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Almorexant Promotes Sleep and Exacerbates Cataplexy in a Murine Model of
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Study Objectives: Humans with narcolepsy and orexin/ataxin-3 transgenic (TG) mice exhibit extensive, but incomplete, degeneration of hypo-
cretin (Hert) neurons. Partial Hert cell loss also occurs in Parkinson disease and other neurologic conditions. Whether Hcrt antagonists such as
almorexant (ALM) can exert an effect on the Hcrt that remains after Hert neurodegeneration has not yet been determined. The current study was
designed to evaluate the hypnotic and cataplexy-inducing efficacy of a Hert antagonist in an animal model with low Hert tone and compare the ALM
efficacy profile in the disease model to that produced in wild-type (WT) control animals.

Design: Counterbalanced crossover study.

Setting: Home cage.

Patients or Participants: Nine TG mice and 10 WT mice.

Interventions: ALM (30, 100, 300 mg/kg), vehicle and positive control injections, dark/active phase onset.

Measurements and Results: During the 12-h dark period after dosing, ALM exacerbated cataplexy in TG mice and increased nonrapid eye move-
ment sleep with heightened sleep/wake fragmentation in both genotypes. ALM showed greater hypnotic potency in WT mice than in TG mice. The
100 mg/kg dose conferred maximal promotion of cataplexy in TG mice and maximal promotion of REM sleep in WT mice. In TG mice, ALM (30 mg/
kg) paradoxically induced a transient increase in active wakefulness. Core body temperature (T,) decreased after acute Hert receptor blockade, but
the reduction in T, that normally accompanies the wake-to-sleep transition was blunted in TG mice.

Conclusions: These complex dose- and genotype-dependent interactions underscore the importance of effector mechanisms downstream from
Hcrt receptors that regulate arousal state. Cataplexy promotion by ALM warrants cautious use of Hert antagonists in patient populations with Hert

neurodegeneration, but may also facilitate the discovery of anticataplectic medications.
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INTRODUCTION

The neurologic disorder narcolepsy is characterized by ex-
cessive sleepiness, fragmented sleep, short latency to rapid eye
movement (REM) sleep and cataplexy—a sudden, emotionally
triggered loss of muscle tone—in both human patients and ani-
mal models of the disease.!? Disruption of the hypocretin (Hert,
also known as orexin) neuropeptide signaling system results
in a narcoleptic phenotype.** Neurodegeneration of approxi-
mately 90% of the sole population of Hert-producing neurons
(located in the posterior lateral hypothalamus) underlies human
narcolepsy’ and is recapitulated in the orexin/ataxin-3 transgen-
ic (TG) mouse model in which the Hert cells have been geneti-
cally engineered to degenerate postnatally.® Exogenous Hert
administered to TG mice increases wakefulness and suppresses
sleep and cataplexy to rescue the narcoleptic phenotype.’ Thus,
small-molecule Hert agonists may prove useful as Hert replace-
ment therapy, because both Hert receptors remain intact in hu-
man patients with narcolepsy.'®!

The development of anticataplectic medications will be fa-
cilitated by the use of tool compounds that provoke or exacer-
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bate cataplexy in animal models. In canines with narcolepsy,
physostigmine and prazosin have been used extensively to pro-
voke cataplectic attacks.'? Although cataplexy has been well
documented in multiple transgenic models affecting the Hert
system,**!:13 cataplexy expression is usually modest in rodents,
which has led multiple laboratories to search for behavioral and
pharmacologic interventions that could provoke cataplexy.'*!”
In this context, the dopamine agonist quinpirole (QNP) has been
reported to exacerbate cataplexy in orexin-deficient mice.'* To
develop Hert agonists for the treatment of narcolepsy, pharma-
cologists will need an experimental tool that not only induces
cataplexy, but can also be displaced from Hcrt receptors by test
compounds to determine dose-response efficacy.

Although the search for Hert agonists has been largely un-
successful to date, considerable progress has been made in the
development of Hcrt antagonists for the promotion of sleep in
insomnia. Dual Hert receptor antagonism by almorexant (ALM)
dose-dependently increases REM and non-REM (NREM)
sleep and decreases wakefulness apparently without induc-
ing either cataplexy'® or deficits in next-day performance."
Similar results have been reported in studies of suvorexant in
multiple species.”” To our knowledge, neither ALM nor other
Hert antagonists have been evaluated for contraindications in
patients with narcolepsy or other patient populations with vari-
ous degrees of Hert neurodegeneration.?* Parkinson disease,
Huntington disease, and traumatic brain injury have all been
associated with Hert neurodegeneration, excessive sleepiness,
and inappropriately timed wakefulness.?'** Because some pa-
tients with these diseases that involve partial Hert cell loss are
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likely currently being treated for insomnia, it is important to
understand the efficacy and risk profile (i.e., cataplexy) of the
evolving class of hypnotic agents based on Hcrt antagonism in
these populations. Whether Hert antagonists can exert an effect
on any residual Hert that remains after neurodegeneration has
not yet been determined.

The purposes of the current study were (1) to demonstrate
hypnotic and cataplexy-inducing efficacy of a Hert antagonist
in an animal model with very low (but not absent) Hert tone and
(2) to compare this efficacy profile in the disease model with
the effects produced in wild-type (WT) control animals. Orex-
in/ataxin-3 transgenic mice and WT mice were administered
three doses of ALM at the beginning of the dark/active period
and arousal state variables were assessed for the subsequent 12
h, when the propensity for cataplexy is greatest and hypnotic
effects are most evident. Core body temperature (T,) and lo-
comotor activity (LMA) were also assessed to help evaluate
the quality of the sleep/wake states that were measured and to
determine the relationship between sleep and these physiologic
variables under these experimental conditions. The effects of
ALM were compared with both a negative control (vehicle,
VEH) and a positive control—the dopamine D,/D; receptor
agonist QNP used at a dose that has previously been shown to
induce cataplexy in orexin ligand knockout mice."* We found
that acute Hert receptor blockade exacerbated cataplexy, pro-
moted sleep in a dose x genotype dependent manner, and de-
creased body temperature. By contrast, the chronic reduction
in Hert signalling in TG mice was associated with attenuation
of the decrease in T, that normally accompanies the wake-to-
sleep transition.

