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Study Objectives: Orexin peptides activate orexin 1 and orexin 2 receptors (OX1R and OX2R), regulate locomotion and sleep-wake. The dual
OX1R/OX2R antagonist almorexant reduces activity and promotes sleep in multiple species, including man. The relative contributions of the two
receptors in locomotion and sleep/wake regulation were investigated in mice.
Design: Mice lacking orexin receptors were used to determine the contribution of OX1R and OX2R to orexin A-induced locomotion and to almorexant-induced sleep.
Setting: N/A.
Patients or Participants: C57BL/6J mice and OX1R+/+, OX1R-/-, OX2R+/+, OX2R-/- and OX1R-/-/OX2R-/- mice.
Interventions: Intracerebroventricular orexin A; oral dosing of almorexant.
Measurements and Results: Almorexant attenuated orexin A-induced locomotion. As in other species, almorexant dose-dependently increased
rapid eye movement sleep (REM) and nonREM sleep in mice. Almorexant and orexin A were ineffective in OX1R-/-/OX2R-/- mice. Both orexin Ainduced locomotion and sleep induction by almorexant were absent in OX2R-/- mice. Interestingly, almorexant did not induce cataplexy in wild-type
mice under conditions where cataplexy was seen in mice lacking orexins and in OX1R-/-/OX2R-/- mice. Almorexant dissociates very slowly from
OX2R as measured functionally and in radioligand binding. Under non equilibrium conditions in vitro, almorexant was a dual antagonist whereas at
equilibrium, almorexant became OX2R selective.
Conclusions: In vivo, almorexant specifically inhibits the actions of orexin A. The two known orexin receptors mediate sleep induction by almorexant and orexin A-induced locomotion. However, OX2R activation mediates locomotion induction by orexin A and antagonism of OX2R is sufficient
to promote sleep in mice.
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INTRODUCTION
Orexin/hypocretin neuropeptides regulate sleep/wake behavior, locomotor activity, and other hypothalamic functions.1-4
The two orexins, orexin A and orexin B (also called hypocretin 1 and hypocretin 2), are synthesized in a small cluster of
neurons in the lateral hypothalamus by cleavage of a precursor
peptide, prepro-orexin.3,4 Orexin neurons are tonically active
during wakefulness but show little or no activity during rapid eye movement (REM) and nonREM (NREM) and sleep.5-8
These neurons send excitatory inputs to neurons involved in
maintaining wakefulness, such as noradrenergic neurons in
the locus coeruleus, serotonergic neurons in the dorsal raphe,
histaminergic neurons in the tuberomammillary nucleus, and
cholinergic neurons in the basal forebrain, the laterodorsal and
pedunculopontine tegmental nuclei.9-11 Orexins activate the G
protein-coupled receptors orexin receptor 1 (OX1R) and orexin
receptor 2 (OX2R). OX1R binds orexin A with higher affinity

than orexin B, whereas OX2R binds both orexins with high affinity.3,12 Orexin receptors are widely coexpressed in the brain
except in the locus coeruleus, where OX1R is enriched, and in
the tuberomammillary nucleus, where OX2R is enriched.13
In humans, lack of orexin-producing neurons leads to the
sleep disorder narcolepsy, with excessive daytime sleepiness,
sleep paralysis, and cataplexy as the main symptoms.14-16 Mice
lacking orexins or orexin receptors show a strong narcolepticlike phenotype with cataplexy1,17,18 as do dogs with a defect in
OX2R signaling.2 Mice deficient in OX1R (OX1R-/-, also known
as Hcrtr1-/-) have mild fragmentation of sleep/wake, whereas
mice deficient in OX2R (OX2R-/-, also known as Hcrtr2-/-) show
a pronounced narcoleptic phenotype albeit without the strong
cataplexy phenotype seen in orexin knockout (KO) mice.19,20
The orexin receptors have been proposed as targets for the
treatment of sleep disorders.21,22 Recently, several OX1R/OX2R
antagonists were shown to promote sleep in clinical studies.23-26
The first to be tested in the clinic, almorexant, reduces locomotor activity and/or increases sleep in rats, dogs, and humans.27
It is unclear whether both orexin receptors or only one of the
two must be antagonized for sleep induction, although evidence
suggests OX2R antagonism is likely to be key.28,29 To address
this question, we characterized the effects of almorexant and
the role of OX1R and OX2R in orexin-induced locomotor activity and sleep in mice by examining: (1) the effects of almorexant on orexin-induced locomotion; (2) the effects of OX1R-,
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OX2R-, and OX1R/OX2R-deficiency on orexin-induced locomotion; (3) the effects of almorexant on sleep; and (4) the
effects of almorexant on sleep in OX1R-, OX2R-, and OX1R/
OX2R-deficient mice.

after surgery. Behavioral tests started following full recovery
(5-6 days after surgery).
Implantation of Electrocorticogram/Electroencephalogram and
Electromyogram Electrodes
One hour prior to surgery, mice were administered buprenorphine (Temgesic, 0.05 mg/kg subcutaneously). Mice
were anesthetized with ketamine/xylazine (110 mg/kg, 10:1,
intraperitoneally) and placed in a stereotaxic frame. The skull
was exposed and four miniature stainless-steel screws (SS-5/
TA Science Products GmbH, Hofheim, Germany) attached to
36-gauge, Teflon-coated solid silver wires were placed in contact with the frontal and parietal cortex (3 mm posterior to bregma, ± 2 mm from the sagittal suture) through bore holes. The
frontal electrodes served as reference. The wires were crimped
to a small six-channel connector (CRISTEK Micro Strip Connector, International Precision Products, Bardowick, Germany)
that was affixed to the skull with dental acrylic. Electromyogram
(EMG) signals were acquired by a pair of multistranded stainless- steel wires (7SS-1T, Science Products GmbH, Hofheim,
Germany) inserted into the neck muscles and also crimped to
the headmount. After surgery, mice were singly housed and allowed to recover in their cage placed on a heating pad. Temgesic, 0.05 mg/kg, subcutaneously, was given 8h and 16h after
surgery to prevent pain. After 24h, the mice were housed with
their former cagemates and allowed to recover for 2 wk.

