses, there was no Ca -dependent fluorescent signals.

DORAs ameliorate memory deficits caused by sleep fragmentation
To assess the effect of OX1/2R antagonists on memory, we used the NOR test which our lab has previously used to test the effect of sleep
continuity on memory consolidation [37]. Briefly, mice were allowed to explore two identical objects placed in an arena for 5 minutes after a 10-
minute adaptation period. Mice were then injected with either vehicle, OX1/2R antagonists or Zolpidem and connected to glass fiber patch cords for
optogenetic stimulations for a total of 4 hours (15 mW light intensity, 20 Hz for 10 s, every 60 s) (Figure 4A). Twenty-four hours after training, the
mice were subjected to the NOR test in which one familiar object was replaced by a novel object. As we observed reduction of wakefulness
following optogenetic stimulation with DORAs (Figure 2), we found both DORAs significantly improved memory for the familiar object compared to
the vehicle-treated group (Figure 4B, Table 1). Interestingly, even though Zolpidem and the OX2R antagonist MK1064 showed significant hypnotic
effect on sleep architecture (Supplementary Figure S1) and reduced the bout length of optogenetic stimulation-evoked wakefulness (Figure 2, B and
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C), the improvement by Zolpidem and MK1064 on memory function was not significantly different from the vehicle-treated group.

Discussion

Our investigation of OX1/2R antagonism demonstrates that DORAs and OX2R antagonist MK1064 significantly increased the total amount of
NREM sleep and reduced wakefulness within 6 hours following treatment, whereas selective antagonism of OX1R by 1SORA1 showed no obvious
effect on sleep architecture (Supplementary Figure S1, Table 1). In addition to the alteration of sleep architecture by DORAs and OX2R selective
antagonist MK1064, the band power distribution was shifted to lower frequencies, i.e. delta band with more weight during wakefulness and REM
sleep onset (Supplementary Figure S2). Importantly, the duration of wakefulness following optogenetic stimulations of Hcrt/OX neurons was
significantly reduced in the presence of DORAs and OX2R selective antagonist MK1064 (Figure 2). Furthermore, Hcrt neurons were observed to
remain active during wakefulness in the presence of DORAs and OX2R selective antagonist as revealed by monitoring Ca  signals (Figure 3). In a

cognitive paradigm for memory function (NOR), DORAs and OX2R selective antagonist MK1064 improved the performance of mice that had
experienced optogenetic sleep disruption (Figure 4). Importantly, these findings have strong implications for various sleep-related conditions such as
insomnia characterized by bouts of wakefulness after sleep onset (WASO) [47]. Indeed, Suvorexant and Almorexant are effective to decrease bouts
of wakefulness in patients with insomnia characterized by WASO [30, 43] and the data presented here suggest that this may be a result of its effects
on specific sleep features such as increasing NREM sleep and the intrusion of NREM sleep into wakefulness. These results indicate that DORAs
and OX2R selective antagonist increase the amount of sleep, and have the potential to overcome memory deficits caused by sleep fragmentation. As
DORAs and OX2R selective antagonist have similar effect in increasing the amount of sleep, decreasing the length of wakefulness elicited by
optogenetic stimulations of Hcrt neurons, as well as in the improvement of memory function, our results strongly suggest selective antagonism of
OX2R may be sufficient to improve sleep quality and associated cognitive function.

Selective antagonism of OX1R has minimal effect on sleep
Selective blockade of OX1R had no significant effect on the sleep architecture (Supplementary Figure S1, G–I). This observation is consistent with
Dugovic’s work showing that OX1R blockade with SB-408124 has no effect on sleep patterns [48]. Similarly, other OX1R antagonists, JNJ-
54717793 and compound 56, also exhibits minimal hypnotic effect on spontaneous sleep in rodents [49–51]. Our data showed slight but not significant
increase of wakefulness particularly during the first 3 hours following the injection of 1SORA1 (Supplementary Figure S1, G and P). This minimal
increase of wakefulness upon antagonism of OX1R is likely due to the increased DA release in the prefrontal cortex (PFC) [48]. Interestingly, the
time course of DA increase in PFC upon OX1R antagonist, SB-408124 treatment [48], has a similar temporal pattern with our observed trend toward
wakefulness following administration of 1SORA1 (Supplementary Figure S1, G). The power distribution of NREM following 1SORA1 treatment has
a lower delta peak compared to the vehicle-treated group (Supplementary Figure S2, E and F) suggesting that blocking of OX1R may counteract
NREM sleep [42].

DORAs, OX2R selective antagonist, zolpidem promote sleep
Our data showed DORAs (DORA12 and MK6096) and OX2R selective antagonist MK1064 increase the total amount of NREM sleep and reduces
the total time in wakefulness (Supplementary Figure S1, P) with stronger effect by MK6096 and MK1064. MK6096 (Filorexant) has been
characterized to promote sleep in humans in a phase II dose-ranging study to treat insomnia [28, 41]. Our results are in line with the reported data
regarding increased NREM sleep and reduction of NREM sleep latency in mice [28]. In particular, our data showing selective antagonism of OX2R
is sufficient to promote NREM sleep is consistent with NREM promoting effect by OX2R antagonists [23, 31–33]. Moreover, pharmacological
studies in OXR-deficient mice also showed sleep-promoting effect by Almorexant is absent in OX2R  mice [52]. However, our observation of

significant increase of REM sleep latency (Supplementary Figure S1, S) is different from the REM sleep latency reduction caused by MK6096 in rats
reported by Winrow and colleagues [28]. There might be a difference of OXR antagonist effect between mice and rats as different rat strains may
have different sleep patterns. For example, brown Norway rats have more paradoxical sleep (REM sleep) than Lewis rats [53]. Another possible
reason is the difference of drug administration time as we administered treatments intraperitoneally at the beginning of the dark (active) phase where
mice have strong drive for wakefulness whereas Winrow and colleagues administered the drug through oral gavage 4 hours prior to the inactive
phase [28] when rodents have a strong drive for REM sleep in rats [54] and mice [55]. Indeed, cerebrospinal fluid Hcrt1/OX1 levels fluctuate
throughout the light-dark cycle [56], season, and with day length [57] which may explain the differences in REM sleep latency described here.

We also compared the power spectra among different groups (Supplementary Figure S2). It has been reported that DORA22 promotes somnolence
without affecting network EEG [58] and dual OX1/2R antagonist Suvorexant exhibits limited effects on PSD of EEG [59]. Our data from mice
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showed that, in the presence DORAs and OX2R selective antagonist MK1064, the typical theta peak during wakefulness [12, 60, 61] is abolished and
significant increase of delta band power (Supplementary Figure S2, A–C), a typical feature of NREM sleep [12, 60, 61] appeared similar to reported
effect of Zolpidem on wakefulness in reducing theta band frequencies [62]. Additionally, band power in the delta range during REM onset in DORA
and OX2R selective antagonist-treated groups was significantly higher than the vehicle group (Supplementary Figure S2, I and J). There is a
significant increase of delta band power during NREM sleep following OX2R selective antagonism, but a minor reduction of delta band power in the
1SORA1 treated group (Supplementary Figure S2, E and F) consistent with previous work in rats and humans [58, 59]. Treatment with DORAs and
OX2R selective antagonist mimics natural NREM sleep spectral profiles. The peak shift from theta to delta range and appearance of delta peak
during REM sleep onset following DORAs and OX2R selective antagonist treatment strongly suggest that OX1/2R antagonists exert their therapeutic
effects via coordinating brain network activities underlying NREM sleep.

Optogenetic interrogation of OXR antagonists
Hcrt neurons can co-release multiple excitatory transmitters, including glutamate in addition to Hcrt peptides [63, 64]. In an in vitro brain microcircuit
comprised of presynaptic Hcrt and postsynaptic histamine neurons, optical stimulation of Hcrt neurons produced both rapid excitation and late
excitation on postsynaptic histaminergic sites [63]. The rapid excitation, but not late excitation, during the stimulation was blocked by glutamate
AMPA receptor (AMPAR) antagonist CNQX. Interestingly, the postsynaptic spike patterns are temporarily and pharmacologically distinct.
Postsynaptic histamine neurons upon excitation by Hcrt generated about fivefold more spikes than by glutamate [63]. Consistent with these results in
vitro, our in vivo observations revealed that upon optogenetic stimulation of Hcrt neurons in the presence of DORAs and OX2R selective antagonist
MK1064, wakefulness-like EEG patterns quickly switched back to those characterizing NREM sleep (Figure 2C) suggesting that glutamatergic
transmission from Hcrt neurons is sufficient to induce wakefulness, but Hcrt signaling is necessary to maintain wakefulness after stimulation.
Furthermore, by monitoring Ca  transients, we found Hcrt neurons are active during wakefulness even in the presence of OX1/2R antagonists

suggesting that their sleep-promoting effect is mediated through downstream of Hcrt neurons. Our data from the control group showing Hcrt neuronal
activities correlate with wakefulness independent of the bout length (brief wakefulness and persisted wakefulness) is consistent with juxtacellular
recording from Hcrt neurons [44, 45]. Whether the antagonism of either or both OXRs is more hypnotic is still under debate. Hcrt-1 has a
significantly stronger wake-promoting effect in OX1R  mice than in OX2R  mice suggesting a pivotal role of OX2R in promotion of wakefulness

[18]. It has been reported selective antagonism of OX2R (JNJ-10397049) significantly reduces the latency for persistent sleep and increases the
amount of NREM and REM, whereas OX1R blockade by SB-408124 has no effect [48]. Additionally, Gotter and colleagues showed that selective
blockade of OX2R is sufficient to promote NREM and REM in a dose-dependent manner similar to dual antagonism of OX1R and OX2R [21]. In
contrast to OX2R antagonist, OX1R antagonist blocks OX1 microinjection mediated liquid food ingestion and water intake [65]. Another OX1R
antagonist compound 56 attenuates lactate-induced panic-like behavior but without alteration of spontaneous sleep [50]. OX1R antagonist counteracts
OX1-induced reduction of amount and increased latency to paradoxical sleep (REM sleep) [66]. Interestingly, co-administration of OX1R with OX2R
antagonists greatly attenuates the sleep-promoting effect by OX2R by increasing dopamine (DA) release caused by OX1R antagonism [48].
Furthermore, in vitro electrophysiology data indicate OX2 plays a more important role in mediating OX1-triggered slow VTA dopaminergic firing [67].
However, there is study showing dual antagonism of OX1/2Rs is more effective than either alone in promoting sleep [68]. Nonetheless, given a clear
hypnotic effect by OX2R antagonist, the effect of OX1R antagonist in sleep promotion is unlikely. Our results indicate the hypnotic effect of dual
OX1/2Rs may be mainly through the blockade of OX2R as selective antagonism of OX2R significantly increased the amount of NREM sleep
(Supplementary Figure S1, K and P), reduced the bout length of optogenetic stimulation-evoked wakefulness (Figure 2, B and C), which were similar
to the effect by DORA12 and MK6096 (Supplementary Figure S1, B, E, P; Figure 2, B and C). Our findings demonstrated by optogenetic
stimulations of Hcrt neurons in the presence of either dual OX1/2R antagonist, or OX1R antagonist, OX2R antagonist strongly suggest that OX2R
antagonism underlies the mixed effect of dual OX1/2R antagonism in sleep promotion.