MATERIAL AND METHODS

Animals

Male, hemizygous transgenic (TG, n = 9) C57BL/6-
Tg(orexin/ataxin-3)/Sakurai mice and WT (n = 10) littermates
bred in our colony at SRI International were used. All experi-
mental procedures were approved by the Institutional Animal
Care and Use Committee at SRI and were conducted in accor-
dance with the principles set forth in the Guide for Care and
Use of Laboratory Animals, National Research Council, 1996.

Surgery

Mice (32 £0.9 g, age 15 + 0.5 wk) were prepared for sterile
surgical implantation of biotelemetry transmitters (F20-EET,
Data Sciences Inc., St Paul, MN) for chronic recording of elec-
troencephalograph (EEG), electromyograph (EMG), T,, and
LMA. Under isoflurane anesthesia (5% induction, 2-3% main-
tenance), midline cranial and abdominal incisions were made.
After irrigation of the peritoneum with sterile 0.9% physiologic
saline, transmitters (sterilized with a cold disinfectant/sterilant)
were placed intraperitoneally along the midline and anchored to
the abdominal wall during incision closure with a polyviolene
5-0 suture. Biopotential leads were routed subcutaneously to
the head and neck via a trochar tube inserted through the cuta-
neous abdominal and cranial incisions. After the cutaneous ab-
dominal incision was closed with polyviolene 5-0 sutures and
wound clips, the skull was dehydrated and cleaned with 3%
hydrogen peroxide. Cranial holes were drilled I mm anterior to
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bregma and 1 mm lateral to midline and, contralaterally, 2 mm
posterior to bregma and 2 mm lateral to midline. EEG leads
were wedged subcranially over the dura and were attached to
the skull with cyanoacrylate and dental acrylic. EMG leads
were positioned bilaterally through the nuchal muscles and
were anchored with polyamide 4-0 suture. The cranial incision
was closed with polyviolene 5-0 sutures. Mice were adminis-
tered postoperative analgesic agents and subcutaneous hydra-
tion (buprenorphine, 0.05-0.1 mg/kg and ketoprofen, 2-5 mg/
kg, 0.7 mL lactated Ringer’s solution), thermal support and soft
chow for at least 2 days.

Arousal State Recording

Mice were permitted at least 3 wk postsurgical recovery and
at least 1 wk adaptation to running wheels, handling, and dos-
ing procedures prior to data collection. Throughout the study,
mice were housed individually in home cages with access to
food, water, and running wheels ad libitum. Room temperature
(24 £ 2°C), humidity (50 + 20% relative humidity), and light-
ing conditions (light-dark 12:12) were monitored continuously
via computer. Animals were inspected daily in accordance with
the Association for Assessment and Accreditation of Labora-
tory Animal Care and SRI guidelines. Physiologic data and
video-recorded behavioral data were simultaneously acquired
with DataQuest Art 4.2 software (Data Sciences Inc., St. Paul,
MN). EEG and EMG were sampled at 250 Hz. Digital videos
were recorded at 10 frames/sec, 4CIF deinterlacing resolution.

Drugs

ALM [(2R)-2-[(1S)-6,7-dimethoxy-1-[2-(4-trifluoromethyl-
phenyl)-ethyl]-3,4-dihydro-1H-isoquinolin-2-yl]-N-methyl-
2-phenyl-acetamide]'® was synthesized by chemists at SRI
International (> 99% purity as determined by nuclear magnetic
resonance, mass spectrometry, and high-performance liquid
chromatography) according to procedures described in the
patent literature.”® (-)-Quinpirole hydrochloride (QNP, (4aR-
trans)-4,4a,5,6,7,8,8a,9-octahydro-5-propyl- 1 H-pyrazolo[3,4-
glquinoline hydrochloride, Tocris Bioscience, Ellisville, MO)
and ALM were dissolved in 1.25% hydroxypropyl methyl cel-
lulose/0.1% dioctyl sodium sulfosuccinate/0.25% methylcel-
lulose in water. Aliquots of QNP (0.5 mg/mL) were prepared
prior to dosing and stored at -20°C. ALM was weighed indi-
vidually for each animal, sonicated for 60 min, and vortexed
immediately prior to dosing. ALM concentrations of 3, 10, and
30 mg/mL were used. All doses were delivered at 10 mL/kg fi-
nal volume. Doses were chosen based on previous studies.!s26

Histology

Mice (age 28.4 + 0.2 wk) were transcardially perfused with
30 mL phosphate buffered saline (PBS, 1x) followed by 50 mL
chilled paraformaldehyde (4% in 1x PBS). Brains were har-
vested, postfixed overnight at 4°C in paraformaldehyde, and
subsequently cryopreserved in 30% sucrose with sodium azide.
Coronal sections, 40-pum thick, were sliced on a freezing mi-
crotome in a one-in-six series. Sections containing the posterior
hypothalamus were sampled to visualize Hert2-containing cell
bodies and varicosities. Sections that contained the posterior
hypothalamus or the locus coeruleus were incubated (1:2,000)
with goat anti-Hcrt2 antibody (Santa Cruz Biotechnology,
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Santa Cruz, CA) followed by donkey anti-goat secondary anti-
body (Jackson Immunoresearch, West Grove, PA) in blocking
solution (1% triton X-100 and 5% donkey serum in 1x PBS).
Posterior hypothalamic sections were also incubated (1:10,000)
with rabbit anti-melanin-concentrating hormone (MCH, Phoe-
nix Pharmaceuticals, Burlingame, CA) followed by donkey
anti-rabbit secondary antibody in blocking solution. All sec-
tions were developed with the avidin-biotin-peroxidase system
using diaminobenzidine (Vector Laboratories, Burlingame,
CA). The posterior hypothalamus was delineated and Hcrt2-
immunoreactive somata were identified at 40x magnification.
Hert2-positive somata were counted unilaterally in three adja-
cent sections in a series -1.58 to -1.82 mm from bregma. Only
somata with complete and intact cell membranes were included
in the counts.

Experimental Design

In a two-way mixed (between-within) design, TG and WT
mice were dosed intraperitoneally with ALM (30, 100, and
300 mg/kg),***” QNP (0.5 mg/kg) as a positive control for cata-
plexy,'s or VEH. Treatments were administered in a counterbal-
anced crossover design once every 3 days. Dosing occurred at
the beginning of the dark/active phase at Zeitgeber Time (ZT)
12. Physiologic data and video-recorded behavioral data were
collected over the following 12 h when the propensity for cata-
plexy is greatest and hypnotic effects are most evident in noc-
turnal species.

