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rationale and clinical data

Clin. Invest. (2012) 2(6), 623-637

Loss of hypocretin neurons leads to sleep attacks and cataplexy in a rare
sleep disorder known as narcolepsy. The hypocretin system stabilizes states
of wakefulness and sleep through complex neural pathways. Insomnia, on the
other hand, is a common sleep disorder characterized as difficulty initiating
or maintaining sleep. Current treatment options for insomnia are limited
to cognitive-behavioral therapy and pharmacological agents such as non-
benzodiazepine receptor agonists. The discovery of hypocretin and deficiency
of these peptides in narcolepsy spurred the development of pharmacological
agents that antagonize hypocretin receptors for the treatment of sleep
disorders such as insomnia. Preclinical and limited clinical data on hypocretin
antagonists have shown favorable outcomes in the treatment of insomnia
but concerns of theoretical adverse effects still remain.

Loss of hypocretin-producing neurons in narcolepsy with cataplexy
A review of the clinical presentation and associated findings in narcolepsy with
hypocretin deficiency highlights potential, therapeutic benefits of antagonizing
the hypocretin system with regards to the sleep-wake cycle, but also identifies
potential, untoward effects of antagonizing the hypocretin system. This provides a
list of theoretical side effects of hypocretin antagonists that require careful evalu-
ation in the development of this new compound class. Narcolepsy with cataplexy
in humans, is associated with the destruction of hypocretin-producing neurons,
which produce hypocretin and other colocalized peptides such as glutamate,
dynorphin and NARP (). Neuropathological studies have shown up to a 95%
reduction in hypocretin-producing cells [2.3]. Hypocretin is undetectable in the
cerebrospinal fluid (CSF) in most individuals with narcolepsy with cataplexy [4.5].
The cardinal features of narcolepsy with hypocretin deficiency are exces-
sive daytime somnolence and cataplexy, a transient loss of postural muscle
tone during wakefulness often triggered by positive, emotional stimuli such as
laughter. Cataplexy manifests most often as a transient buckling of the knees,
head dropping, or sagging of the jaw but can escalate to frank paralysis of all
antigravity muscles for several minutes. The excessive daytime sleepiness in
narcoleptic patients may occur in waves of irresistible sleep attacks, transition-
ing rapidly from wakefulness to non-rapid eye movement (NREM) and/or rapid
eye movement (REM) sleep, typically during times of monotonous, sedentary
activities, but may also occur while conversing, eating or riding a bicycle. Short
naps are usually refreshing for narcoleptics. Although these sleep attacks lead
to fragmented sleep-wake patterns, the total sleep time (TST) across the 24-h
cycle is similar to normal individuals [s].
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Other REM-related sleep phenomena, which
can occur in normal individuals especially if sleep
deprived, include hallucinations and sleep paralysis.
Hallucinations tend to occur during REM sleep, a
state of sleep associated with dreaming, during which
normal brainstem function inhibits motor activity.
Sleep paralysis and hallucinations often occur concur-
rently at the transition from wakefulness to sleep, or
vice versa, and may persist for up to several minutes.
The paralysis prevents the individual from making
any voluntary body movements - so much as even
lifting a finger. In addition to cataplexy, the intrusion
of REM sleep into wakefulness may manifest as sleep
paralysis and/or hallucinations [s].

Other reported associated findings in narcolepsy
include abnormalities in metabolic, hypothalamic-
pituitary axis, autonomic and neuropsychiatric func-
tions as well as comorbid sleep disorders. Narcoleptic
patients tend to have an increased body-mass index
and an increased risk of developing insulin-resistant
diabetes mellitus. Precocious puberty has also been
reported in early-onset cases [¢]. Autonomic dysfunc-
tions such as lower body temperature and altered car-
diovascular parameters, including heart rate variables
and blood pressure, have been reported (7-9]. Learning
problems and impaired concentration difficulties as
well as depression have also been reported [¢]. They also
demonstrate motor dyscontrol during REM sleep and
an increased frequency of periodic limb movement
syndrome [10]. Periodic limb movement syndrome is
characterized as repetitive, involuntary limb move-
ments during sleep, typically described as extension
of the big toe with flexion on the knee. Narcoleptics
are also at increased risk of upper-airway resistance
syndrome and obstructive sleep apnea (OSA) [11].