OXR antagonists and endogenous Hcrt activities
Mileykovskiy and colleagues have identified Hcrt neuronal activities with broad action potential with elongated later positive deflections by
micropipette recording with juxtacellular Neurobiotin ejection in Urethane-anesthetized rats [46]. They further demonstrated Hcrt neurons are silent
during slow wave sleep and tonic periods of REM sleep, but active during voluntary behaviors including grooming, eating and exploratory behavior
[46]. Interestingly, they also observed occasional burst discharge of Hcrt neurons in phasic REM [46]. Similarly, juxtacelullar recordings revealed that
activity of Hcrt/OX neurons trigger and correlate with wakefulness in head-retrained mice [44] and rats [45] and transiently appear during
paradoxical sleep (REM sleep). Our recordings showed the Hcrt neuronal activities correlate with brief or sustained wakefulness even in the
presence of OXR antagonists (Figure 3) consist with the aforementioned Hcrt neuronal activities by juxtacellular recordings. As the drugs
significantly delayed the onset of REM sleep (Supplementary Figure S1), we have not recorded GCaMP6f signals from the Hcrt in the presence of
OXR antagonists for REM sleep relevant state transitions (NREM sleep to REM sleep, REM sleep to brief wakefulness, REM sleep to
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wakefulness). However, we have recorded GCaMP6f signals from Hcrt neurons in the vehicle-treated animals between second and fourth hour after
the injections (Supplementary Figure S6). The Hcrt neuronal activities are correlated with wakefulness independent of the bout length. We did not
observe an obvious phasic discharge of Hcrt neurons during REM sleep as revealed by fiber photometry recording of Ca  transients (Supplementary

Figure S6). Since Ca  recordings have less temporal resolution than unit recordings we cannot rule out that a subset of Hcrt neurons are active in

anticipation to waking.

Effect of OX1/2R antagonists on memory consolidation
Sleep is vital for sustaining normal functioning at multiple levels, such as basic alertness, emotion, and cognitive function [69–73]. It has been reported
that sleep fragmentation leads to impaired motor memory consolidation in humans [74]. Earlier work from our lab has shown that fragmenting sleep
following the learning phase of the NOR paradigm significantly disturbed the performance of the mice on test day [37]. We used the same
experimental paradigm to test whether dual blockade of OX1/2Rs or selective blockade of OX1R or OX2R can prevent the memory deficit caused
by optogenetic sleep fragmentation. Interestingly, compared to the mice treated by vehicle, DORAs significantly improved the memory function as
indicated by spending more time investigating the novel object on test day (Figure 4B). OX2R antagonist MK1064 slightly increased the time of novel
object exploration but not reaching a significant level likely due to a strong and long lasting hypnotic effect (Supplementary Figure S1, K and P), which
may affect food and water consumption. Zolpidem can decrease the frequency of calcium transients in hippocampal CA1 [75], a brain region that is
important for memory [76, 77]. Indeed, Zolpidem negatively impacts psychomotor speed, speed of processing, and verbal memory in a dose-
dependent manner [78, 79]. Interestingly, there is a study showing Zolpidem significantly impairs memory for material presented after drug
administration other than before the drug administration or previously acquired knowledge [80]. Similar to MK1064, even though Zolpidem
significantly increased the amount of NREM sleep (Supplementary Figure S1), it has a limited effect on preventing memory deficits due to
optogenetic sleep fragmentation.

In conclusion, our data showed that both DORAs and OX2R selective antagonist are effective in suppressing wakefulness and promoting NREM
sleep. Power spectral analysis of EEG during wakefulness revealed intrusion of delta band in wakefulness and a strong effect of DORAs and OX2R
selective antagonist in promoting NREM sleep-like brain activity. These effects are mediated by antagonism of OX1/2Rs as optogenetic stimulation
of Hcrt neurons did not affect the rapid excitation effect by glutamate release during light stimulations but hampered late excitation (persisted
wakefulness) seen under normal conditions. Importantly, OX2R selective antagonism, but not OX1R antagonism, has a similar effect to dual blockade
of OX1/2Rs in sleep architecture modulation, decreasing wakefulness following optogenetic stimulation of Hcrt neurons. Thus, our data suggest that
the antagonism of OX2R plays the major role in promoting sleep. Our observations also highlight the potential of DORAs and OX2R selective
antagonist in treating memory deficits caused by sleep fragmentation.

Supplementary material

Supplementary material is available at SLEEP online.

Acknowledgments

We thank Prof. Lihong Qi, Quantitative Methods, Biostatistics, Public Health Sciences, UC Davis School of Medicine for advising us on appropriate
statistical method for data analysis. We also thank Dr. Andrew Olson and Stanford Neuroscience Microscopy Service, NIH NS069375 for imaging
support.

Funding

The present study was funded by Merck (MISP VT ID 543219-0), NIH R01 AG047671 (L.d.L.), and R01 MH102638 (L.d.L.).

Conflict of interest statement. None declared.

References

2+

2+

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s6.png?Expires=1561211421&Signature=OPSwOt6uDncRzonIFw64JwkrDcQ7Z79LDGQFVKaW-NlcU6y5jEy2~Pjmo~gFOajcndTXudGTF4iYVv4u1SMrC9VDm1BcwxbQEve3QfgnZtf2yQ7klE9AFQ9WObQ9jbC2X3PxSQiTKzJJbi-sUc9W8ub73kpdaTJyqrjYrNnhlGWORb2ndTtVjJVA~BJeLNNmxDWR6~p6OGcI82f-sJnMeWS~8w1MZXnncnBGV2VaR7UoiAT4V-9qJQKEqzUhV5pPc~FtSGcDchzxDXUIAw7NyXJ4YMaxElGwI-qGAi4Tw5h~ZWvpYViD7ZT72Xwn-7ZxWjeF87kKwiuL4WBK-dBlfA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s6.png?Expires=1561211421&Signature=OPSwOt6uDncRzonIFw64JwkrDcQ7Z79LDGQFVKaW-NlcU6y5jEy2~Pjmo~gFOajcndTXudGTF4iYVv4u1SMrC9VDm1BcwxbQEve3QfgnZtf2yQ7klE9AFQ9WObQ9jbC2X3PxSQiTKzJJbi-sUc9W8ub73kpdaTJyqrjYrNnhlGWORb2ndTtVjJVA~BJeLNNmxDWR6~p6OGcI82f-sJnMeWS~8w1MZXnncnBGV2VaR7UoiAT4V-9qJQKEqzUhV5pPc~FtSGcDchzxDXUIAw7NyXJ4YMaxElGwI-qGAi4Tw5h~ZWvpYViD7ZT72Xwn-7ZxWjeF87kKwiuL4WBK-dBlfA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s1.png?Expires=1561211421&Signature=vfCSyPHqias8EQCD03WAt-B9dirwvfHdEivdHwx1a5sG1cikzemRdUb4A~2-YG56pEPKCejqLtOTY61Qb8C69y9WaCP33QSqNDhu5UOG2Gb1HGPkEaCp0qENOCHH7vUwntWiuTuXxvyF-GQ5K5hMPVc2y7wyAMf0gtyWxtkpDVak3N7QfaHNbX6uMWXZrTRee5mAno~8cpZYV9txGHD1CE~YiVPZtZKGJOmSZ~qdbNSV8BTub~8PcaGwE4nKDiFFBbtOcEevfZX9r8nPPp9uaOFV~uac6HS9p7wZh68C0bqCUGVacp9869sDv-SaT2q7V9TWA8-IKXTDTg~aj9u4pw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s1.png?Expires=1561211421&Signature=vfCSyPHqias8EQCD03WAt-B9dirwvfHdEivdHwx1a5sG1cikzemRdUb4A~2-YG56pEPKCejqLtOTY61Qb8C69y9WaCP33QSqNDhu5UOG2Gb1HGPkEaCp0qENOCHH7vUwntWiuTuXxvyF-GQ5K5hMPVc2y7wyAMf0gtyWxtkpDVak3N7QfaHNbX6uMWXZrTRee5mAno~8cpZYV9txGHD1CE~YiVPZtZKGJOmSZ~qdbNSV8BTub~8PcaGwE4nKDiFFBbtOcEevfZX9r8nPPp9uaOFV~uac6HS9p7wZh68C0bqCUGVacp9869sDv-SaT2q7V9TWA8-IKXTDTg~aj9u4pw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA


1. de Lecea L, et al.  The hypocretins: hypothalamus-specific peptides with neuroexcitatory activity. Proc Natl Acad Sci
USA . 1998;95(1):322–327.

Google Scholar Crossref PubMed  

2. Sakurai T, et al.  Orexins and orexin receptors: a family of hypothalamic neuropeptides and G protein-coupled
receptors that regulate feeding behavior. Cell . 1998;92(4):573–585.