Data Analysis

Data were manually scored by experts (= 96% interrater re-
liability) using Neuroscore 2.1 (Data Sciences Inc., St. Paul,
MN). Data in 10-sec epochs were classified as wakefulness
(W; mixed-frequency, low-amplitude EEG and high-amplitude,
variable EMG), REM sleep (theta-dominated EEG and EMG
atonia), NREM sleep (low-frequency, high-amplitude EEG
and low-amplitude, steady EMG), wheel-running behavior, or
cataplexy. Criteria for cataplexy were > 10 sec of EMG atonia,
theta-dominated EEG, and behavioral immobility preceded by
> 40 s of W.2 Data were analyzed as time spent in each scored
classification per h. Latency to NREM or REM onset was cal-
culated from the time of injection to the first three continuous
epochs of NREM or REM sleep, respectively. Cumulative time
spent in W, NREM, and REM, as well as the REM:NREM ra-
tio, were calculated over the 12-h recording period. Gross LMA
(counts per min) and T, were measured to assess the quality of
sleep/wake states (e.g., hypnotic-induced hypothermia beyond
the normal reduction in T, associated with sleep). State-specific
T, values were determined as the mean T, across all epochs of
W, NREM, or REM per hourly bin or for the total 12-h period.
The change in T, from W to NREM or REM sleep over the 12-h
dark period was calculated for individual mice as the mean T, in
NREM or REM minus the mean T, in W.

To determine whether any of the pharmacologic treatments
affected the consolidation of arousal states, the duration and
number of bouts for each state were calculated in hourly bins. A
bout of NREM sleep consisted of a minimum of two consecutive
10-sec NREM epochs and was terminated by the occurrence of a
single epoch of a different state. A bout of REM sleep, cataplexy,
or wheel-running was defined as the occurrence of a minimum
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of one epoch. The inter-REM sleep interval (IRSI), a measure
of the REM sleep cycle, was calculated as the time interval be-
tween the end of a REM bout and the start of the next REM
bout. EEG spectra during NREM sleep were computed using
the fast Fourier transform algorithm in Neuroscore on all epochs
without visually detectable artifact. EEG delta power (0.5-4 Hz)
in NREM sleep (NRD) was then calculated in hourly bins. NRD
for each condition was normalized against the mean NRD value
obtained during the 12-h VEH recording for each individual.

Statistical Analysis

All statistical tests were performed using SigmaPlot 12.0
(Systat Software Inc., San Jose, CA). Histologic data (Hcrt cell
counts, mean * standard error [SE]) were compared between gen-
otypes by two-tailed #-test. Cataplexy data (total min, total num-
ber of bouts, mean bout duration) were analyzed from TG mice
per 12-h time block, or as an hourly time series, and are shown
as the mean + SE. One-way repeated measures (RM)-analysis of
variance (ANOVA) was used to evaluate cataplexy data in 12-h
bins across drug conditions. Cataplexy time series data were as-
sessed using two-way RM-ANOVA on factors “drug condition”
and “time.” Sleep/wake state data were analyzed as the summed
total per 12-h time block, or as the cumulative hourly time series,
and are shown as the mean + SE. Sleep/wake state consolidation
variables (number of bouts and bout duration), IRSI, number of
wheel-running bouts, LMA (counts per min), and state-specific
T, (°C) are expressed as the mean + SE for the 12-h period. Total
time spent in W, NREM and REM, NRD, latency to NREM and
REM, REM:NREM ratio, IRSI, state consolidation variables,
wheel-running, LMA, and state-specific T, were evaluated using
atwo-way mixed model ANOVA on factors “genotype” (between
subjects) and “drug condition” (within subjects). Time series data
per genotype group were evaluated using two-way RM-ANOVA
on factors “drug condition” and “time.” For all analyses, statis-
tical significance was set at P < 0.05. When ANOVA indicated
significance, post hoc Bonferroni ¢ tests were used to detect dif-
ferences between drug conditions. The relationship between the
number of Hert cells and physiologic variables was determined
by linear regression.

RESULTS

To determine the efficacy of Hert receptor antagonism in
mice with attenuated endogenous Hert ligand levels, the effects
of ALM on arousal state and cataplexy were assessed during
the dark/active period in TG mice compared with WT control
mice. As expected at age 28 wk, TG mice had far fewer pos-
terior hypothalamic cells that stained positive for Hert2 (10.4
+ 2.5) compared with WT mice (383.8 = 44.4), 1, = 13.3,
P < 0.001 (Figure 1A, B). Hert terminals in the locus coeru-
leus, a major extrahypothalamic projection site of Hert cells,
were virtually absent in TG mice compared with WT control
mice (Figure 1E-H). Despite degeneration of the Hert cells in
TG mice, posterior hypothalamic neurons that contained the co-
extensive neuropeptide MCH were spared (Figure 1C, D), as
described previously.®

Cataplexy
All TG mice exhibited episodes of cataplexy that were
electrophysiologically and behaviorally distinct from wake,
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Figure 1—Selective ablation of hypocretin (Hert) neurons in orexin/
ataxin-3 transgenic(TG) mice. Matched brain sections from representative
wild-type (WT, left panels) and TG (right panels) mice stained with anti-
Hert2 (A, B) and anti-MCH (C, D) antisera at the tuberal region of the
hypothalamus. Whereas Hcrt-IR fibers are readily evident in the locus
coeruleus region of WT mice (E, G) few if any fibers are present in the
same region in TG mice (F, H). G, H are enlargements of the boxed areas
in E, F. f, fornix; ic, internal capsule; mt, mammillothalamic tract; scp,
superior cerebellar peduncle; 4V, fourth ventricle. Bars = 100 pym.