METHODS
Subjects
Male mice weighing 25-35 g were single- or group-housed
on wood shavings in Makrolon® type II (14 cm × 16 cm × 22
cm) and type III (15 cm × 22 cm × 37 cm) cages, respectively.
Each cage contained a nest box, a piece of wood, and nesting
materials made of tissue paper, and animals had access to food
and water ad libitum. The housing cages were placed in a temperature- and humidity-controlled room (20-24°C, 45% humidity) with a light/dark cycle of 12:12 (lights on at 03:00, max
80 Lux). All experiments were conducted in accordance with
the Veterinary Authority of Basel, Switzerland, and every effort
was made to minimize the number of animals used and any pain
and discomfort.
Mice heterozygous for the disrupted Hcrtr1 (OX1R+/-) or
Hcrtr2 (OX2R+/-) allele, on a mixed C57BL/6J.129/SvEv
background, were obtained from Deltagen (San Mateo, CA)
(B6.129P2-Hcrtr1tm1Dgen, B6.129P2-Hcrtr2tm1Dgen). Mice were
backcrossed to C57BL/6J for 10 generations before using. From
breedings of heterozygous mice, homozygous KO (OX1R-/- and
OX2R-/-) and WT (OX1R+/+ and OX2R+/+) littermates were selected by genotyping. Mice deficient for both orexin receptors
(B6.129P2-Hcrtr1tm1Dgen xHcrtr2tm1Dgen, called OX1R-/-/OX2R-/-)
were obtained by crossing the single receptor lines. To drastically reduce the numbers of animals bred for this study, OX1R-/-/
OX2R-/- mice were generated from breedings of double homozygous animals. Thus, there were no WT littermates available
for these mice. In addition, the animals used in the locomotion studies were those produced during the multiple crossings
needed to obtain the double KO animals. Mice heterozygous
for the disrupted orexin Hcrt (orexin-/+) allele backcrossed at
least 11 generations to C57BL/6J were obtained from the University of Texas (B6-Orexintm1Ywa).1 Mice homozygous for the
mutation were selected by genotyping.

Orexin-Induced Locomotor Activity
For measuring locomotor activity, a computerized motility measurement system was used (Moti 4.25, TSE Systems,
Bad Homburg, Germany). This system automatically measures
locomotor activity in transparent boxes (20 cm × 32 cm × 17
cm) by counting the interruptions of horizontal infrared beams
spaced 5.7-8.4 cm apart in a frame set at the cage-floor level of
the boxes. All locomotor experiments were performed during
the light phase, when the stimulatory effects of orexin can be
detected, beginning between Zeitgeber time (ZT) 4 and ZT5.
The mice were put into the motility boxes, and their spontaneous locomotor activity was recorded after a 30-min habituation
period. In the first experiment, designed to study the effect of
almorexant on orexin-induced activity, almorexant or vehicle
(control group) was then orally administered (pretreatment) in
C57BL/6 mice. Each mouse was in a single experiment. After
recording baseline activity for 30 min, intracerebroventricular
(ICV) injections of orexin A were performed: the mice were
gently restrained by the experimenter, injectors with a diameter
of 0.15 mm (connected to Hamilton syringes by tubes) were introduced into the guide cannulae, and the animals were released
in a cage. A total volume of 0.3 µl solution with 3 µg orexin
A was then injected at a flow rate of 0.1 µl/min, controlled by
a microinfusion pump (CMA100, CMA, Stockholm, Sweden).
The injector was removed after an additional 60 sec. The mice
were then returned to the motility boxes and locomotor activity
was recorded for a further 75 min.
In the second experiment, designed to study the effect of receptor deficiency on orexin-induced activity, orexin A was injected 60 min after putting the different KO mice or their WT
littermates into the setup (30 min habituation, 30 min baseline
activity with no pretreatment).