Google Scholar Crossref PubMed  

3. de Lecea L. Hypocretins and the neurobiology of sleep-wake mechanisms. Prog Brain Res . 2012;198:15–24.

Google Scholar Crossref PubMed  

4. Li SB, et al.  Hypocretins and arousal. Curr Top Behav Neurosci . 2017;33:93–104.

Google Scholar Crossref PubMed  

5. Li SB, et al.  Hypocretins, neural systems, physiology, and psychiatric disorders. Curr Psychiatry Rep .
2016;18(1):7.

Google Scholar Crossref PubMed  

6. Sakurai T. The neural circuit of orexin (hypocretin): maintaining sleep and wakefulness. Nat Rev Neurosci .
2007;8(3):171–181.

Google Scholar Crossref PubMed  

7. Sakurai T. The role of orexin in motivated behaviours. Nat Rev Neurosci . 2014;15(11):719–731.

Google Scholar Crossref PubMed  

8. Sutcliffe JG, et al.  The hypocretins: setting the arousal threshold. Nat Rev Neurosci . 2002;3(5):339–349.

Google Scholar Crossref PubMed  

9. Adamantidis AR, et al.  Neural substrates of awakening probed with optogenetic control of hypocretin neurons.
Nature . 2007;450(7168):420–424.

Google Scholar Crossref PubMed  

10. Hara J, et al.  Genetic ablation of orexin neurons in mice results in narcolepsy, hypophagia, and obesity. Neuron .
2001;30(2):345–354.

Google Scholar Crossref PubMed  

11. Kornum BR, et al.  Narcolepsy. Nat Rev Dis Primers . 2017;3:16100.

Google Scholar Crossref PubMed  

12. Tabuchi S, et al.  Conditional ablation of orexin/hypocretin neurons: a new mouse model for the study of narcolepsy
and orexin system function. J Neurosci . 2014;34(19):6495–6509.

Google Scholar Crossref PubMed  

13. Lin L, et al.  The sleep disorder canine narcolepsy is caused by a mutation in the hypocretin (orexin) receptor 2
gene. Cell . 1999;98(3):365–376.

Google Scholar Crossref PubMed  

14. Wu MF, et al.  Role of the hypocretin (orexin) receptor 2 (Hcrt-r2) in the regulation of hypocretin level and
cataplexy. J Neurosci . 2011;31(17):6305–6310.

Google Scholar Crossref PubMed  

https://scholar.google.com/scholar_lookup?title=The hypocretins%3A hypothalamus-specific peptides with neuroexcitatory activity&author=L de Lecea&publication_year=1998&journal=Proc Natl Acad Sci USA&volume=95&pages=322-327
http://dx.doi.org/10.1073/pnas.95.1.322
http://www.ncbi.nlm.nih.gov/pubmed/9419374
https://scholar.google.com/scholar_lookup?title=Orexins and orexin receptors%3A a family of hypothalamic neuropeptides and G protein-coupled receptors that regulate feeding behavior&author=T Sakurai&publication_year=1998&journal=Cell&volume=92&pages=573-585
http://dx.doi.org/10.1016/S0092-8674(00)80949-6
http://www.ncbi.nlm.nih.gov/pubmed/9491897
https://scholar.google.com/scholar_lookup?title=Hypocretins and the neurobiology of sleep-wake mechanisms&author=L de Lecea&publication_year=2012&journal=Prog Brain Res&volume=198&pages=15-24
http://dx.doi.org/10.1016/B978-0-444-59489-1.00003-3
http://www.ncbi.nlm.nih.gov/pubmed/22813967
https://scholar.google.com/scholar_lookup?title=Hypocretins and arousal&author=SB Li&publication_year=2017&journal=Curr Top Behav Neurosci&volume=33&pages=93-104
http://dx.doi.org/10.1007/978-3-319-57535-3
http://www.ncbi.nlm.nih.gov/pubmed/28012091
https://scholar.google.com/scholar_lookup?title=Hypocretins%2C neural systems%2C physiology%2C and psychiatric disorders&author=SB Li&publication_year=2016&journal=Curr Psychiatry Rep&volume=18&pages=7
http://dx.doi.org/10.1007/s11920-015-0639-0
http://www.ncbi.nlm.nih.gov/pubmed/26733323
https://scholar.google.com/scholar_lookup?title=The neural circuit of orexin (hypocretin)%3A maintaining sleep and wakefulness&author=T Sakurai&publication_year=2007&journal=Nat Rev Neurosci&volume=8&pages=171-181
http://dx.doi.org/10.1038/nrn2092
http://www.ncbi.nlm.nih.gov/pubmed/17299454
https://scholar.google.com/scholar_lookup?title=The role of orexin in motivated behaviours&author=T Sakurai&publication_year=2014&journal=Nat Rev Neurosci&volume=15&pages=719-731
http://dx.doi.org/10.1038/nrn3837
http://www.ncbi.nlm.nih.gov/pubmed/25301357
https://scholar.google.com/scholar_lookup?title=The hypocretins%3A setting the arousal threshold&author=JG Sutcliffe&publication_year=2002&journal=Nat Rev Neurosci&volume=3&pages=339-349
http://dx.doi.org/10.1038/nrn808
http://www.ncbi.nlm.nih.gov/pubmed/11988773
https://scholar.google.com/scholar_lookup?title=Neural substrates of awakening probed with optogenetic control of hypocretin neurons&author=AR Adamantidis&publication_year=2007&journal=Nature&volume=450&pages=420-424
http://dx.doi.org/10.1038/nature06310
http://www.ncbi.nlm.nih.gov/pubmed/17943086
https://scholar.google.com/scholar_lookup?title=Genetic ablation of orexin neurons in mice results in narcolepsy%2C hypophagia%2C and obesity&author=J Hara&publication_year=2001&journal=Neuron&volume=30&pages=345-354
http://dx.doi.org/10.1016/S0896-6273(01)00293-8
http://www.ncbi.nlm.nih.gov/pubmed/11394998
https://scholar.google.com/scholar_lookup?title=Narcolepsy&author=BR Kornum&publication_year=2017&journal=Nat Rev Dis Primers&volume=3&pages=16100
http://dx.doi.org/10.1038/nrdp.2016.100
http://www.ncbi.nlm.nih.gov/pubmed/28179647
https://scholar.google.com/scholar_lookup?title=Conditional ablation of orexin%2Fhypocretin neurons%3A a new mouse model for the study of narcolepsy and orexin system function&author=S Tabuchi&publication_year=2014&journal=J Neurosci&volume=34&pages=6495-6509
http://dx.doi.org/10.1523/JNEUROSCI.0073-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24806676
https://scholar.google.com/scholar_lookup?title=The sleep disorder canine narcolepsy is caused by a mutation in the hypocretin (orexin) receptor 2 gene&author=L Lin&publication_year=1999&journal=Cell&volume=98&pages=365-376
http://dx.doi.org/10.1016/S0092-8674(00)81965-0
http://www.ncbi.nlm.nih.gov/pubmed/10458611
https://scholar.google.com/scholar_lookup?title=Role of the hypocretin (orexin) receptor 2 (Hcrt-r2) in the regulation of hypocretin level and cataplexy&author=MF Wu&publication_year=2011&journal=J Neurosci&volume=31&pages=6305-6310
http://dx.doi.org/10.1523/JNEUROSCI.0365-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525270


15. Peyron C, et al.  A mutation in a case of early onset narcolepsy and a generalized absence of hypocretin peptides
in human narcoleptic brains. Nat Med . 2000;6(9):991–997.

Google Scholar Crossref PubMed  

16. Thannickal TC, et al.  Reduced number of hypocretin neurons in human narcolepsy. Neuron . 2000;27(3):469–474.

Google Scholar Crossref PubMed  

17. Vassalli A, et al.  Hypocretin (orexin) is critical in sustaining theta/gamma-rich waking behaviors that drive sleep
need. Proc Natl Acad Sci USA . 2017;114(27):E5464–E5473.

Google Scholar Crossref PubMed  

18. Mieda M, et al.  Differential roles of orexin receptor-1 and -2 in the regulation of non-REM and REM sleep. J
Neurosci . 2011;31(17):6518–6526.

Google Scholar Crossref PubMed  

19. Brisbare-Roch C, et al.  Promotion of sleep by targeting the orexin system in rats, dogs and humans. Nat Med .
2007;13(2):150–155.

Google Scholar Crossref PubMed  

20. Coleman PJ, et al.  The discovery of suvorexant, the first orexin receptor drug for insomnia. Annu Rev Pharmacol
Toxicol . 2017;57:509–533.

Google Scholar Crossref PubMed  

21. Gotter AL, et al.  Orexin 2 receptor antagonism is sufficient to promote NREM and REM sleep from mouse to man.
Sci Rep . 2016;6:27147.

Google Scholar Crossref PubMed  

22. Gotter AL, et al.  Differential sleep-promoting effects of dual orexin receptor antagonists and GABAA receptor
modulators. BMC Neurosci . 2014;15:109.

Google Scholar Crossref PubMed  

23. Hoyer D, et al.  Distinct effects of IPSU and suvorexant on mouse sleep architecture. Front Neurosci . 2013;7:235.

Google Scholar Crossref PubMed  

24. Hoyer D, et al.  Orexin in sleep, addiction and more: is the perfect insomnia drug at hand?Neuropeptides .
2013;47(6):477–488.

Google Scholar Crossref PubMed  

25. Mercer SP, et al.  Discovery of 2,5-diarylnicotinamides as selective orexin-2 receptor antagonists (2-SORAs).
Bioorg Med Chem Lett . 2013;23(24):6620–6624.

Google Scholar Crossref PubMed  

26. Rhyne DN, et al.  Suvorexant in insomnia: efficacy, safety and place in therapy. Ther Adv Drug Saf .
2015;6(5):189–195.

Google Scholar Crossref PubMed  

27. Winrow CJ, et al.  Promotion of sleep by suvorexant-a novel dual orexin receptor antagonist. J Neurogenet .
2011;25(1–2):52–61.