NREM, and REM sleep (Figure 2 and Video 1 in supplemental
material). ALM exacerbated cataplexy in TG mice in a dose-
related manner. The amount of time spent in cataplexy, the
number of cataplexy episodes, and the duration of cataplexy
bouts over the 12-h dark period were assessed in TG mice af-
ter the administration of ALM (30, 100, or 300 mg/kg), QNP
(0.5 mg/kg), or VEH by one-way RM-ANOVA (Figure 3A-C).
Figure 3 illustrates that ALM approximately doubled the total
amount of time spent in cataplexy (F, 4, = 7.51, P <0.001) and
the number of cataplexy bouts (F,,, = 6.08, P <0.001), but did
not influence the duration of cataplexy episodes (F, 4 = 0.44,
not significant) The time course of cataplexy bout occurrence
during the dark period (Figure 3D) was evaluated by two-way
RM-ANOVA. An interaction between factors “drug condition”
and “time” revealed a complex dose x time effect of ALM on
cataplexy (Fis: = 2.70, P < 0.001). ALM (100 mg/kg) sig-
nificantly increased the number of cataplexy bouts by 6 h post-
treatment, whereas the promotion of cataplexy by ALM (300
mg/kg) only reached significance 11-12 h after treatment. In
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Figure 2—Orexin/ataxin-3 transgenic (TG) mice exhibited episodes of
cataplexy distinct from wake, nonrapid eye movement (NREM) and rapid
eye movement (REM) sleep. Representative electroencephalograph
(EEG) and electromyography (EMG) traces from a single TG mouse
during wake, NREM sleep, REM sleep, and cataplexy (bracket). Immobility
during cataplexy was confirmed by video (see Video 1 in supplemental
material). Four cataplexy-like events were recorded in wild-type (WT)
mice after almorexant (ALM); see Results for details (also see Video 2 in
supplemental material). Videos show five-times real-time speed, vertical
stationary line demarcates synchronous time point of electrophysiologic
signals and videographed behavior, vertical moving lines separate 10-sec
epochs. Traces on videos (in order from top to bottom): locomotor activity
counts, EEG, EMG, and EEG periodogram (0-25 Hz per 10-sec epoch).

contrast to orexin ligand knockout mice'®, QNP (0.5 mg/kg) had
no significant effect on cataplexy at any time point.

Although the TG mice as a group exhibited 16.2 episodes
of cataplexy per 12-h recording (731 episodes in 540 h of re-
cording time), the WT group very rarely showed behavior that
could be classified as cataplexy-like—only 0.042 incidents per
recording (four incidents in 1,140 h of recording time). Cata-
plexy-like events (Video 2 in supplemental material) occurred
in two of the 10 WT mice, lasted 20-30 sec each, and always
after wheel-running activity. One event occurred within the first
h after dosing with ALM (100 mg/kg); the other three events
occurred 7-11 h after ALM (300 mg/kg).

NREM Sleep and Wakefulness

ALM promoted NREM sleep and was more potent in WT
mice with an intact Hert system than in TG mice (Figure 4).
Genotypes were compared on the total amount of time spent
awake and in NREM sleep during the 12 h after dosing using
two-way mixed-model ANOVA (Figure 4A, D). Under control
conditions, TG mice spent less time awake during their active
period than WT mice (F, o, = 8.41, P <0.001). WT mice exhib-
ited a dose-related reduction in wakefulness and a concomitant
increase in NREM sleep after ALM treatment (F, o, = 8.89, P <
0.001). Only ALM (300 mg/kg) increased sleep and decreased
wakefulness relative to VEH treatment in TG mice. ALM was
more potent in WT than in TG mice: ALM (100 mg/kg) did not
affect sleep/wake in TG mice but promoted NREM sleep in WT
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mice; ALM (300 mg/kg) significantly increased NREM sleep in
WT mice beyond the level observed in TG mice. QNP did not
significantly affect the amount of wakefulness or NREM sleep
in any of the animals.

The time course of the hypnotic effects of ALM (100 and 300
mg/kg) versus VEH over the 12-h dark period were analyzed
with two-way RM-ANOVA on cumulative data for WT and
TG mice (Figure 4B, C, E, F). WT mice gained more NREM
sleep over a longer time period after ALM (100 and 300 mg/
kg) compared with VEH, F,, 35, = 28.05, P < 0.001. A similar
time course was reflected in the cumulative wakefulness data
(Fy350 =28.28, P <0.001). By contrast, TG mice only accumu-
lated more NREM sleep compared with VEH after ALM (300
mg/kg), F,,3; = 6.74, P <0.001, presumably reflecting overall
reduced Hcrt tone in this genotype. The rate of NREM sleep ac-
cumulation leveled off 9 h after ALM (300 mg/kg) in TG mice,
after which increased wakefulness became apparent.

Surprisingly, ALM at the low dose (30 mg/kg) briefly in-
duced active wakefulness in TG mice. The latency to NREM
was assessed in WT and TG mice during the first h after dosing
with ALM (30, 100, and 300 mg/kg), QNP (0.5 mg/kg), or VEH
using two-way mixed-model ANOVA (Figure 5). After VEH
treatment, TG mice exhibited reduced latency to NREM sleep
compared with WT mice (Figure 5A), F,o,=3.24,P=0.017. In
WT mice, ALM (100 and 300 mg/kg) shortened NREM sleep
latency to the levels observed in TG mice. Paradoxically, ALM
(30 mg/kg) enhanced wakefulness in TG mice—NREM sleep
latency increased 3.5-fold, comparable to the level observed in
WT mice after VEH. Behavioral activation after ALM (30 mg/
kg) was also evident in wheel-running and LMA in TG mice
(Figure 5B, C). The number of wheel-running bouts was re-
duced in both genotypes after ALM (300 mg/kg) and QNP (0.5
mg/kg), but not after 30 mg/kg ALM (F,,, = 15.5, P < 0.001;
main effect for factor “drug condition”). LMA increased in TG
mice after ALM (30 mg/kg) compared with VEH and WT mice
(Fy9,=5.83,P<0.001).

REM Sleep

ALM enhanced REM sleep in a dose x time-dependent man-
ner in WT mice only. Total REM sleep time across the 12-h
period after dosing was compared between TG and WT mice
using two-way mixed-model ANOVA (Figure 4G). After ve-
hicle treatment, TG mice spent more time in REM sleep than
WT mice (Fyo, = 5.36, P<0.001). In WT mice, ALM (100 and
300 mg/kg) robustly elevated REM sleep above control levels;
this increase in REM sleep did not surpass the amount of REM
sleep observed in TG mice. A striking difference was evident
in the time course of REM sleep accumulation after ALM (100
mg/kg) versus ALM (300 mg/kg) in WT mice (Figure 4H;
two-way RM-ANOVA: F,, ;5 = 74.6, P < 0.001). After ALM
(100 mg/kg), REM sleep accumulated rapidly for 8 h and then
abated, whereas after ALM (300 mg/kg), REM sleep gains over
VEH levels were not apparent until 8 h after dosing and contin-
ued until the end of the recording. No significant differences in
REM sleep were found across drug conditions in TG mice, nor
after QNP in either genotype.