Substances
Almorexant was purchased (custom synthesis) from Anthem
Biosciences (Bangalore, India), and dosed by mouth in freshly
prepared suspension with 0.5% methylcellulose on the day of
the experiment. Orexin A was purchased from Bachem (Bubendorf, Switzerland), and dissolved in phosphate buffered saline.
Implantation of Intracerebroventricular Cannulae
Mice were anesthetized with ketamine/xylazine (110 mg/
kg, 10:1, intraperitoneally) and placed into a stereotaxic frame.
The skull was exposed and stainless steel guide cannulae (diameter: 0.35 mm; length: 6 mm) were bilaterally implanted to
the lateral ventricles using the following coordinates30: -0.3 mm
rostral from bregma, ± 1.2 mm lateral from bregma, -2.1 mm
ventral from dura. The guide cannulae were fixed to the skull
with dental cement and two to three anchoring screws. To prevent postsurgical pain, the analgesic buprenorphine (0.01 mg/
kg, intraperitoneally) was given twice per day on the first 2 days
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Sleep Studies
Mice were habituated to individual cages in the sound-attenuated recording chamber for 6 to 10 days with a 12:12 light:dark
cycle (lights on 03:00, max 80 lux) and a constant temperature of
approximately 23°C. Mice had access to food and water ad libitum and to one nesting paper and a piece of wood. Approximately
5h before the start of the experiment, mice were weighed and attached to the recording cables that connected their headmounts to
a commutator (G-4-E, Gaueschi) allowing free movement in the
experiment boxes. On day 1, the mice were manipulated and habituated to the oral application syringe. On day 2, they received
vehicle (methylcellulose 0.5%, 10 ml/kg by mouth). On day 3,
almorexant was administered by mouth. All manipulations and
oral applications were performed in a time window of 5-15 min
before lights off and start of the recordings. Recordings began
simultaneously with lights off at 15:00 (hr 0) and continued for
23h. The experimental chamber was secured about 5 min prior to
lights off and the mice were undisturbed during the recordings.
The chamber was opened for 1h per day before lights off to care
for the mice and perform any manipulations necessary. On day 4,
mice were replaced in groups in their housing cages.
Electroencephalogram (EEG)/EMG signals were amplified
using a Grass Model 78D amplifier (Grass Instrument Co., Quincy, MA), analog filtered (EEG: 0.3 to 30 Hz, EMG: 5 to 30 Hz),
and acquired using Harmonie V5.2 (acquisition frequency: 200
Hz with calibration the first day, record duration: 23h). Animals
were video recorded during data collection, using an infrared
video camera and locomotor activity was detected using infrared
sensors (InfraMot Infrared Activity Sensor 30-2015 SENS, TSE
Systems) placed in the roof of the boxes. Activity signals were
acquired in 10-sec intervals by the software Labmaster V2.4.4
(TSE Systems). EEG/EMG and activity channels were imported
into and scored in 10-sec epochs using the rodent scoring module of Somnologica® (ResMed, Basel Switzerland) into wake,
NREM sleep, and REM sleep. Epochs during which there were
state transitions were scored as the state present for at least 50%
of the epoch. A direct comparison between the results obtained
by hand-scoring 84h of recordings with the results from the automated scoring yielded an agreement of 90.3%. This is comparable to the results obtained by others.31

grooming or feeding, were also noted as potential cataplexy.
The EEG/EMG activity records were then examined. When
there was strong theta activity and nuccal atonia followed by
a sudden return to a wake EEG with activity, the corresponding epochs were re-scored as cataplexy. The cataplexy had to be
immediately preceded and followed by active waking. The cataplectic attacks occurred anywhere in the cage. The mice typically collapsed prone or lying on the side, whereas during sleep
they adopted the characteristic curled/hunched posture and were
usually in the nest. Behavioral arrests that were accompanied by
rapid entry into sleep with or without sleep onset REM periods
were not re-scored as cataplexy but were left as sleep.
Statistical Analysis
All analyses were performed with the software Systat (versions 12 and 13, Systat Software Inc. Washington, DC) and results expressed as means ± standard error of the mean (SEM).
For the analysis of locomotor activity, analyses of variance
(ANOVAs) for each experimental condition (different almorexant treatments or different genotypes) were performed. First,
only the total distance traveled within the 30 min before ICV
orexin A infusions were used to analyze genotype or treatment effects on baseline locomotor activity. Then, two-factor
ANOVAs were performed to analyze whether the experimental
condition affected ICV orexin-induced locomotor activity. As
between-subject factors, the experimental condition (pretreatment with vehicle/almorexant or genotype) and the ICV injection (vehicle or orexin) were used. Time (total distance traveled
30 min before and the 75 min after ICV treatment) served as a
within-subject factor. In pilot studies, these time windows were
found to be optimal for the determination of orexin-induced locomotor activity. If not otherwise stated, the F and P values reported in the results are those from the interaction between ICV
injection and time. The ICV orexin injections were considered
to be effective if this interaction reached statistical significance.
For the sleep experiments, the time spent per hour in wake,
NREM sleep, and REM sleep were analyzed by restricted
maximum likelihood (REML) analysis, with time (hr), treatment (drug or genotype), and the interaction between time and
treatment as fixed factors and animal as random factor. Unlike
the ANOVA, this test does not require that data are normally
distributed and that groups have equal variance for the results
to be valid. In addition, missing values can exist in the dataset.
When either the main treatment effect or the interaction was
significant (P < 0.05), Fisher least significant difference (LSD)
post hoc test was run to identify during which hours there was
a significant difference between the vehicle and treatment days.
The REML analysis was run for the entire 12hr dark period
for the 100 and 300 mg/kg doses and over 4h for the 25 mg/kg
dose. F and P value for the treatment effect are reported in the
results when significant at P < 0.05. When the treatment was not
significant, but the interaction (treatment × h) was significant
then this comparison is reported. Results from the LSD test are
shown on the figures as *P < 0.05, **P < 0.01, ***P < 0.001.