Google Scholar Crossref PubMed  

https://scholar.google.com/scholar_lookup?title=A mutation in a case of early onset narcolepsy and a generalized absence of hypocretin peptides in human narcoleptic brains&author=C Peyron&publication_year=2000&journal=Nat Med&volume=6&pages=991-997
http://dx.doi.org/10.1038/79690
http://www.ncbi.nlm.nih.gov/pubmed/10973318
https://scholar.google.com/scholar_lookup?title=Reduced number of hypocretin neurons in human narcolepsy&author=TC Thannickal&publication_year=2000&journal=Neuron&volume=27&pages=469-474
http://dx.doi.org/10.1016/S0896-6273(00)00058-1
http://www.ncbi.nlm.nih.gov/pubmed/11055430
https://scholar.google.com/scholar_lookup?title=Hypocretin (orexin) is critical in sustaining theta%2Fgamma-rich waking behaviors that drive sleep need&author=A Vassalli&publication_year=2017&journal=Proc Natl Acad Sci USA&volume=114&pages=E5464-E5473
http://dx.doi.org/10.1073/pnas.1700983114
http://www.ncbi.nlm.nih.gov/pubmed/28630298
https://scholar.google.com/scholar_lookup?title=Differential roles of orexin receptor-1 and -2 in the regulation of non-REM and REM sleep&author=M Mieda&publication_year=2011&journal=J Neurosci&volume=31&pages=6518-6526
http://dx.doi.org/10.1523/JNEUROSCI.6506-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525292
https://scholar.google.com/scholar_lookup?title=Promotion of sleep by targeting the orexin system in rats%2C dogs and humans&author=C Brisbare-Roch&publication_year=2007&journal=Nat Med&volume=13&pages=150-155
http://dx.doi.org/10.1038/nm1544
http://www.ncbi.nlm.nih.gov/pubmed/17259994
https://scholar.google.com/scholar_lookup?title=The discovery of suvorexant%2C the first orexin receptor drug for insomnia&author=PJ Coleman&publication_year=2017&journal=Annu Rev Pharmacol Toxicol&volume=57&pages=509-533
http://dx.doi.org/10.1146/annurev-pharmtox-010716-104837
http://www.ncbi.nlm.nih.gov/pubmed/27860547
https://scholar.google.com/scholar_lookup?title=Orexin 2 receptor antagonism is sufficient to promote NREM and REM sleep from mouse to man&author=AL Gotter&publication_year=2016&journal=Sci Rep&volume=6&pages=27147
http://dx.doi.org/10.1038/srep27147
http://www.ncbi.nlm.nih.gov/pubmed/27256922
https://scholar.google.com/scholar_lookup?title=Differential sleep-promoting effects of dual orexin receptor antagonists and GABAA receptor modulators&author=AL Gotter&publication_year=2014&journal=BMC Neurosci&volume=15&pages=109
http://dx.doi.org/10.1186/1471-2202-15-109
http://www.ncbi.nlm.nih.gov/pubmed/25242351
https://scholar.google.com/scholar_lookup?title=Distinct effects of IPSU and suvorexant on mouse sleep architecture&author=D Hoyer&publication_year=2013&journal=Front Neurosci&volume=7&pages=235
http://dx.doi.org/10.3389/fnins.2013.00235
http://www.ncbi.nlm.nih.gov/pubmed/24368893
https://scholar.google.com/scholar_lookup?title=Orexin in sleep%2C addiction and more%3A is the perfect insomnia drug at hand&author=D Hoyer&publication_year=2013&journal=Neuropeptides&volume=47&pages=477-488
http://dx.doi.org/10.1016/j.npep.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24215799
https://scholar.google.com/scholar_lookup?title=Discovery of 2%2C5-diarylnicotinamides as selective orexin-2 receptor antagonists (2-SORAs)&author=SP Mercer&publication_year=2013&journal=Bioorg Med Chem Lett&volume=23&pages=6620-6624
http://dx.doi.org/10.1016/j.bmcl.2013.10.045
http://www.ncbi.nlm.nih.gov/pubmed/24215892
https://scholar.google.com/scholar_lookup?title=Suvorexant in insomnia%3A efficacy%2C safety and place in therapy&author=DN Rhyne&publication_year=2015&journal=Ther Adv Drug Saf&volume=6&pages=189-195
http://dx.doi.org/10.1177/2042098615595359
http://www.ncbi.nlm.nih.gov/pubmed/26478806
https://scholar.google.com/scholar_lookup?title=Promotion of sleep by suvorexant-a novel dual orexin receptor antagonist&author=CJ Winrow&publication_year=2011&journal=J Neurogenet&volume=25&pages=52-61
http://dx.doi.org/10.3109/01677063.2011.566953
http://www.ncbi.nlm.nih.gov/pubmed/21473737


28. Winrow CJ, et al.  Pharmacological characterization of MK-6096 - a dual orexin receptor antagonist for insomnia.
Neuropharmacology . 2012;62(2):978–987.

Google Scholar Crossref PubMed  

29. Winrow CJ, et al.  Discovery and development of orexin receptor antagonists as therapeutics for insomnia. Br J
Pharmacol . 2014;171(2):283–293.

Google Scholar Crossref PubMed  

30. Roth T, et al.  Dual orexin receptor antagonist, almorexant, in elderly patients with primary insomnia: a randomized,
controlled study. Sleep . 2017;40(2).

31. Etori K, et al.  Effects of a newly developed potent orexin-2 receptor-selective antagonist, compound 1 m, on
sleep/wakefulness states in mice. Front Neurosci . 2014;8:8.

Google Scholar Crossref PubMed  

32. Betschart C, et al.  Identification of a novel series of orexin receptor antagonists with a distinct effect on sleep
architecture for the treatment of insomnia. J Med Chem . 2013;56(19):7590–7607.

Google Scholar Crossref PubMed  

33. Eban-Rothschild A, et al.  VTA dopaminergic neurons regulate ethologically relevant sleep–wake behaviors. Nat.
Neurosci . 2016;19:1356–1366.

Google Scholar Crossref PubMed  

34. Crestani F, et al.  Mechanism of action of the hypnotic zolpidem in vivo. Br J Pharmacol . 2000;131(7):1251–1254.

Google Scholar Crossref PubMed  

35. Giardino WJ, et al.  Parallel circuits from the bed nuclei of stria terminalis to the lateral hypothalamus drive
opposing emotional states. Nat Neurosci . doi:10.1038/s41593-018-0198-x.

36. Castellano JM, et al.  In vivo assessment of behavioral recovery and circulatory exchange in the peritoneal
parabiosis model. Sci Rep . 2016;6:29015.

Google Scholar Crossref PubMed  

37. Rolls A, et al.  Optogenetic disruption of sleep continuity impairs memory consolidation. Proc Natl Acad Sci USA .
2011;108(32):13305–13310.

Google Scholar Crossref PubMed  

38. Palchykova S, et al.  Sleep deprivation in the dark period does not impair memory in OF1 mice. Chronobiol Int .
2009;26(4):682–696.

Google Scholar Crossref PubMed  

39. Bennett T, et al.  Suvorexant, a dual orexin receptor antagonist for the management of insomnia. P T .
2014;39(4):264–266.

Google Scholar PubMed  

40. Coleman PJ, et al.  Discovery of [(2R,5R)-5-{[(5-fluoropyridin-2-yl)oxy]methyl}-2-methylpiperidin-1-yl][5-methyl-2 -
(pyrimidin-2-yl)phenyl]methanone (MK-6096): a dual orexin receptor antagonist with potent sleep-promoting
properties. ChemMedChem . 2012;7(3):415–424, 337.

Google Scholar Crossref PubMed  

41. Connor KM, et al.  A phase ii dose-ranging study evaluating the efficacy and safety of the orexin receptor

https://scholar.google.com/scholar_lookup?title=Pharmacological characterization of MK-6096 - a dual orexin receptor antagonist for insomnia&author=CJ Winrow&publication_year=2012&journal=Neuropharmacology&volume=62&pages=978-987
http://dx.doi.org/10.1016/j.neuropharm.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22019562
https://scholar.google.com/scholar_lookup?title=Discovery and development of orexin receptor antagonists as therapeutics for insomnia&author=CJ Winrow&publication_year=2014&journal=Br J Pharmacol&volume=171&pages=283-293
http://dx.doi.org/10.1111/bph.12261
http://www.ncbi.nlm.nih.gov/pubmed/23731216
https://scholar.google.com/scholar_lookup?title=Effects of a newly developed potent orexin-2 receptor-selective antagonist%2C compound 1 m%2C on sleep%2Fwakefulness states in mice&author=K Etori&publication_year=2014&journal=Front Neurosci&volume=8&pages=8
http://dx.doi.org/10.3389/fnins.2014.00008
http://www.ncbi.nlm.nih.gov/pubmed/24550770
https://scholar.google.com/scholar_lookup?title=Identification of a novel series of orexin receptor antagonists with a distinct effect on sleep architecture for the treatment of insomnia&author=C Betschart&publication_year=2013&journal=J Med Chem&volume=56&pages=7590-7607
http://dx.doi.org/10.1021/jm4007627
http://www.ncbi.nlm.nih.gov/pubmed/23964859
https://scholar.google.com/scholar_lookup?title=VTA dopaminergic neurons regulate ethologically relevant sleep%E2%80%93wake behaviors&author=A Eban-Rothschild&publication_year=2016&journal=Nat. Neurosci&volume=19&pages=1356-1366
http://dx.doi.org/10.1038/nn.4377
http://www.ncbi.nlm.nih.gov/pubmed/27595385
https://scholar.google.com/scholar_lookup?title=Mechanism of action of the hypnotic zolpidem in vivo&author=F Crestani&publication_year=2000&journal=Br J Pharmacol&volume=131&pages=1251-1254
http://dx.doi.org/10.1038/sj.bjp.0703717
http://www.ncbi.nlm.nih.gov/pubmed/11090095
https://scholar.google.com/scholar_lookup?title=In vivo assessment of behavioral recovery and circulatory exchange in the peritoneal parabiosis model&author=JM Castellano&publication_year=2016&journal=Sci Rep&volume=6&pages=29015
http://dx.doi.org/10.1038/srep29015
http://www.ncbi.nlm.nih.gov/pubmed/27364522
https://scholar.google.com/scholar_lookup?title=Optogenetic disruption of sleep continuity impairs memory consolidation&author=A Rolls&publication_year=2011&journal=Proc Natl Acad Sci USA&volume=108&pages=13305-13310
http://dx.doi.org/10.1073/pnas.1015633108
http://www.ncbi.nlm.nih.gov/pubmed/21788501
https://scholar.google.com/scholar_lookup?title=Sleep deprivation in the dark period does not impair memory in OF1 mice&author=S Palchykova&publication_year=2009&journal=Chronobiol Int&volume=26&pages=682-696
http://dx.doi.org/10.1080/07420520902926025
http://www.ncbi.nlm.nih.gov/pubmed/19444749
https://scholar.google.com/scholar_lookup?title=Suvorexant%2C a dual orexin receptor antagonist for the management of insomnia&author=T Bennett&publication_year=2014&journal=P T&volume=39&pages=264-266
http://www.ncbi.nlm.nih.gov/pubmed/24757363
https://scholar.google.com/scholar_lookup?title=Discovery of %5B(2R%2C5R)-5-%7B%5B(5-fluoropyridin-2-yl)oxy%5Dmethyl%7D-2-methylpiperidin-1-yl%5D%5B5-methyl-2 -(pyrimidin-2-yl)phenyl%5Dmethanone (MK-6096)%3A a dual orexin receptor antagonist with potent sleep-promoting properties&author=PJ Coleman&publication_year=2012&journal=ChemMedChem&volume=7&pages=415-424
http://dx.doi.org/10.1002/cmdc.201200025
http://www.ncbi.nlm.nih.gov/pubmed/22307992