Overall, ALM (100 mg/kg) was found to promote REM
sleep by increasing the likelihood of its occurrence in WT
mice. REM sleep architecture was evaluated over the dark pe-

SLEEP, Vol. 36, No. 3, 2013

>

w
o
1

Cataplexy
minutes
N
o

-—
o
1

W
[=2] ©
o o
1 J

Cataplexy Bout
Duration (s)
w
o

(@)

w
o
1

Number of
Cataplexy Bouts
N
o

OVEH BALM-30 @ALM-100
mALM-300 2QNP-0.5

Bouts per h

Number of Cataplexy O

S i | — ALM-30
------ ALM-100 —— ALM-300
------- QNP-0.5

Figure 3—Almorexant (ALM) increased cataplexy in orexin/ataxin-3
transgenic (TG) mice. Time spent in cataplexy (A), mean cataplexy bout
duration (B), and number of cataplexy bouts (C) per 12-h dark period
after dosing with ALM (30, 100, or 300 mg/kg), quinpirole (QNP, 0.5 mg/
kg) or vehicle (VEH). One-way repeated-measures analysis of variance
and post hoc Bonferroni ¢ tests: *P < 0.05. (D) Time course of cataplexy
bouts over the 12-h dark period. Two-way repeated-measures analysis
of variance and post hoc Bonferroni t tests: P < 0.05 *ALM-100 versus
vehicle (VEH), *ALM-300 versus VEH. Data represent the mean +
standard error of the mean; n = 9. ZT, Zeitgeber time.
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Figure 4—Almorexant (ALM) dose-dependently promoted nonrapid eye movement (NREM) sleep and was more potent in wild-type (WT) than orexin/
ataxin-3 transgenic (TG) mice. Almorexant enhanced REM sleep in a dose % time-dependent manner. Time spent awake (A-C), in NREM (D-F), and REM
sleep (G-l) over the 12-h dark period in WT (n = 10) and TG (n = 9) mice after treatment with ALM (30, 100, or 300 mg/kg), quinpirole (QNP, 0.5 mg/kg), or
vehicle (VEH). For 12-h binned data (A, D, and G), two-way mixed-model analysis of variance and post hoc Bonferroni t tests: on between-subjects factor
“genotype,” *P < 0.05; on within-subjects factor “drug condition,” P < 0.05 *versus VEH. For cumulative time series data (B, C, E, F, H, I), two-way repeated-
measures analysis of variance and post hoc Bonferroni t tests (P < 0.05 versus VEH) on factor “drug condition” at each h: *ALM-100 and ALM-300, *ALM-100,

#*ALM-300. Data represent the mean + SEM. ZT, Zeitgeber time.

riod after dosing in TG and WT mice using two-way mixed-
model ANOVA (Figure 6, Table 1). The latency to REM sleep
(Figure 6A) was reduced after ALM (100 mg/kg) in both geno-
types (F, 9, = 6.86, P <0.001; main effect for factor “drug con-
dition”). The time interval between REM bouts (Figure 6B)
decreased only in WT mice after ALM (100 mg/kg) compared
with VEH and TG mice (F,o, = 5.10, P < 0.001). In addition,
the ratio of REM to NREM sleep (Figure 6C) only increased in
WT mice after ALM (100 mg/kg), reaching the level observed
in TG mice (F, o, =2.83, P=10.031). Under control conditions,
the REM:NREM ratio was elevated in TG mice relative to WT.
In WT mice, ALM (100 and 300 mg/kg) increased the number
of REM sleep bouts (Table 1, F, o, =4.13, P=10.005) and ALM
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(100 mg/kg) lengthened the duration of REM sleep episodes
(Fy04=2.94, P=0.026).

Sleep Consolidation and Intensity

Indices of sleep consolidation (Table 1) and intensity
(Figure 7) were compared between genotypes during the 12 h
after dosing using two-way mixed-model ANOVA. Although
ALM promoted NREM sleep (Figure 4), arousal states under
the influence of ALM were highly fragmented with an increased
number of bouts of wakefulness (F,4,=9.73,P<0.001), NREM
(Fy0s = 12.84, P < 0.001) as well as REM sleep (F,q, = 4.13,
P =0.005). After ALM (300 mg/kg), WT mice exhibited more
wake and NREM sleep bouts than TG mice, despite the greater
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Figure 5—Almorexant (ALM) at a low dose (30 mgl/kg) induced
paradoxical behavioral activation in orexin/ataxin-3 transgenic (TG) mice.
Latency to nonrapid eye movement (NREM) sleep (A), number of wheel-
running bouts (B) and locomotor activity (C) during the first h after dosing
with ALM (30, 100, or 300 mg/kg), quinpirole (QNP, 0.5 mg/kg), or vehicle
(VEH) in wild type (WT, n = 10) and TG (n = 9) mice. Two-way mixed-
model analysis of variance and post hoc Bonferroni t tests: on between-
subjects factor “genotype,” *P < 0.05; on within-subjects factor “drug
condition,” P < 0.05 *versus VEH (main effect in number of wheel-running
bouts for ALM-300 and QNP). Data represent the mean * standard error
of the mean.
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Figure 6—Almorexant (ALM, 100 mg/kg) promoted rapid eye movement
(REM) sleep in wild-type (WT) mice. Latency to REM sleep after dosing
(A), time interval between REM sleep bouts (B), and ratio of REM to
nonrapid eye movement sleep (C) in WT (n = 10) and TG (orexin/ataxin-3
transgenic , n = 9) mice per 12-h period after dosing with ALM (30, 100,
or 300 mg/kg), quinpirole (QNP, 0.5 mg/kg), or vehicle (VEH). Two-way
mixed-model analysis of variance and post hoc Bonferroni t tests: on
between-subjects factor “genotype,” *P < 0.05; on within-subjects factor
“drug condition,” P < 0.05 *versus VEH (main effect in latency to REM for
ALM-100). Data represent the mean =+ standard error of the mean.

number of bouts in TG mice versus WT mice after VEH treat-
ment. Wake bout duration was also reduced after ALM (100
and 300 mg/kg) in WT mice, and the reduction in wake bout
duration reached the low levels observed in TG mice at the high
dose of ALM (F, 4, = 5.38, P <0.001).