Cataplexy
To specifically assess cataplexy, mice were placed into the
recording cages only 1h before lights off. To further increase
the chances of the mice showing cataplexy, a running wheel,
fruit loops, and a ping-pong ball were added to the boxes containing nesting paper, food, water, and a piece of wood. EEG/
EMG activity and video recordings began at lights off as for the
sleep experiments and continued for 16h. Mice were not previously habituated to the recording boxes as cataplexy in mice is
stimulated by novelty, running on wheels, and palatable food.
An episode of cataplexy was defined as an abnormal transition
from active wake to a sudden loss of activity, characterized by
a period of at least 10 sec of EEG theta activity accompanied
by muscle atonia.32 Potential episodes of cataplexy were most
easily detected by viewing the videotapes at four times normal
speed and any sudden cessation of movement or collapse of the
mice outside their nesting area were noted. Periods without motion, when it was not possible to clearly see if the mice were
SLEEP, Vol. 35, No. 12, 2012
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Receptors
Chinese hamster ovary (CHO) or human embryonic kidney
(HEK) cells expressing mouse, rat, or human OX1R or OX2R
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Figure 2—Orexin increases locomotor activity by activation of OX2R
receptors. A, Design of experiment. Each mouse was tested only once
(N = 7-9/group). Following a 30-min habituation, baseline activity was
recorded for 30 min. Each mouse then received an intracerebroventricular
(icv) orexin (3 µg) injection or an equal volume of vehicle. B, Data are
expressed as mean ± standard error of the mean (SEM) of distance
traveled in the 30 min prior to icv injections (pre) and in 75 min after icv
injections (post). Orexin increased locomotion in wild-type mice (OX1R+/+/
OX2R+/+) and in mice deficient for OX1R but had no effect on mice deficient
for OX2R or lacking both orexin receptors. Baseline activity was not
different in the different strains. *P < 0.05 interaction icv injection × time,
i.e., stimulatory effect of orexin.

Figure 1—Almorexant blocks orexin-induced locomotion in C57BL/6
mice. A, Design of experiment. Each mouse was tested once and received
either vehicle (0 mg/kg almorexant) or a given dose of almorexant prior to
recording 30 min of baseline activity (N = 10-12/group). After recording
baseline activity half the mice received 3 µg orexin A intracerebroventricular
(icv) or an equal volume of vehicle and activity was recorded for a further
75 min. B, Data are expressed as means ± standard error of the mean
(SEM) of the total distance traveled in the 30 min prior to icv injection of
3 µg orexin (pre) and for 75 min after icv injections (post). Almorexant at
doses from 50 mg/kg by mouth significantly reduced baseline locomotor
activity and abolished the stimulatory effect of orexin at 100 and 200 mg/
kg. *P < 0.05 interaction icv injection × time, i.e. stimulatory effect of orexin;
#
P < 0.05, ##P < 0.01, baseline activity with almorexant versus baseline
activity with vehicle pretreatment.

compound was injected, and the calcium signal recorded every
sec for 1 min, then every 2 sec 40 times. Plates were then incubated at room temperature for 30, 60, 120, or 240 min. Calcium
signals were again measured as previously mentioned; this time
orexin A (15 µl) was injected at three times the final concentration. For each experiment, full orexin A concentration response
curves were generated on each plate: they serve to calculate the
half maximal effective concentration (EC50) for that plate and
to adapt the EC80 values in the subsequent experiments, which
vary according to cell line and passage number.
The concentration response curves were analyzed according to the law of mass action, for both orexin A (EC50), and
almorexant (half maximal inhibitory concentration, IC50) with
slope factors and maximal/minimal effects; the antagonist data
are transformed according to Cheng and Prusoff33 (KI = IC50/1+
(L/EC50), where L is the agonist concentration used in the assay and EC50 its concentration for half maximal activation) and
the antagonist data finally expressed as Ki (nM) and pKi values
(–log M). The potency ratios of almorexant for OX2R over
OX1R are represented graphically versus incubation time (min).

were grown in Dulbecco minimum essential medium (DMEM)/
F12/10% fetal calf serum (FCS). For passaging, medium was
removed from a 50-90% confluent large cell culture bottle,
cells were washed with 13 ml phosphate buffered saline (Gibco
14190), the phosphate buffered saline was removed and 3 ml
Trypsin (0.5 mg/ml) added, the bottle was kept for 3 min at 37°C,
17 ml medium was added, and 0.5-2 ml of cell suspension was
transferred into a new bottle with 50 ml DMEM/F12/10% FCS.
Determination of orexin A-stimulated calcium accumulation
was performed over 2 days using a fluorescent imaging plate
reader (FLIPR384, Molecular Devices, Sunnyvale, CA). On day
1, cells expressing either OX1R or OX2R were seeded in black
384 well clear bottom plates at approximately 8,000 cells per
well in 50 µl medium and incubated overnight at 37°C. On day
2, medium was discarded and cells loaded with 50 µl of loading
buffer (1 mM Fluo-4 AM, Invitrogen F14202 (Life Technologies, Zug, Switzerland), dimethyl sulfoxide in working buffer).
Cells were incubated for 60 min at 37°C and the medium discarded. Cells were washed with 100 µl working buffer (Hanks’
balanced salt solution, 10 mM Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 200 mM CaCl2, 0.1 % bovine serum albumin, 2.5 mM probenecid, pH 7.4) to remove the excess
Fluo-4 AM and 20 µl working buffer was added. Plates were
incubated 10-15 minutes at room temperature. Then the assay
plate was transferred to the Molecular Devices-FLIPR384 and
10 µl almorexant was injected at three times the final concentration. The baseline calcium signal was recorded for 10 sec, then
SLEEP, Vol. 35, No. 12, 2012

RESULTS
Effects of Almorexant on Orexin-Induced Locomotor Activity
Pilot studies showed that ICV injections of 3 µg orexin A
induced a robust increase in locomotor activity lasting approximately 75 min in C57BL/6 mice, similar to what has been reported.34 Lower doses were less effective and the effect began to
plateau at approximately 3 µg (data not shown). Therefore, we
used 3 µg orexin A for the following experiments and to ana1628