antagonist filorexant (MK-6096) in patients with primary insomnia. Int J Neuropsychoph . 2016;19(8):1–10.

Google Scholar Crossref  

42. Dugovic C, et al.  Orexin-1 receptor blockade dysregulates REM sleep in the presence of orexin-2 receptor
antagonism. Front Neurosci . 2014;8:28.

Google Scholar Crossref PubMed  

43. Svetnik V, et al.  Insight into reduction of wakefulness by suvorexant in patients with insomnia: analysis of wake
bouts. Sleep . 2018;41(1).

44. Takahashi K, et al.  Neuronal activity of orexin and non-orexin waking-active neurons during wake-sleep states in
the mouse. Neuroscience . 2008;153(3):860–870.

Google Scholar Crossref PubMed  

45. Lee MG, et al.  Discharge of identified orexin/hypocretin neurons across the sleep-waking cycle. J Neurosci .
2005;25(28):6716–6720.

Google Scholar Crossref PubMed  

46. Mileykovskiy BY, et al.  Behavioral correlates of activity in identified hypocretin/orexin neurons. Neuron .
2005;46(5):787–798.

Google Scholar Crossref PubMed  

47. Naismith SL, et al.  Sleep well, think well: sleep-wake disturbance in mild cognitive impairment. J Geriatr Psychiatry
Neurol . 2010;23(2):123–130.

Google Scholar Crossref PubMed  

48. Dugovic C, et al.  Blockade of orexin-1 receptors attenuates orexin-2 receptor antagonism-induced sleep promotion
in the rat. J Pharmacol Exp Ther . 2009;330(1):142–151.

Google Scholar Crossref PubMed  

49. Bonaventure P, et al.  Evaluation of JNJ-54717793 a novel brain penetrant selective orexin 1 receptor antagonist in
two rat models of panic attack provocation. Front Pharmacol . 2017;8:357.

Google Scholar Crossref PubMed  

50. Bonaventure P, et al.  A selective orexin-1 receptor antagonist attenuates stress-induced hyperarousal without
hypnotic effects. J Pharmacol Exp Ther . 2015;352(3):590–601.

Google Scholar Crossref PubMed  

51. Merlo Pich E, et al.  Orexin 1 receptor antagonists in compulsive behavior and anxiety: possible therapeutic use.
Front Neurosci . 2014;8:26.

Google Scholar Crossref PubMed  

52. Mang GM, et al.  The dual orexin receptor antagonist almorexant induces sleep and decreases orexin-induced
locomotion by blocking orexin 2 receptors. Sleep . 2012;35(12):1625–1635.

Google Scholar Crossref PubMed  

53. Rosenberg RS, et al.  Strain differences in the sleep of rats. Sleep . 1987;10(6):537–541.

Google Scholar PubMed  

54. Oishi Y, et al.  Adenosine in the tuberomammillary nucleus inhibits the histaminergic system via A1 receptors and
promotes non-rapid eye movement sleep. Proc Natl Acad Sci USA . 2008;105(50):19992–19997.

https://scholar.google.com/scholar_lookup?title=A phase ii dose-ranging study evaluating the efficacy and safety of the orexin receptor antagonist filorexant (MK-6096) in patients with primary insomnia&author=KM Connor&publication_year=2016&journal=Int J Neuropsychoph&volume=19&pages=1-10
http://dx.doi.org/10.1093/ijnp/pyw022
https://scholar.google.com/scholar_lookup?title=Orexin-1 receptor blockade dysregulates REM sleep in the presence of orexin-2 receptor antagonism&author=C Dugovic&publication_year=2014&journal=Front Neurosci&volume=8&pages=28
http://dx.doi.org/10.3389/fnins.2014.00028
http://www.ncbi.nlm.nih.gov/pubmed/24592208
https://scholar.google.com/scholar_lookup?title=Neuronal activity of orexin and non-orexin waking-active neurons during wake-sleep states in the mouse&author=K Takahashi&publication_year=2008&journal=Neuroscience&volume=153&pages=860-870
http://dx.doi.org/10.1016/j.neuroscience.2008.02.058
http://www.ncbi.nlm.nih.gov/pubmed/18424001
https://scholar.google.com/scholar_lookup?title=Discharge of identified orexin%2Fhypocretin neurons across the sleep-waking cycle&author=MG Lee&publication_year=2005&journal=J Neurosci&volume=25&pages=6716-6720
http://dx.doi.org/10.1523/JNEUROSCI.1887-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16014733
https://scholar.google.com/scholar_lookup?title=Behavioral correlates of activity in identified hypocretin%2Forexin neurons&author=BY Mileykovskiy&publication_year=2005&journal=Neuron&volume=46&pages=787-798
http://dx.doi.org/10.1016/j.neuron.2005.04.035
http://www.ncbi.nlm.nih.gov/pubmed/15924864
https://scholar.google.com/scholar_lookup?title=Sleep well%2C think well%3A sleep-wake disturbance in mild cognitive impairment&author=SL Naismith&publication_year=2010&journal=J Geriatr Psychiatry Neurol&volume=23&pages=123-130
http://dx.doi.org/10.1177/0891988710363710
http://www.ncbi.nlm.nih.gov/pubmed/20354239
https://scholar.google.com/scholar_lookup?title=Blockade of orexin-1 receptors attenuates orexin-2 receptor antagonism-induced sleep promotion in the rat&author=C Dugovic&publication_year=2009&journal=J Pharmacol Exp Ther&volume=330&pages=142-151
http://dx.doi.org/10.1124/jpet.109.152009
http://www.ncbi.nlm.nih.gov/pubmed/19363060
https://scholar.google.com/scholar_lookup?title=Evaluation of JNJ-54717793 a novel brain penetrant selective orexin 1 receptor antagonist in two rat models of panic attack provocation&author=P Bonaventure&publication_year=2017&journal=Front Pharmacol&volume=8&pages=357
http://dx.doi.org/10.3389/fphar.2017.00357
http://www.ncbi.nlm.nih.gov/pubmed/28649201
https://scholar.google.com/scholar_lookup?title=A selective orexin-1 receptor antagonist attenuates stress-induced hyperarousal without hypnotic effects&author=P Bonaventure&publication_year=2015&journal=J Pharmacol Exp Ther&volume=352&pages=590-601
http://dx.doi.org/10.1124/jpet.114.220392
http://www.ncbi.nlm.nih.gov/pubmed/25583879
https://scholar.google.com/scholar_lookup?title=Orexin 1 receptor antagonists in compulsive behavior and anxiety%3A possible therapeutic use&author=E Merlo Pich&publication_year=2014&journal=Front Neurosci&volume=8&pages=26
http://dx.doi.org/10.3389/fnins.2014.00026
http://www.ncbi.nlm.nih.gov/pubmed/24592206
https://scholar.google.com/scholar_lookup?title=The dual orexin receptor antagonist almorexant induces sleep and decreases orexin-induced locomotion by blocking orexin 2 receptors&author=GM Mang&publication_year=2012&journal=Sleep&volume=35&pages=1625-1635
http://dx.doi.org/10.5665/sleep.2232
http://www.ncbi.nlm.nih.gov/pubmed/23204605
https://scholar.google.com/scholar_lookup?title=Strain differences in the sleep of rats&author=RS Rosenberg&publication_year=1987&journal=Sleep&volume=10&pages=537-541
http://www.ncbi.nlm.nih.gov/pubmed/3501608


Google Scholar Crossref PubMed  

55. Wimmer ME, et al.  Aging in mice reduces the ability to sustain sleep/wake states. PLoS One . 2013;8(12):e81880.

Google Scholar Crossref PubMed  

56. Yoshida Y, et al.  Fluctuation of extracellular hypocretin-1 (orexin A) levels in the rat in relation to the light-dark
cycle and sleep-wake activities. Eur J Neurosci . 2001;14(7):1075–1081.

Google Scholar Crossref PubMed  

57. Boddum K, et al.  Cerebrospinal fluid hypocretin-1 (Orexin-A) level fluctuates with season and correlates with day
length. PLoS One . 2016;11(3):e0151288.

Google Scholar Crossref PubMed  

58. Fox SV, et al.  Quantitative electroencephalography within sleep/wake states differentiates GABAA modulators
eszopiclone and zolpidem from dual orexin receptor antagonists in rats. Neuropsychopharmacology .
2013;38(12):2401–2408.