Remarkably, despite the increased fragmentation of all
states and the effects on the duration of wake and REM sleep
bouts, neither drug condition nor genotype affected NREM
bout duration (F,,, = 2.03, not significant). Sleep intensity, as
indexed by NREM delta power (Figure 7), was elevated in TG
versus WT mice regardless of drug condition (main effect on
between-subjects factor “genotype,” F, 4, = 16.08, P < 0.001),
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and was reduced by ALM (300 mg/kg) regardless of geno-
type (main effect on within-subjects factor “drug condition,”
F,0,=3.67,P=0.008).

Core Body Temperature

The decrease in T, that normally accompanies the transi-
tion from wakefulness to sleep was affected by the loss of Hert
neurons (Figure 8). State-specific T, over the 12-h period af-
ter dosing was compared between genotypes using two-way
mixed-model ANOVA (Figure 8A, D, G). During wakefulness,
TG mice exhibited a higher T, than WT mice (main effect on
between-subjects factor “genotype,” F\ 4, = 11.38, P = 0.004),

Almorexant-Cataplexy—Black et al



Number of bouts (counts per 12 h)

Table 1—Measures of sleep consolidation in orexin/ataxin-3 transgenic (TG, n = 9) and wild-type (WT, n = 10) mice
after almorexant (ALM; 30, 100, 300 mg/kg), quinpirole (QNP; 0.5 mg/kg) or vehicle (VEH) during the dark period

WT TG
Wake
VEH 82+6.7 104.8 £6.1°
ALM-30 96.9+8.9 106.4 +5.1
ALM-100 130.3 £7.92° 1209 +85
ALM-300 186.5 + 8.52° 147.9 + 6.020¢
QNP-0.5 824 +85 1058 £7.1°
NREM
VEH 1185+56 125.3+5.6
ALM-30 1316+ 11.2 172+85
ALM-100 175.9 £7.92° 1232+ 11.4°
ALM-300 254.4 +9.920 176.2 + 13.22b¢
QNP-0.5 116.2+9.9 122.3+9.8
REM
VEH 18.1+1.1 23.3+22
ALM-30 19+19 233+27
ALM-100 24.9 + 2420 217 +34
ALM-300 26.7 + 2.42b 257+38
QNP-0.5 142+24 26+3.7°

drug condition.

Values are mean = standard error of the mean. Two-way mixed-model ANOVA on factors “genotype” and “drug
condition.” Post hoc Bonferroni t tests, P < 0.05 @versus VEH and bversus QNP within genotype, cversus WT within

mained in TG mice (R’ = 0.72,
P=0.008). A trend was also evi-
dent in the relationship between
Bout duration (min per 12 h) the number of Hert cells and
WT TG the change in T, from wakeful-
ness to REM sleep (R? = 0.44,
1.8+15 59+05° P=0.073).
10.1+£15 55£08 Acute antagonism of Hert
8.6+ 1'4bb 44070 reduced T, to a greater extent
é;f?ga ggf?gc in WT mice than in TG mice
R R (Figure 8A, D, G). In awake
WT mice after ALM (300 mg/
1.9+0.1 1.9+0.05 kg), T, fell 0.9°C (F,,, = 10.03,
18401 19£0.1 P < 0.001). This reduction in
12 f 81 1? f 81 T, persisted during NREM
PO on sleep (F,94 = 5.67, P < 0.001),
1.9+0.1 1.8+0.1 : . .
but was not evident during
REM sleep. The time course of
10401 12£0.1° state-specific T, was analyzed
1; f 813 1? f 81 within genotypes by two-way
11401 11401 RM-ANOVA (Figure 8B, C,
12401 13401 E, F, H, I). ALM (300 mg/kg)
dramatically reduced T, dur-
ing wakefulness and NREM
sleep for several hours in WT
mice (Fy500 = 6.67, P < 0.001
and F,s; = 6.08, P < 0.001,
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Figure 7—Almorexant (ALM, 300 mg/kg) reduced nonrapid eye
movement (NREM) delta power similarly in both wild-type (WT) and
orexin/ataxin-3 transgenic (TG) mice. Overall, TG mice had higher NREM
delta power than WT mice, regardless of drug condition. Normalized
NREM delta power in WT and TG mice per 12-h period after dosing with
ALM (30, 100, 300 mg/kg), quinpirole (QNP, 0.5 mg/kg) or vehicle (VEH).
Two-way mixed-model analysis of variance and post hoc Bonferroni ¢
tests: main effect on between-subjects factor “genotype,” *P < 0.05; main
effect on within-subjects factor “drug condition,” P < 0.05 *versus VEH.
Data represent the mean + standard error of the mean.

and this difference became more pronounced as the mice tran-
sitioned into NREM (F, o, = 19.05, P < 0.001) and REM sleep
(F\9,=33.96, P <0.001). To evaluate the relationship between
residual Hert and T,, the thermolytic effect of sleep in TG mice
was assessed in the VEH control condition by linear regres-
sion (Figure 8J). The change in T, from wakefulness to NREM
sleep positively correlated with the number of Hert cells that re-
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respectively). A milder, more
sporadic reduction in T, was observed after ALM (100 mg/kg).
In TG mice, T, decreased during wakefulness and NREM sleep
to a lesser extent than in WT mice after 300 mg/kg of ALM
(Fuys37 =4.49, P <0.001 and F, 5 = 5.34, P < 0.001, respec-
tively). In accordance with the unexpected increase in active
wakefulness observed in TG mice after ALM (30 mg/kg), T,
increased 0.6°C during the first h after this low dose of ALM
(Fu4537 =449, P <0.001).