Orexin Receptors in Sleep and Locomotion—Mang et al

Figure 3—Almorexant dose-dependently reduces wake and induces sleep at the beginning of the dark (active) phase in the normal C57BL/6 mice. A-C,
Almorexant at the doses indicated was given 5-10 min before the recording started (t = 0, lights off). Shaded region indicates dark period. Data are expressed
as means ± standard error of the mean (SEM) of total min in the given vigilance phases in eachh after treatment. *P < 0.05, **P < 0.01, ***P < 0.001 Fisher least
significant difference pair-wise comparisons vehicle versus almorexant. D, Quantification of the cumulative time spent in each stage during the first 5h on the
day of vehicle treatment (clear bars) and the day of almorexant treatment (black bars) at the indicated doses. *P < 0.05, **P < 0.01, ***P < 0.001 paired t-test.
SLEEP, Vol. 35, No. 12, 2012
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Figure 4—Almorexant increases the proportion of total sleep time spent in rapid eye movement (REM) sleep during the dark phase but this remains within
the proportions seen during normal sleep in the light phase on the vehicle day. Almorexant at the indicated doses was given by mouth 5-10 min before the
start of the recording (t = 0). Shaded area indicates dark period. Dotted line indicates mean REM sleep proportion during the light phase on the vehicle day.
REM sleep proportion = 100 × time in REM sleep/(time in REM sleep + time in nonrapid eye movement [NREM] sleep) calculated perh.

300 mg/kg: F(1,207) = 18.1, P < 0.001) and REM sleep (25 mg/kg:
F(3,49) = 6.79, P = 0.012; 100 mg/kg: F(1,276) = 37.1, P < 0.001;
300 mg/kg: F(1,207) = 60.0, P < 0.001). We also quantified the
amount of time spent in each state during the first 5h after lights
off (Figure 3D). Using this measure, clear dose-dependent decreases in wake and increases in both NREM and REM sleep
were revealed. Interestingly, the effect of 300 mg/kg almorexant on REM sleep outlasted the reduction in wake and the increase in NREM sleep by 3h (Figure 3C). This prolonged REM
sleep-inducing effect was not seen at the lower doses tested.
As we observed that almorexant increased both NREM and
REM sleep in mice, we wished to examine whether the balance between REM sleep and NREM sleep after almorexant
treatment was similar to that normally occurring in the mice.
The proportion of REM sleep in the total sleep time during the
dark phase was increased by almorexant (Figure 4). This was
expected from the comparison of the raw data in Figure 3. Because REM sleep is more likely to occur when preceded by
prolonged NREM sleep, we considered that the normal REM/
NREM sleep balance would be better reflected by the REM
sleep percentage of total sleep time during the light phase on
the vehicle treatment day, when the mice slept about the same
amount as they did with almorexant, but without drug influence. At all doses of almorexant tested, the proportion of REM
sleep remained within that seen during the light phase on the
vehicle day (Figure 4). Because REM sleep is under circadian
control, the ideal comparison would be to hold both total sleep
time and time of day constant while applying almorexant. Unfortunately the lack of effect of almorexant when dosed during
the light phase in rodents precludes this.27

lyze the time window 75 min after orexin A infusions. The 30
min before orexin A infusions were taken to analyze genotype or
treatment effects on baseline locomotor activity. C57BL/6 mice
(n = 10-13/group) were treated with vehicle, i.e., 0, 50, 100, or
200 mg/kg almorexant by mouth 30 min prior to administration of 3 µg orexin A ICV. As expected, orexin increased locomotor activity in the control animals pretreated with vehicle
(Figure 1; F(1,21) = 4.40, P = 0.049). This effect of ICV orexin
was also observed in the group of mice pretreated with 50 mg/
kg almorexant (F(1,19) = 4.33, P = 0.05) but not in the mice that received 100 or 200 mg/kg almorexant (F(1,21) = 0.06, P = 0.81 and
F(1,18) = 0.51, P = 0.48, respectively). Thus, almorexant dose-dependently blocked the increase in locomotor activity induced by
ICV orexin. In addition, all almorexant doses robustly decreased
baseline locomotor activity when compared with the baseline
activity in the control mice pretreated with vehicle (factor pretreatment in ICV vehicle-injected animals: F > 4.97, P < 0.03).
Orexin-Induced Locomotor Activity in WT, OX1R-Deficient, OX2RDeficient, and OX1R/OX2R-Deficient Mice
Baseline locomotor activity was not affected in any of the
receptor-deficient mice relative to the WT mice (Figure 2;
ANOVA: F(3,30) = 0.74, P = 0.54). ICV injections of orexin
A increased locomotion in WT and OX1R-deficient animals
(F > 5.34, P ≤ 0.05), but had no effect in OX2R- and OX1R/
OX2R-deficient mice (F < 0.11, P > 0.75). The apparently greater orexin-induced increase in locomotion in the OX1R deficient
mice versus WT mice was not significant.
Effects of Almorexant on Sleep in Normal C57BL/6 Mice
Almorexant dose-dependently reduced the time spent
awake and increased the time spent in NREM and REM sleep
when applied before lights off compared with the previous
day when vehicle was dosed just before lights off (Figure 3).
Statistical analyses confirmed significant effects of almorexant on wake at all doses tested (25 mg/kg: F(3,49) = 2.91,
P = 0.044, n = 8; 100 mg/kg: F(11,276) = 2.84, P = 0.002, n = 13;
300 mg/kg: F(1,207) = 25.5, P < 0.001; n = 10). Post hoc tests
revealed almorexant reduced wake for 2h at 25 mg/kg, for 4h at
100 mg/kg and for the 2nd to 7thh at 300 mg/kg (Figure 3A-C).
Likewise, almorexant increased both NREM sleep (25 mg/kg:
F(3,49) = 2.86, P = 0.046; 100 mg/kg: F(11,276) = 2.61, P = 0.004;
SLEEP, Vol. 35, No. 12, 2012