Google Scholar Crossref PubMed  

59. Ma J, et al.  Electroencephalographic power spectral density profile of the orexin receptor antagonist suvorexant in
patients with primary insomnia and healthy subjects. Sleep . 2014;37(10):1609–1619.

Google Scholar Crossref PubMed  

60. Panagiotou M, et al.  Differences in electroencephalographic non-rapid-eye movement sleep slow-wave
characteristics between young and old mice. Sci Rep . 2017;7:43656.

Google Scholar Crossref PubMed  

61. Scheffzük C, et al.  Selective coupling between theta phase and neocortical fast gamma oscillations during REM-
sleep in mice. PLoS One . 2011;6(12):e28489.

Google Scholar Crossref PubMed  

62. Huang MP, et al.  Effects of eszopiclone and zolpidem on sleep-wake behavior, anxiety-like behavior and contextual
memory in rats. Behav Brain Res . 2010;210(1):54–66.

Google Scholar Crossref PubMed  

63. Schöne C, et al.  Coreleased orexin and glutamate evoke nonredundant spike outputs and computations in
histamine neurons. Cell Rep . 2014;7(3):697–704.

Google Scholar Crossref PubMed  

64. Schöne C, et al.  Optogenetic probing of fast glutamatergic transmission from hypocretin/orexin to histamine
neurons in situ. J Neurosci . 2012;32(36):12437–12443.

Google Scholar Crossref PubMed  

65. Hangodi OU, et al.  Orexin-A microinjection mediated food and water intake are antagonized by selective orexin-1
receptor antagonist in the bed nucleus of stria terminalis. Int Congr Ser . 2006;1291:141–144.

Google Scholar Crossref  

66. Smith MI, et al.  Evidence implicating a role for orexin-1 receptor modulation of paradoxical sleep in the rat.
Neurosci Lett . 2003;341(3):256–258.

Google Scholar Crossref PubMed  

67. Malherbe P, et al.  Biochemical and electrophysiological characterization of almorexant, a dual orexin 1 receptor

https://scholar.google.com/scholar_lookup?title=Adenosine in the tuberomammillary nucleus inhibits the histaminergic system via A1 receptors and promotes non-rapid eye movement sleep&author=Y Oishi&publication_year=2008&journal=Proc Natl Acad Sci USA&volume=105&pages=19992-19997
http://dx.doi.org/10.1073/pnas.0810926105
http://www.ncbi.nlm.nih.gov/pubmed/19066225
https://scholar.google.com/scholar_lookup?title=Aging in mice reduces the ability to sustain sleep%2Fwake states&author=ME Wimmer&publication_year=2013&journal=PLoS One&volume=8&pages=e81880
http://dx.doi.org/10.1371/journal.pone.0081880
http://www.ncbi.nlm.nih.gov/pubmed/24358130
https://scholar.google.com/scholar_lookup?title=Fluctuation of extracellular hypocretin-1 (orexin A) levels in the rat in relation to the light-dark cycle and sleep-wake activities&author=Y Yoshida&publication_year=2001&journal=Eur J Neurosci&volume=14&pages=1075-1081
http://dx.doi.org/10.1046/j.0953-816x.2001.01725.x
http://www.ncbi.nlm.nih.gov/pubmed/11683899
https://scholar.google.com/scholar_lookup?title=Cerebrospinal fluid hypocretin-1 (Orexin-A) level fluctuates with season and correlates with day length&author=K Boddum&publication_year=2016&journal=PLoS One&volume=11&pages=e0151288
http://dx.doi.org/10.1371/journal.pone.0151288
http://www.ncbi.nlm.nih.gov/pubmed/27008404
https://scholar.google.com/scholar_lookup?title=Quantitative electroencephalography within sleep%2Fwake states differentiates GABAA modulators eszopiclone and zolpidem from dual orexin receptor antagonists in rats&author=SV Fox&publication_year=2013&journal=Neuropsychopharmacology&volume=38&pages=2401-2408
http://dx.doi.org/10.1038/npp.2013.139
http://www.ncbi.nlm.nih.gov/pubmed/23722242
https://scholar.google.com/scholar_lookup?title=Electroencephalographic power spectral density profile of the orexin receptor antagonist suvorexant in patients with primary insomnia and healthy subjects&author=J Ma&publication_year=2014&journal=Sleep&volume=37&pages=1609-1619
http://dx.doi.org/10.5665/sleep.4068
http://www.ncbi.nlm.nih.gov/pubmed/25197807
https://scholar.google.com/scholar_lookup?title=Differences in electroencephalographic non-rapid-eye movement sleep slow-wave characteristics between young and old mice&author=M Panagiotou&publication_year=2017&journal=Sci Rep&volume=7&pages=43656
http://dx.doi.org/10.1038/srep43656
http://www.ncbi.nlm.nih.gov/pubmed/28255162
https://scholar.google.com/scholar_lookup?title=Selective coupling between theta phase and neocortical fast gamma oscillations during REM-sleep in mice&author=C Scheffz%C3%BCk&publication_year=2011&journal=PLoS One&volume=6&pages=e28489
http://dx.doi.org/10.1371/journal.pone.0028489
http://www.ncbi.nlm.nih.gov/pubmed/22163023
https://scholar.google.com/scholar_lookup?title=Effects of eszopiclone and zolpidem on sleep-wake behavior%2C anxiety-like behavior and contextual memory in rats&author=MP Huang&publication_year=2010&journal=Behav Brain Res&volume=210&pages=54-66
http://dx.doi.org/10.1016/j.bbr.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20153782
https://scholar.google.com/scholar_lookup?title=Coreleased orexin and glutamate evoke nonredundant spike outputs and computations in histamine neurons&author=C Sch%C3%B6ne&publication_year=2014&journal=Cell Rep&volume=7&pages=697-704
http://dx.doi.org/10.1016/j.celrep.2014.03.055
http://www.ncbi.nlm.nih.gov/pubmed/24767990
https://scholar.google.com/scholar_lookup?title=Optogenetic probing of fast glutamatergic transmission from hypocretin%2Forexin to histamine neurons in situ&author=C Sch%C3%B6ne&publication_year=2012&journal=J Neurosci&volume=32&pages=12437-12443
http://dx.doi.org/10.1523/JNEUROSCI.0706-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22956835
https://scholar.google.com/scholar_lookup?title=Orexin-A microinjection mediated food and water intake are antagonized by selective orexin-1 receptor antagonist in the bed nucleus of stria terminalis&author=OU Hangodi&publication_year=2006&journal=Int Congr Ser&volume=1291&pages=141-144
http://dx.doi.org/10.1016/j.ics.2006.02.034
https://scholar.google.com/scholar_lookup?title=Evidence implicating a role for orexin-1 receptor modulation of paradoxical sleep in the rat&author=MI Smith&publication_year=2003&journal=Neurosci Lett&volume=341&pages=256-258
http://dx.doi.org/10.1016/S0304-3940(03)00066-1
http://www.ncbi.nlm.nih.gov/pubmed/12697296


(OX1)/orexin 2 receptor (OX2) antagonist: comparison with selective OX1 and OX2 antagonists. Mol Pharmacol .
2009;76(3):618–631.

Google Scholar Crossref PubMed  

68. Morairty SR, et al.  Dual hypocretin receptor antagonism is more effective for sleep promotion than antagonism of
either receptor alone. PLoS One . 2012;7(7):e39131.

Google Scholar Crossref PubMed  

69. Inostroza M, et al.  Sleep for preserving and transforming episodic memory. Annu Rev Neurosci . 2013;36:79–102.

Google Scholar Crossref PubMed  

70. Killgore WD. Effects of sleep deprivation on cognition. Prog Brain Res . 2010;185:105–129.

Google Scholar Crossref PubMed  

71. Rasch B, et al.  About sleep’s role in memory. Physiol Rev . 2013;93(2):681–766.

Google Scholar Crossref PubMed  

72. Walker MP. The role of sleep in cognition and emotion. Ann N Y Acad Sci . 2009;1156:168–197.

Google Scholar Crossref PubMed  

73. Walker MP, et al.  Sleep, memory, and plasticity. Annu Rev Psychol . 2006;57:139–166.

Google Scholar Crossref PubMed  

74. Djonlagic I, et al.  Increased sleep fragmentation leads to impaired off-line consolidation of motor memories in
humans. PLoS One . 2012;7(3):e34106.

Google Scholar Crossref PubMed  

75. Berdyyeva T, et al.  Zolpidem reduces hippocampal neuronal activity in freely behaving mice: a large scale calcium
imaging study with miniaturized fluorescence microscope. PLoS One . 2014;9(11):e112068.

Google Scholar Crossref PubMed  

76. Eichenbaum H. Hippocampus: cognitive processes and neural representations that underlie declarative memory.
Neuron . 2004;44(1):109–120.

Google Scholar Crossref PubMed  

77. van Strien NM, et al.  The anatomy of memory: an interactive overview of the parahippocampal-hippocampal
network. Nat Rev Neurosci . 2009;10(4):272–282.

Google Scholar Crossref PubMed  

78. Roehrs T, et al.  Sedative, memory, and performance effects of hypnotics. Psychopharmacology (Berl) .
1994;116(2):130–134.

Google Scholar Crossref PubMed  

79. Stranks EK, et al.  The acute cognitive effects of zopiclone, zolpidem, zaleplon, and eszopiclone: a systematic
review and meta-analysis. J Clin Exp Neuropsychol . 2014;36(7):691–700.