DISCUSSION

In the current study, we evaluated the hypnotic and cataplexy-
promoting efficacy of ALM in the orexin/ataxin-3 model of nar-
colepsy. After dosing at ZT12, ALM exacerbated cataplexy in
orexin/ataxin-3 mice and increased NREM sleep with height-
ened sleep/wake fragmentation. The Hert antagonist showed
greater hypnotic potency in WT than in TG mice, as ALM (300
mg/kg) increased NREM sleep more in WT mice than in TG
mice. ALM (100 mg/kg) conferred maximal promotion of cata-
plexy in TG mice and maximal promotion of REM sleep in WT
mice. ALM (30 mg/kg) paradoxically enhanced wakefulness
with elevated motor activity and increased T, in TG mice for
the first h after administration. In both genotypes, T, decreased
after acute Hert receptor blockade, but the reduction in T, that
normally accompanies the wake-to-sleep transition was blunted
in TG mice. These complex dose- and genotype-dependent in-
teractions underscore the importance of the effector mechanisms
downstream of Hert receptors that regulate arousal state.

Cataplexy Enhancement
Despite the loss of > 95% of Hert cells when evaluated at
28 wk of age, TG mice showed a surprisingly robust increase
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Figure 8—Hypocretin (Hert) cell loss diminished thermolysis during sleep. Aimorexant (ALM, 300 mg/kg) reduced core body temperature (T,) in wild-type
(WT) mice. T, (mean + standard error of the mean) during wakefulness (A-C), nonrapid eye movement (NREM) sleep (D-F) and rapid eye movement (REM)
sleep (G-I) in WT (n = 10) and orexin/ataxin-3 transgenic (TG) mice (n = 9) per 12-h period post dosing with ALM (30, 100, or 300 mg/kg), quinpirole (QNP, 0.5
mglkg), or vehicle (VEH). For 12-h binned data (A, D, and G), two-way mixed-model analysis of variance and post hoc Bonferroni t tests: on between-subjects
factor “genotype,” *P < 0.05 (main effect in REM T,); on within-subjects factor “drug condition,” P < 0.05 *versus VEH. For time series data (B, C, E, F, H, ),
two-way repeated-measures analysis of variance and post hoc Bonferroni t tests (P < 0.05 versus VEH) on factor “drug condition” at each h: *ALM-300,
*ALM-100, *ALM-30. Contrasts for QNP not shown for simplicity. (J) Correlation between number of Hert cells in TG mice and T, change from wakefulness
(mean per 12-h dark period) during NREM (closed circles) and REM sleep (open circles). ZT, Zeitgeber time.
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in cataplexy after ALM (Figure 3). These results indicate that
the residual Hert tone in TG mice, which can be inferred from
residual expression of the Hert precursor peptide in TG mice
at 27 wk of age,'’ suppressed cataplexy in the VEH condition.
The magnitude of ALM-induced cataplexy was between that
observed after systemic injections of QNP in Hert null mice'
and physostigmine in the double Hert receptor knockout mod-
el.'® Neither ALM, QNP," nor physostigmine' affected the du-
ration of cataplexy bouts, suggesting that the mechanism for
cataplexy termination is independent of D,-like receptors, cho-
linergic transmission, and Hert. QNP (0.5 mg/kg) did not pro-
voke cataplexy in our TG mice, in contrast to previous reports
that this D,/D, agonist increases cataplexy in dogs with narco-
lepsy*2® and Hcrt null mice.'® Perhaps induction of cataplexy
by QNP requires a large number of cell bodies in the posterior
lateral hypothalamus that either produce Hecrt, as in the Hert2R-
mutated dogs,*! or retain colocalized neurotransmitters such as
glutamate or dynorphin,*? as in the Hert null mice.* Altered sen-
sitivity to dopaminergic agents between different murine mod-
els of narcolepsy has previously been demonstrated—TG mice
were found to be less responsive to psychostimulant-induced
hyperlocomotion than their Hert null or WT counterparts.*

The extended time period during which cataplexy was pro-
moted after ALM treatment may offer clues about cataplexy in-
duction. Cataplexy was increased after ALM (100 and 300 mg/
kg) from 6-12 h after dosing (Figure 3D), a time frame during
which the Hert receptor 2 (HertR2) occupancy by ALM (30 mg/
kg) remains high in rats but Hert receptor 1 (HertR1) occupan-
cy drops to less than 10%.27* To the extent that these receptor
occupancy data extrapolate to mice, our observations suggest
that antagonism of HertR2 contributes more to cataplexy induc-
tion than does blockade of HertR1. However, the higher doses
of ALM induced NREM sleep in the TG mice for several h
after dosing, precluding the possibility of cataplexy occurrence
during that period. Nevertheless, the delayed but robust exac-
erbation of cataplexy after ALM in mice lacking Hert neurons
contraindicates the use of Hert antagonists as hypnotic agents in
human patients with narcolepsy and other patient populations
with partial Hert cell loss.?"#

Sleep Promotion

As expected, ALM induced a dose-related increase in NREM
sleep and a concomitant decrease in wakefulness (Figure 4A-F).
However, the hypnotic effects of ALM were more potent in WT
mice than in TG mice, presumably due to greater endogenous
Hert tone in intact mice. Reduced hypnotic efficacy of ALM
in TG mice may not be due to altered Hert receptor regula-
tion, as Hert receptor levels remain stable for at least several
mo after ligand deficiency.'™!" Our results complement previ-
ous findings’ that exogenous Hert is more potent in promoting
arousal in TG mice than in WT control mice. The differential
responsiveness could be caused in part by increased sensitivity
of Hert-responsive pathways in TG mice, such as imbalanced
cholinergic/monoaminergic networks downstream from Hecrt
neurons. 2353

REM sleep appears to be particularly sensitive to the dose
of ALM used and to the presence or absence of Hert-producing
neurons. ALM promoted REM sleep most effectively in WT
mice at 100 mg/kg (Figure 4G-1, Figure 6, Table 1)—the same
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dose that conferred maximal cataplexy expression in TG mice
(Figure 3). However, ALM did not enhance REM sleep in TG
mice at any of the doses tested in this study. It is unclear why
Hert receptor antagonism in TG mice would be able to increase
cataplexy but not REM sleep, given that the circuitry that un-
derlies both states is hypothesized to have a high degree of
overlap.'>¥73% Perhaps the circadian and/or homeostatic upper
limit on REM sleep expression may already be maximal in TG
mice during the dark period.