Effects of Almorexant on Sleep are Mediated by OX2Rs
As 100 mg/kg almorexant clearly induced both NREM and
REM sleep in normal C57BL/6 mice, we chose to use this
dose in mice deficient in orexin receptors to determine whether antagonism of OX1R, OX2R, or both receptors is necessary
for sleep induction. Almorexant induced sleep in both OX1R/and OX1R+/+ mice (Figure 5A). Compared with the vehicle
day, almorexant increased NREM sleep in both WT and KO
mice (OX1R+/+: F(11,207) = 2.07, P = 0.024; OX1R-/-: F(1,207) = 9.67,
P = 0.002; n = 10), increased REM sleep (OX1R+/+: F(1,207) = 4.11,
P = 0.044, OX1R-/-: F(1,207) = 57.0, P < 0.001) and reduced wake
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Figure 5—Almorexant induces sleep by blocking OX2R receptors. Almorexant (100 mg/kg) was given 5-10 min before the start of the recording (t = 0).
Shaded region indicates dark period. The effects of almorexant on sleep/wake time were compared to the vehicle in OX1R-deficient mice (A, lower panels)
and their wild-type littermates (A, upper panels), in OX2R-deficient mice (B, lower panels) and their wild-type littermates (B, upper panels) and in OX1R/
OX2R-deficient mice (C). D, The amount of rapid eye movement sleep on the vehicle days for each group of mice are plotted together. Data are expressed as
means ± standard error of the mean (SEM) of total min in the given vigilance phase in each hour. *P < 0.05, **P < 0.01, ***P < 0.001 Fisher least significant
difference pair-wise comparisons vehicle versus almorexant.
SLEEP, Vol. 35, No. 12, 2012
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Figure 6—Cataplexy occurred only in orexin-/- mice and mice lacking both receptors. A, The recording chamber with addition of a running wheel, ping-pong
ball and fruit loops to promote cataplexy. B, The number of cataplexy events per hour decreased with time in orexin-/- (n = 11) and OX1R-/-/OX2R-/- (n = 8).
No cataplexy was detected in wild-type (WT) mice (n = 7), WT mice treated with 300 mg/kg almorexant 5-10 min before lights off (n = 7), OX1R-/- (n = 8) or
OX2R-/- (n = 8) mice. C, Duration of cataplexy. D, Sleep scoring with and without cataplexy removed. Shaded region is lights off. Values are mean ± standard
error of the mean (SEM). *P < 0.05, **P < 0.01, ***P < 0.001 Fisher least significant difference pair-wise comparisons versus WT.

in both groups (OX1R+/+: F(1,207) = 2.06, P < 0.05; OX1R-/-:
F(1,207) = 13.5, P < 0.001). Inhibition of OX1Rs is therefore not
necessary for sleep induction.
In contrast, almorexant did not change time spent in sleep or
wake in OX2R-/- mice (Figure 5B; wake: F(1,230) = 0.57, P = 0.45;
NREM sleep: F(1,230) = 0.68, P = 0.41; REM sleep: F(1,230) = 0.024,
P = 0.88; n = 11). In the WT littermates, almorexant induced
sleep and reduced wake similar to what was seen in C57BL/6
mice (Figure 5B, Figure 3B, wake: F(1,184) = 20.0, P < 0.001;
NREM sleep: F(1,184) = 16.7, P < 0.001; REM sleep: F(1,184) = 31.9,
P < 0.001; n = 9). Thus, inhibition of OX2Rs is sufficient for
sleep induction by almorexant.
To determine if the sleep-promoting effects of almorexant are
mediated solely by inhibition of orexin receptors or if there may
be an off-target effect promoting sleep, we tested the effect of
almorexant in mice lacking both, OX1R and OX2R (Figure 5C).
There was no effect of almorexant on the amount of wake
(F(1,230) = 1.01, P = 0.32, n = 11), NREM sleep (F(1,230) = 1.08,
P = 0.30) or REM sleep (F(1,230) = 0.04, P = 0.80) in mice lacking
both receptors, demonstrating that almorexant induces sleep via
the known orexin receptors.

trained manual scorer (when the cataplexy episode is of short
duration) or by the scoring software. Thus, in our analysis in
Figure 5 episodes of cataplexy would have been scored as REM
sleep or wake. Indeed, when we compared the amount of time
spent in REM sleep in the different KO mice and the WT littermates, only the OX1R/OX2R deficient mice appeared to have
more REM sleep during the dark phase in the vehicle condition,
possibly reflecting some cataplexy in these mice (Figure 5D).
We first examined cataplexy in mice lacking orexin peptides. These cataplexy-prone mice were seen to have extremely few cataplectic events when they were well adapted to the
recording boxes (data not shown). Because novelty, exercise,
and palatable food have all been suggested to increase the
frequency of cataplectic events,18,35,36 we recorded the video,
EEG/EMG and activity beginning at lights off without a long
habituation period in enriched recording boxes (Figure 6A).
Cataplexy was detected only in mice lacking orexin peptides
or lacking both orexin receptors (Figure 6B and C, orexin-/versus WT F(1,75) = 6.5, P = 0.013, OX1R-/-/OX2R-/- F(1,45) = 10.7,
P = 0.002). Because no cataplexy was detected in the mice
lacking orexin peptides more than 8h after lights off, we restricted further analysis in the other mice to the 6h immediately
after lights off. As previously reported, we observed no cataplexy in WT mice, in mice lacking OX1R or OX2R, nor in WT
mice treated with almorexant (Figure 6B and C). In the mice
lacking orexin receptors, the average duration of cataplexy was
less than 1 min/hr even in these conditions designed specifically to increase cataplexy (Figure 6C). The scoring software
classified 60% of the cataplexy as REM sleep, 39% as wake
and 1% as NREM sleep. Figure 6D shows the effect of cor-