Google Scholar Crossref PubMed  

80. Mintzer MZ, et al.  Selective effects of zolpidem on human memory functions. J Psychopharmacol .
1999;13(1):18–31.

Google Scholar Crossref PubMed  

https://scholar.google.com/scholar_lookup?title=Biochemical and electrophysiological characterization of almorexant%2C a dual orexin 1 receptor (OX1)%2Forexin 2 receptor (OX2) antagonist%3A comparison with selective OX1 and OX2 antagonists&author=P Malherbe&publication_year=2009&journal=Mol Pharmacol&volume=76&pages=618-631
http://dx.doi.org/10.1124/mol.109.055152
http://www.ncbi.nlm.nih.gov/pubmed/19542319
https://scholar.google.com/scholar_lookup?title=Dual hypocretin receptor antagonism is more effective for sleep promotion than antagonism of either receptor alone&author=SR Morairty&publication_year=2012&journal=PLoS One&volume=7&pages=e39131
http://dx.doi.org/10.1371/journal.pone.0039131
http://www.ncbi.nlm.nih.gov/pubmed/22768296
https://scholar.google.com/scholar_lookup?title=Sleep for preserving and transforming episodic memory&author=M Inostroza&publication_year=2013&journal=Annu Rev Neurosci&volume=36&pages=79-102
http://dx.doi.org/10.1146/annurev-neuro-062012-170429
http://www.ncbi.nlm.nih.gov/pubmed/23642099
https://scholar.google.com/scholar_lookup?title=Effects of sleep deprivation on cognition&author=WD Killgore&publication_year=2010&journal=Prog Brain Res&volume=185&pages=105-129
http://dx.doi.org/10.1016/B978-0-444-53702-7.00007-5
http://www.ncbi.nlm.nih.gov/pubmed/21075236
https://scholar.google.com/scholar_lookup?title=About sleep%E2%80%99s role in memory&author=B Rasch&publication_year=2013&journal=Physiol Rev&volume=93&pages=681-766
http://dx.doi.org/10.1152/physrev.00032.2012
http://www.ncbi.nlm.nih.gov/pubmed/23589831
https://scholar.google.com/scholar_lookup?title=The role of sleep in cognition and emotion&author=MP Walker&publication_year=2009&journal=Ann N Y Acad Sci&volume=1156&pages=168-197
http://dx.doi.org/10.1111/j.1749-6632.2009.04416.x
http://www.ncbi.nlm.nih.gov/pubmed/19338508
https://scholar.google.com/scholar_lookup?title=Sleep%2C memory%2C and plasticity&author=MP Walker&publication_year=2006&journal=Annu Rev Psychol&volume=57&pages=139-166
http://dx.doi.org/10.1146/annurev.psych.56.091103.070307
http://www.ncbi.nlm.nih.gov/pubmed/16318592
https://scholar.google.com/scholar_lookup?title=Increased sleep fragmentation leads to impaired off-line consolidation of motor memories in humans&author=I Djonlagic&publication_year=2012&journal=PLoS One&volume=7&pages=e34106
http://dx.doi.org/10.1371/journal.pone.0034106
http://www.ncbi.nlm.nih.gov/pubmed/22470524
https://scholar.google.com/scholar_lookup?title=Zolpidem reduces hippocampal neuronal activity in freely behaving mice%3A a large scale calcium imaging study with miniaturized fluorescence microscope&author=T Berdyyeva&publication_year=2014&journal=PLoS One&volume=9&pages=e112068
http://dx.doi.org/10.1371/journal.pone.0112068
http://www.ncbi.nlm.nih.gov/pubmed/25372144
https://scholar.google.com/scholar_lookup?title=Hippocampus%3A cognitive processes and neural representations that underlie declarative memory&author=H Eichenbaum&publication_year=2004&journal=Neuron&volume=44&pages=109-120
http://dx.doi.org/10.1016/j.neuron.2004.08.028
http://www.ncbi.nlm.nih.gov/pubmed/15450164
https://scholar.google.com/scholar_lookup?title=The anatomy of memory%3A an interactive overview of the parahippocampal-hippocampal network&author=NM van Strien&publication_year=2009&journal=Nat Rev Neurosci&volume=10&pages=272-282
http://dx.doi.org/10.1038/nrn2614
http://www.ncbi.nlm.nih.gov/pubmed/19300446
https://scholar.google.com/scholar_lookup?title=Sedative%2C memory%2C and performance effects of hypnotics&author=T Roehrs&publication_year=1994&journal=Psychopharmacology (Berl)&volume=116&pages=130-134
http://dx.doi.org/10.1007/BF02245054
http://www.ncbi.nlm.nih.gov/pubmed/7862941
https://scholar.google.com/scholar_lookup?title=The acute cognitive effects of zopiclone%2C zolpidem%2C zaleplon%2C and eszopiclone%3A a systematic review and meta-analysis&author=EK Stranks&publication_year=2014&journal=J Clin Exp Neuropsychol&volume=36&pages=691-700
http://dx.doi.org/10.1080/13803395.2014.928268
http://www.ncbi.nlm.nih.gov/pubmed/24931450
https://scholar.google.com/scholar_lookup?title=Selective effects of zolpidem on human memory functions&author=MZ Mintzer&publication_year=1999&journal=J Psychopharmacol&volume=13&pages=18-31
http://dx.doi.org/10.1177/026988119901300103
http://www.ncbi.nlm.nih.gov/pubmed/10221356


View Metrics

Email alerts

© Sleep Research Society 2018. Published by Oxford University Press on behalf of the Sleep Research Society. All rights reserved. For
permissions, please email: journals.permissions@oup.com.

This article is published and distributed under the terms of the Oxford University Press, Standard Journals Publication Model
(https://academic.oup.com/journals/pages/open_access/funder_policies/chorus/standard_publication_model)

Topic:

electroencephalography

neurons

optics

photometry

wakefulness

memory

mice

sleep

antagonists

zolpidem

orexins

optogenetics

Issue Section:  Basic Science of Sleep and Circadian Rhythms

Supplementary data

Supplementary data

Supplementary Figure S1  - png file
Supplementary Figure S2  - png file
Supplementary Figure S3  - png file
Supplementary Figure S4  - png file
Supplementary Figure S5  - png file
Supplementary Figure S6  - png file
Supplementary Material  - docx file

https://academic.oup.com/journals/pages/open_access/funder_policies/chorus/standard_publication_model
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=electroencephalography
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=neurons
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=optics
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=photometry
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=wakefulness
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=memory
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=mice
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=sleep
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=antagonists
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=zolpidem
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=orexins
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=optogenetics
https://academic.oup.com/sleep/search-results?f_TocHeadingTitle=Basic Science of Sleep and Circadian Rhythms
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s1.png?Expires=1561211421&Signature=vfCSyPHqias8EQCD03WAt-B9dirwvfHdEivdHwx1a5sG1cikzemRdUb4A~2-YG56pEPKCejqLtOTY61Qb8C69y9WaCP33QSqNDhu5UOG2Gb1HGPkEaCp0qENOCHH7vUwntWiuTuXxvyF-GQ5K5hMPVc2y7wyAMf0gtyWxtkpDVak3N7QfaHNbX6uMWXZrTRee5mAno~8cpZYV9txGHD1CE~YiVPZtZKGJOmSZ~qdbNSV8BTub~8PcaGwE4nKDiFFBbtOcEevfZX9r8nPPp9uaOFV~uac6HS9p7wZh68C0bqCUGVacp9869sDv-SaT2q7V9TWA8-IKXTDTg~aj9u4pw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s2.png?Expires=1561211421&Signature=lx8wEcOyxEiCewr3FlKeM6KN8vrZ0AnXc12Mz75MsMAlogjeJHtLTiLatoEO9Iv-K~9zeGZXmLHp4-XsaIPYgN~PCRfaiOb~yVnsLGSkXSin0cvx9n0GUsfmH5aQw5JFAQ2F-WKcIa8B~5VC07dXB3QLQWh2b35HXUY9OIUmC7Nx0hIm4D-YxrC3xLHInFr3DHUUbRnug~AmMcHmMzqqZXK4PtP0FJsEKrsUbexFwXRQW3-QBGdc6U83tu7Dya7jA47pz0I0AYPr6mNAgEXkYxeqH0F0ChL9ejs1Cb-yBbDQpL-dWCIMDr4uSWxD9BpLMX588TiljbvF1HuXGunigg__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s3.png?Expires=1561211421&Signature=DTNLL~GRyro0t03dsWkXaVJ9S5KQrOFY3RpC0WqWTicV9TMKkD9c-hLsIpQkju4r2klfG9j6WYc5gw7svK1yz26e6vKfSY-06qfYwzj-cVVJTuS9CibCT2w3fe9MSBX5O821Z3E0CiVtAAjLfYApp5zO3vvOjZ0~qnJ9BFZ1Zc2KcsKGx3wzbwutBRW1bpE3XxONt2i-VYDFTTwQxHVjdsVkLSyaBuiVy5ibTcPSxpEkQB-FOKhBnm7-PrBWjL7Wyca6AuNBvYMOVZk83Dr2U36zg-FGf3bXG~X1OIjh-GYrq-OUbbjS0Slxp~aAxMRbWFpfqVQT7~AbtwJflTyp6w__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s4.png?Expires=1561211421&Signature=wc4TRyVpKgDTHRhnNyl4eRoYgleZNqAqF3GUbP4fUb9wZ2stQGnqMJ-1gZFJut~nDnZwkSne0yWuJ8OOTwTWmFmH8kfOJ7ZHmf2V8fvVEQcTNgfEvoX6~tjr2b3M8DUo~jCYCXfSxqEDN-uvcUZJuToGYw1~d5xzuAOTLVgEQyLVMWertQsySHsKCHiLtcTPCrlolPE-PJKlUhd5EwR4H~vWc0FU3Jx1rtf20KitN9K22U0gac3b7r8GGwXOH47WtQ~0AqGehMHUs68cbxY4m-OsYaxio~cOTVQjyKo2vJLQsE9X84qP1mKTKJwC46XwH2mQ30apRGPcCLE5Z6l-kQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s5.png?Expires=1561211421&Signature=Ipa7IjaZ5TzCvl6Jt33Ficg4QX9wX~JykRnTt9lpa6yFrVWPleZeydksp5xKt1dLTmlBmsGnElaPuTCuY2eS2FsTV0xfbVcQRIBYIbuCdOIE98nW2A4c59wPChW36KkgNozQtlUniqjZR4FdgQaxcPf~ZUzjM7~mLyTQIxssACxioCHrODKGRSAk2vgrusKnzvrqt~5BYN4WwFMZ~4HmH4m4M29vemkvtftWJIypEJQOaB5NwubjYax1G2PuyF7neGllyP9vvvT2aXSEeVkFpXQPpMgbmvdPmPgm5x~DEZMYzhn9rcORq-MBpnasEYNC~JICg9m5Xy3onSLxuUZ5jw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_figure_s6.png?Expires=1561211421&Signature=OPSwOt6uDncRzonIFw64JwkrDcQ7Z79LDGQFVKaW-NlcU6y5jEy2~Pjmo~gFOajcndTXudGTF4iYVv4u1SMrC9VDm1BcwxbQEve3QfgnZtf2yQ7klE9AFQ9WObQ9jbC2X3PxSQiTKzJJbi-sUc9W8ub73kpdaTJyqrjYrNnhlGWORb2ndTtVjJVA~BJeLNNmxDWR6~p6OGcI82f-sJnMeWS~8w1MZXnncnBGV2VaR7UoiAT4V-9qJQKEqzUhV5pPc~FtSGcDchzxDXUIAw7NyXJ4YMaxElGwI-qGAi4Tw5h~ZWvpYViD7ZT72Xwn-7ZxWjeF87kKwiuL4WBK-dBlfA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/10/10.1093_sleep_zsy141/1/zsy141_suppl_supplemental_materials.docx?Expires=1561211421&Signature=EuExyNVbrZCy8WHhYT9kHudPbtOLXUugAqCF1F3hh93IcMw3lNPLe8H2eqWTRaPBmM~~dEcqSKQz6ioOAixF~Gsq0qbasgEuq1MDa-cMzBYLpyoVqxgF0rOMRMv5biiDou7pjDBMWBZ8EYG38Q-6kvJjhFQtrCBJfGHGkD1w0tDNNFbTh9VdpLGQUInG5N7XHJM1t2b~PBJGSvgGlamg-vCelRd-ESE1G8gmLCuXpqiX1Bh2UsxHjc7Y3am--oa9Kh9KKWpbQAqagdjN303OTE7XAoUCMMWEeHDN5BHLCK5vgwsbAPxly6oJvilNQxhP6GaR39XLd5VwfsiCxkOmdg__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://www.altmetric.com/details.php?domain=academic.oup.com&citation_id=45647750