Another complex dose-by-genotype interaction is evident in
the paradoxical wakefulness that was observed in TG mice dur-
ing the first h after ALM (30 mg/kg). This low dose of ALM
normalized NREM sleep latency in TG mice and stimulated
active wakefulness (Figure 5) with increased T,. Biphasic auto-
nomic responses to low versus high doses of Hertl have been
described?’; thus, low-level antagonism of low-level Hert tone
could yield responses that are opposite to those observed with
high levels. The biphasic response to Hert antagonism could
be due to HertR1-mediated increase in dopamine release fol-
lowing ALM* and altered dopamine sensitivity in TG mice.*
Follow-up studies in which low doses of ALM are tested during
the light period (when endogenous Hcrt tone is low) might help
further elucidate the paradoxical arousing effect observed here.

Overall, the hypnotic action of ALM rendered the sleep of
WT mice to resemble, or even exceed, the highly fragmented
sleep observed in TG mice. Frequent transitions between wake-
fulness, NREM, and REM sleep occurred after ALM treatment,
as evidenced by increased bout numbers (Table 1), in agree-
ment with prior reports.”’?*4* The fragmented sleep was not
accompanied by reduced NREM bout duration; however, the
extremely rapid arousal state transitions after the highest dose
of ALM produced less intense sleep (Figure 7). Although ALM
induced more frequent transitions between NREM sleep and
wakefulness in WT mice compared with TG mice, REM sleep
fragmentation (and REM sleep amount) in WT mice never ex-
ceeded the level observed in TG mice. These data suggest REM
sleep pharmacodynamics are more directly dependent on Hert
signalling, whereas NREM sleep and wakefulness can be fur-
ther influenced by downstream effector mechanisms.

Thermoregulation

Acute antagonism of Hert in WT mice caused a transient,
dose-dependent decrease in T, during both wakefulness and
NREM sleep. By contrast, chronic loss of Hert neurons was as-
sociated with increased T, during NREM and REM sleep rela-
tive to WT mice, similar to human patients with narcolepsy.*!
In TG mice, the thermolytic effect of sleep was diminished, and
the degree of thermolysis in NREM sleep positively correlat-
ed with the number of Hert neurons that remained (Figure 8).
Taken together, these data suggest that TG mice may compen-
sate for the initial hypothermia associated with reduced Hert
transmission with increased heat conservation mechanisms.
Previous studies have raised the possibility that elevated T,
during sleep in Hert null mice could be due to impaired dis-
tal vasodilation.** Peripheral heat loss in rats can be enhanced
by intracerebroventricular microinjection of Hert1“4* and by
stimulation of the posterior lateral hypothalamic area.* Dimin-
ished thermolysis during sleep in TG mice is less likely due to
sustained heat production because Hertl has been shown to in-
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crease thermogenesis in brown adipose tissue.*® Our results on
the acute versus chronic effects of Hert transmission blockade
on thermoregulation suggest the hypothesis that a progression
from reduced thermogenesis to hypothermia to compensatory
heat conservation may accompany degeneration of the Hert
neurons during the onset of narcolepsy.

Mechanism of Action

Our results on the promotion of cataplexy, sleep, and hypo-
thermia with ALM are consistent with the hypothesis that these
effects result from blockade of endogenous Hert tone. It is un-
likely that ALM acts as an inverse agonist because it has no in-
trinsic effect on the spontaneous activity of neurons, at least for
dopaminergic neurons of the ventral tegmental area.*” Although
ALM is selective for Hert receptors, we cannot exclude the pos-
sibility that high doses of ALM exert hypnotic effects through
off-target binding sites, including endocannabinoid receptors,'®
which have been hypothesized to induce sleep by activating
cholinergic neurons in the basal forebrain and pons.*® Interest-
ingly, a HertR1 selective antagonist can alter the functionality
of the endocannibinoid receptor CB1 via modulation of CB1/
HertR1 heterodimers®’; perhaps ALM can similarly block CB1
signal transduction. The initial paradoxical wakefulness that
was observed with a low dose of ALM in TG mice suggests that
ALM may have partial agonist properties in the presence of low
Hert tone. However, given that the selectivity profile of ALM
indicates no meaningful stimulation of activity at the myriad of
binding sites examined to date,'® it is unlikely that ALM acts as
a partial agonist, at least at high doses.

Implications

Our finding that cataplexy can be manipulated by direct an-
tagonism of the receptors targeted by residual Hert neurons that
remain in TG mice encourages the development of Hert ago-
nists as narcolepsy therapeutic agents. First, the demonstration
that cataplexy can be exacerbated by ALM even in mice with >
95% Hert cell loss reveals that small amounts of Hert are suffi-
cient to confer some protection against cataplexy. Second, phar-
macologic enhancement of cataplexy with ALM in this model
may be advantageous in anticataplexy efficacy testing, particu-
larly given the long-lasting promotion of cataplexy we observed
(Figure 3D). However, these same findings dictate cautious use
of Hert antagonists in humans with narcolepsy and other popu-
lations with reduced Hert levels,?!* as further Hert antagonism
could lead to impaired ability to adapt to allostatic loads with
negative consequences on metabolism, thermoregulation, moti-
vation, and cardiovascular and endocrine function.>*

ABBREVIATIONS
ALM, almorexant
ANOVA, analysis of variance
EEQG, electroencephalograph
EMG, electromyograph
f, fornix
Hert, hypocretin (orexin)
Hert2, hypocretin-2 (orexin B)
HecrtR1, hypocretin receptor type 1
HcrtR2, hypocretin receptor type 2
ic, internal capsule
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IP, intraperitoneally

IRSI, inter-REM sleep interval

LD12,12, 12 h light period and 12 h dark period
LMA, locomotor activity

MCH, melanin-concentrating hormone
mt, mammillothalamic tract

NREM, non-rapid eye movement sleep
NRD, EEG delta power (0.5-4 Hz) within NREM
NRSL, NREM sleep latency

PBS, phosphate buffered saline

QNP, quinpirole

REM, rapid eye movement sleep
RM-ANOVA, repeated-measures ANOVA
RSL, REM sleep latency

scp, superior cerebellar peduncle

SQ, subcutaneously

T,, core body temperature

TG, orexin/ataxin-3 transgenic

VEH, vehicle

WT, wild type

ZT, Zeitgeber time

4V, 4™ ventricle
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