Almorexant Does Not Induce Cataplexy in Mice
Cataplexy with narcolepsy has been reported to occur in
mice lacking orexin peptides and OX1R/OX2R deficient mice
but is absent in OX1R and OX2R deficient mice, which show
sleep attacks that differ from the cataplexy seen in the peptide
KO mice.1,17,19 Episodes of cataplexy may be confused with
REM sleep or quiet wake (wake without movement) when
scored on an epoch-by-epoch basis, both when examined by a
SLEEP, Vol. 35, No. 12, 2012
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Table 1—Apparent antagonist potency of almorexant at mouse, rat, and human OX2R increases with increasing incubation times whereas apparent potency
at OX1R remains constanta
Incubation Time
HEK mOX1R (Ki nM)
HEK mOX1R pKi
HEK mOX2R (Ki nM)
HEK mOX2R pKi

30 min
18.6
7.73 ± 0.05 (6)
19.1
7.72 ± 0.06 (5)

60 min
18.2
7.74 ± 0.09 (8)
8.9
8.05 ± 0.06 (12)

120 min
33.9
7.47 ± 0.07 (6)
8.1
8.09 ± 0.05 (6)

240 min
38.9
7.41 ± 0.11 (4)
4.2
8.38 ± 0.05 (6)

CHO rOX1R (Ki nM)
CHO rOX1R pKi
HEK rOX2R (Ki nM)
HEK rOX2R pKi

12.6
7.90 ± 0.06 (6)
5.6
8.25 ± 0.08 (6)

12.3
7.91 ± 0.11 (4)
2.5
8.60 ± 0.08 (4)

11.2
7.95 ± 0.08 (6)
1.0
8.99 ± 0.19 (6)

17.4
7.76 ± 0.08 (6)
0.7
9.18 ± 0.10 (6)

CHO hOX1R (Ki nM)
CHO hOX1R pKi
CHO hOX2R (Ki nM)
CHO hOX2R pKi

12.9
7.89 ± 0.06 (4)
4.1
8.39 ± 0.05 (4)

19.1
7.72 ± 0.06 (24)
1.6
8.80 ± 0.06 (27)

14.8
7.83 ± 0.07 (4)
1.2
8.92 ± 0.21 (4)

16.2
7.79 ± 0.10 (4)
0.7
9.18 ± 0.33 (4)

a
Calcium accumulation in response to orexin A (EC80) was antagonized by preincubated almorexant as described in the methods section in human embryonic
kidney (HEK) or Chinese hamster ovary (CHO) cells expressing mouse, rat, or human orexin receptors. The data are reported as Ki values (nM), or pKi values
± standard error of the mean of (n) independent experiments with different incubation times.

recting the sleep scoring for cataplexy in the orexin-/- mice and
the OX1R/OX2R deficient mice for the cataplexy. Note that the
amount of wake at the beginning of the dark phase is extremely
high due to the stimulatory effect of the novel environment
and lack of habituation. Even in these conditions designed to
stimulate cataplexy there is a rather small effect on the sleep
scoring even on the maximally affected REM state. On average
only about 20 sec/hr of the time classified as REM sleep was in
fact cataplexy. Thus, we are confident that cataplectic episodes
did not significantly distort sleep/wake scoring in our orexin/
almorexant experiments.
Selectivity of Almorexant for OX2R Increases with Incubation Time
It has been reported that almorexant binds almost irreversibly to the human OX2R and dissociates rapidly from the OX1R,
suggesting that it may function as an OX2R preferring antagonist in vivo.37 We decided to test whether the differences in
binding kinetics of almorexant at the two receptors is reflected
by its apparent potency in functional assays. Calcium accumulation in response to orexin A was estimated using FLIPR in intact cells expressing recombinant human, rat, and mouse OX1R
and OX2R after incubation with almorexant for various time
intervals (30-240 min). There was no change in calcium signal
when almorexant was applied alone, indicating that almorexant has no apparent agonist/inverse agonist intrinsic activities.
The apparent antagonist potency of almorexant at human, rat
and mouse OX1Rs was constant irrespective of incubation time
(Table 1). In contrast, at OX2R the apparent potency increased
with increasing time of incubation of almorexant (increasing
pKi/decreasing Ki). When incubated for 30 min, almorexant
was apparently a nonselective antagonist showing singlefold to
threefold selectivity for OX2R over OX1R in mouse (Ki mOX1R/
Ki mOX2R = 1.0), rat (Ki rOX1R/Ki rOX2R = 2.2) and human
(Ki hOX1R/Ki hOX2R = 3.1) but when incubated for increasing
times, up to 240 min, the selectivity for OX2R increased to nine
to 25 times over OX1R (Figure 7).
SLEEP, Vol. 35, No. 12, 2012

Figure 7—Functional selectivity of almorexant for human, rat and
mouse OX2R over OX1R increases with time of incubation in vitro. The
potency ratios of almorexant for OX2R over OX1R were calculated based
on Ki values and represented graphically wrt incubation time (min) for
the three species.