New issue alert

Advance article alerts

Article activity alert

Subject alert

Receive exclusive offers and
updates from Oxford Academic

More on this topic
Hypocretin and GABA Interact in the Pontine
Reticular Formation to Increase Wakefulness

Pontine Reticular Formation (PnO)
Administration of Hypocretin-1 Increases PnO
GABA Levels and Wakefulness

What Keeps Us Awake: the
Neuropharmacology of Stimulants and
Wakefulness Promoting Medications

Running Promotes Wakefulness and
Increases Cataplexy in Orexin Knockout Mice

Related articles in
Google Scholar

Related articles in PubMed
Does the Patient-Reported Apnea
Questionnaire (PRAQ) increase patient-
centredness in the daily practice of sleep
centres? a mixed-methods study.

Pseudomonas aeruginosa eradication therapy
and risk of acquiring Aspergillus in young
children with cystic fibrosis.

Associations between traumatic brain injury
from intimate partner violence and future
psychosocial health risks in women.

Identify liver X receptor Î² modulator building
blocks by developing a fluorescence
polarization-based competition assay.

Citing articles via
Google Scholar

CrossRef

Latest  Most Read  Most Cited

https://academic.oup.com/sleep/article/33/10/1285/2454440
https://academic.oup.com/sleep/article/31/4/453/2454173
https://academic.oup.com/sleep/article/27/6/1181/2696746
https://academic.oup.com/sleep/article/30/11/1417/2696873
https://scholar.google.com/scholar?q=related:https%3a%2f%2facademic.oup.com%2fsleep%2farticle%2f41%2f10%2fzsy141%2f5060288
http://www.ncbi.nlm.nih.gov/pubmed/31203238
http://www.ncbi.nlm.nih.gov/pubmed/31203197
http://www.ncbi.nlm.nih.gov/pubmed/31203176
http://www.ncbi.nlm.nih.gov/pubmed/31202993
http://scholar.google.com/scholar?q=link:https%3A%2F%2Facademic.oup.com%2Fsleep%2Farticle%2F41%2F10%2Fzsy141%2F5060288
https://academic.oup.com/sleep/CrossRef-CitedBy/5060288
javascript:;
javascript:;
javascript:;


Characterization of the sleep disorder of anti-
IgLON5 disease

Actigraphic detection of periodic limb
movements: development and validation of a
potential device-independent algorithm. A
proof of concept study

Simultaneous tonic and phasic REM sleep
without atonia best predicts early
phenoconversion to neurodegenerative
disease in idiopathic REM sleep behavior
disorder

Residual symptoms after natural remission of
insomnia: associations with relapse over 4
years

Sleep duration and fragmentation in relation to
leukocyte DNA methylation in adolescents

Looking for your next opportunity?

View all jobs

Chair of Pain Research
Boston, Massachusetts

PEDIATRIC EMERGENCY PHYSICIAN
Saskatoon Shines, Saskatchewan

Endowed Chair of Occupational
Health/Medicine
Saint John, New Brunswick

CHIEF OF THE DIVISION OF ALLERGY,
IMMUNOLOGY AND INFECTIOUS
DISEASE
New Brunswick, New Jersey

About SLEEP

Editorial Board

Author Guidelines

Facebook

Twitter

Contact Us

Purchase

Recommend to your Library

Advertising and Corporate Services

Journals Career Network

Online ISSN 1550-9109
Print ISSN 0161-8105
Copyright © 2019 Sleep Research Society

About Us Connect

http://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/chair-of-pain-research/49089701/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/pediatric-emergency-physician/49073757/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/endowed-chair-of-occupational-healthmedicine/49005057/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/chief-of-the-division-of-allergy-immunology-and-infectious-disease/48205777/20102/
http://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/
https://academic.oup.com/sleep/pages/About
https://academic.oup.com/sleep/pages/Editorial_Board
https://academic.oup.com/sleep/pages/General_Instructions
https://www.facebook.com/sleepresearchsociety/
https://twitter.com/researchsleep
http://www.sleepresearchsociety.org/contactus.aspx
https://academic.oup.com/sleep/subscribe
http://www.oxfordjournals.org/en/library-recommendation-form.html
http://www.oupmediainfo.com/#!/mediakit/sleep
https://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/?max=25&t732=589993&msessid=G03Mq
https://academic.oup.com/journals/pages/about_us


Contact Us

Careers

Help

Access & Purchase

Rights & Permissions

Open Access

Join Our Mailing List

OUPblog

Twitter

Facebook

YouTube

Tumblr

Resources

Authors

Librarians

Societies

Sponsors & Advertisers

Press & Media

Agents

Explore

Shop OUP Academic

Oxford Dictionaries

Oxford Index

Epigeum

OUP Worldwide

University of Oxford

Oxford University Press is a department of the University of Oxford. It
furthers the University's objective of excellence in research, scholarship,
and education by publishing worldwide

Copyright © 2019 Oxford University Press  Cookie Policy  Privacy Policy  Legal Notice  Site Map
Accessibility  Get Adobe Reader

https://academic.oup.com/journals/pages/contact_us
http://global.oup.com/jobs
https://academic.oup.com/journals/pages/help
https://academic.oup.com/journals/pages/access_purchase
https://academic.oup.com/journals/pages/access_purchase/rights_and_permissions
https://academic.oup.com/journals/pages/open_access
https://academic.oup.com/my-account/communication-preferences
http://blog.oup.com/
http://twitter.com/oupacademic
https://www.facebook.com/OUPAcademic
http://www.youtube.com/playlist?list=PL3MAPgqN8JWioLLTkU4mlFM4-SNt-f1Xs
http://oupacademic.tumblr.com/
https://academic.oup.com/journals/pages/authors
https://academic.oup.com/journals/pages/librarians
https://academic.oup.com/journals/pages/societies
https://academic.oup.com/journals/pages/sponsorship_and_advertising
https://academic.oup.com/journals/pages/press
https://academic.oup.com/journals/pages/agents
http://global.oup.com/academic
http://www.oxforddictionaries.com/
http://oxfordindex.oup.com/
https://www.epigeum.com/
http://global.oup.com/
http://www.ox.ac.uk/
https://global.oup.com/cookiepolicy/
https://global.oup.com/privacy
https://academic.oup.com/journals/pages/about_us/legal/notices
https://academic.oup.com/journals/pages/sitemap
https://academic.oup.com/journals/pages/about_us/legal/accessibility
https://get.adobe.com/reader/

	Optical probing of orexin/hypocretin receptor antagonists
	Abstract
	Introduction
	Methods
	Animals
	Chemicals
	Surgery
	Virus injection, glass fiber implantation and immunohistochemistry
	Optogenetic stimulation of Hcrt neurons
	Sleep and GCaMP6f data acquisition and analysis
	NOR and optogenetic sleep fragmentation
	Training
	Injection
	Optogenetic sleep disruption
	Test

	Statistical analysis

	Results
	DORAs, OX2R selective antagonist MK1064, Zolpidem significantly increased NREM sleep and altered EEG band power distribution
	Reduced maintenance of optogenetic stimulation-evoked wakefulness episode by DORAs and OX2R selective antagonist MK1064, α1-GABAA receptor modulator Zolpidem
	Endogenous Hcrt neural activity during sleep-to-wakefulness transitions in the presence of OX1/2R antagonists
	DORAs ameliorate memory deficits caused by sleep fragmentation

	Discussion
	Selective antagonism of OX1R has minimal effect on sleep
	DORAs, OX2R selective antagonist, zolpidem promote sleep
	Optogenetic interrogation of OXR antagonists
	OXR antagonists and endogenous Hcrt activities
	Effect of OX1/2R antagonists on memory consolidation

	Supplementary material
	Acknowledgments
	Funding
	References
	Supplementary data
	Email alerts
	More on this topic
	Related articles in
	Related articles in PubMed
	Citing articles via
	Connect
	Resources
	Explore