DISCUSSION
Dual OX1R/OX2R antagonists are being developed as new
approaches for the treatment of insomnia.24,25,27 In the current studies, we found that the dual OX1R/OX2R antagonist
almorexant dose-dependently blocked the locomotion-inducing effects of ICV orexin, reduced active wake, and induced
REM sleep and NREM sleep in C57BL/6J mice. Almorexant
was ineffective in mice lacking both OX1R and OX2R, suggesting that inhibition of the two known orexin receptors is
sufficient to explain the sleep-promoting effects of almorexant. Almorexant failed to induce sleep in mice lacking OX2R,
whereas it induced sleep in mice lacking OX1R, confirming
that antagonism of OX2R is sufficient for sleep induction.28,29
The cataplectic phenotype of mice lacking orexin or both
orexin receptors was confirmed in our study.1,17 In the same
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conditions we also confirmed that there was no cataplexy induced by almorexant.27
When interpreting our data from KO mice, it is important to
keep in mind that compensatory mechanisms may be activated
during development, potentially confounding the interpretation
of the results. We made several attempts using autoradiography
to quantify orexin receptor density in brain slices; however, due
to the low abundance of the receptors and lack of sufficiently
potent ligands, this has not been successful to date. At the messenger ribonucleic acid level, no difference was found between
orexin receptor KO and WT mice,38 arguing against dramatic
upregulation of the nondeleted orexin receptor gene in the KO
mice. Whereas receptor density differences between individuals may alter behavioral effects of agonists in vivo, apparent
antagonist potency is expected to be much less affected.
Our locomotor activity experiments in orexin receptor-deficient mice show that baseline activity is not affected by deficiency of only one or both orexin receptors. However, we
observed that the stimulatory effect of ICV orexin injections
on locomotor activity 39-42 is OX2R-mediated, because OX1R
deficiency did not prevent the orexin-induced increase in locomotion. This supports published rat data demonstrating that
orexin-induced locomotion cannot be blocked by coadministration of an OX1R-specific antagonist but can be mimicked
by an OX2R-specific agonist.42Almorexant dose-dependently
blocked orexin-induced locomotion, as well as baseline locomotor activity. Interestingly, the lowest almorexant dose (50
mg/kg) reduced baseline locomotor activity without preventing the stimulatory effect of ICV orexin whereas higher doses
(100 and 200 mg/kg) were able to reduce baseline and orexininduced locomotion. In rats and dogs, 30 mg/kg was the minimal effective dose of almorexant to reduce baseline locomotor
activity.27 Based on our data in orexin receptor-deficient mice,
this effect of almorexant on orexin-induced locomotion is very
likely OX2R-mediated.
Although almorexant is a rather balanced OX1R/OX2R antagonist, kinetic studies demonstrate that almorexant dissociates very slowly from the human OX2R receptor but has fast
and reversible kinetics at the human OX1R.37 Using a functional
assay in intact cells expressing human, rat, or mouse receptors,
we demonstrated that this difference in binding kinetics results
in an increase of almorexant potency at OX2R with time, whereas the potency at OX1R remained constant. Thus, almorexant
acts as a pseudoirreversible or very slowly equilibrating antagonist at human, rat, and mouse OX2R and a fast equilibrating
antagonist at OX1Rs. Almorexant may therefore behave in vivo
as an OX2R preferring antagonist rather than as a nonselective
dual orexin receptor antagonist.
Orexin increases wakefulness and suppresses both NREM
and REM sleep.40,43 Administration of orexin A in orexin-deficient mice and dogs also inhibits narcoleptic and cataplectic
episodes.44,45 Selective activation of orexin neurons promotes
wakefulness46,47 and selective inhibition promotes sleep.47 Together, these data highlight a critical role for orexin in the maintenance of wakefulness. With respect to total sleep duration, we
observed no large differences between WT mice and mice with
a deficiency in OX1R or OX2R or both orexin receptors under
control conditions (vehicle applications). As already published
for rats, dogs, and humans,27 we observed robust and dose-deSLEEP, Vol. 35, No. 12, 2012

pendent sleep-promoting effects of almorexant and deficiency
of OX2R was sufficient to block these effects. This is in line with
previous studies highlighting a principal role for OX2R in sleep.
For example, the OX1R antagonist GSK1059865 alone was devoid of effect on sleep, whereas the selective OX2R antagonist
JNJ1037049 produced sleep in rats under conditions where
target engagement was demonstrated for both compounds using functional magnetic resonance imaging.28 In addition, ICV
administration of an OX2R-selective agonist, [Ala11]orexin B,
promotes wakefulness and suppresses NREM sleep and REM
sleep in rats.48 Mieda et al.,38 studying the effects of orexin A in
WT and orexin receptor-deficient mice, reported that activation
of OX2R promoted wakefulness and suppressed NREM sleep
whereas OX1R activation was less effective. Both OX1R and
OX2R appeared to mediate the orexin A induced suppression
of REM sleep by a similar degree. Interestingly, the authors
suggest that OX1Rs directly suppress REM sleep, whereas the
effect mediated by OX2Rs is indirect. Thus, the normal regulation of wakefulness/NREM sleep transitions appears to depend
critically on OX2R, indicating that OX2R is the main player in
sleep/wake control. Combined loss of OX1R and OX2R signaling leads, however, to a more severe phenotype including sleep
onset REM periods and cataplexy.19,49
In conclusion, we have demonstrated that the orexin system
modulates locomotion and sleep primarily via OX2R with only
a minor role for OX1R. Importantly, we provide direct evidence
that almorexant directly antagonizes the in vivo actions of orexin and that antagonism of OX2R is sufficient to induce sleep in
mice. In addition, we can conclude that no as-yet unidentified
receptors for orexin play a major role in these behaviors as there
was no effect of either ICV orexin or almorexant in mice lacking the two known orexin receptors.
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