Characterization of hypocretin neuropeptides

& receptors in humans

The hypocretin system is a collection of 50,000-80,000
hypocretin-producing neurons located in the lateral
hypothalamus with projections throughout the CNS
[12]. Co-discovered over a decade ago, the hypocretin
system comprises of two hypocretin neuropeptides,
HCRT-1 and -2 (also known as orexin A and B, respec-
tively). One group named them hypocretins since they
are located within the hypothalamus and are struc-
turally similar to secretin, a digestive peptide, while
the other group named them orexins after the Greek
word ‘orexis’, which means appetite, since intra-
cerebroventricular (ICV) injection stimulated food
intake [13,14]. Preprohypocretin, a precursor polypeptide
composed of 130 residues, undergoes proteolytic cleav-
ing to produce HCRT-1 and -2 with 33 and 28 amino
acids, respectively [14]. HCRT-1 is highly lipophilic,
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crosses the blood-brain barrier via simple diffusion
and is stable in the CSF. On the other hand, HCRT-2
is a linear peptide that is not stable in the CSF and has
a short biological half-life due to rapid metabolism
and clearance from the body [15-17]. The hypocretin
neuropeptides bind to two G-protein coupled recep-
tors (GPCRs), the HCRT-1 and -2 receptors. HCRT-1
receptor is a selective receptor with a very high affinity
for HCRT-1, while HCRT-2 receptor is a nonselective
receptor with equal affinity for both HCRT-1 and -2.
Although the HCRT-1 receptor share some similarities
to other GPCRs such as the TRH receptor, cholecys-
tokinin type-A receptor and Y2 NPY receptor, neither
HCRT-1 or -2 have significant affinity to these other
GPCRs [14].

Physiologic implications of the hypocretin
system
m Hypocretin & the sleep—wake cycle
Prior to the discovery of hypocretin deficiency in
human narcoleptic patients, hypocretin knockout mice
and familial canine narcolepsy, which is due to an auto-
somal recessive mutation in the HCRT-2 receptor gene,
were shown to demonstrate very similar phenotypes to
human narcolepsy. It has also been demonstrated that
hypocretin knockout mice demonstrate much more
severe cataplexy than the HCRT-2 receptor knockout
mice and the HCRT-1 receptor knockout mice exhibit
no signs of cataplexy []. Interestingly, asymptomatic,
heterozygous canines demonstrate cataplexy when
given cholinergic medications and medications that
decrease monoamine transmission (e.g., prazosin)
without altering the hypocretin levels in the CSF [18,1].
In contrast, normal dogs do not demonstrate cataplexy
when administered these same medications but do
demonstrate changes in hypocretin levels in the CSF [1s].
ICV injection of hypocretin in rats and mice during
the rest period has been shown to promote wakefulness
and decrease REM and NREM sleep [20]. Physiologic
fluctuations in hypocretin levels have been reported,
with levels increasing to a peak toward the end of the
active period - possibly to counter the growing homeo-
static pressure — before levels decline with the onset of
sleep [21-26]. In HCRT-1 and -2 knockout mice, the effects
of ICV injection on wakefulness and NREM sleep are
reduced, when compared with wild-type mice, with
a less robust response noted in the HCRT-2 receptor
knockout mice. Suppression of REM sleep by hypocre-
tin injection was similarly attenuated in both knockout
mice [27]. In a different animal model, a transgenic hypo-
cretin/ataxin-3 mouse model, which leads to the post-
natal death of hypocretin neurons, ICV HCRT-1 aug-
ments wakefulness and decreases both frequency and
duration of cataplexy [2s]. Other studies are investigating
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the downstream effects of the hypocretin system. For
example, it has been shown that ICV injection of hypo-
cretin in histamine-1 (H,) receptor knockout mice and
in wild-type rats in combination with a selective hypo-
cretin antagonist (pyrilamine) in wild-type rats blocks
the wake-promoting effects of hypocretin; however,
H, receptor and H, /HCRT-1 receptor knockout mice
demonstrate normal sleep-wake states [29-31]. Lastly,
optogenetic studies show that repeated stimulation of
HCRT neurons increases the probability of an awak-
ening during sleep and this effect was not observed in
HCRT knockout mice [32].

In summary, it is suggested that the profound dysreg-
ulation in REM sleep in narcolepsy is dependent upon
both hypocretin receptors but that activation of the
HCRT-2 receptor promotes wakefulness and suppresses
NREM sleep with higher efficacy than stimulation of
the HCRT-1 receptor [27.33]. Further investigations are
required in order to better elucidate the downstream
effects of the hypocretin system on the sleep-wake
cycle. For a complete review of the neurobiology of sleep
refer to reference [34].

m Hypocretin, feeding behavior & energy
expenditure

There remains significant controversy over whether
the hypocretin system, independent of its effects on
arousal and locomotion, influences feeding behavior.
Several studies have shown that ICV administration
of hypocretin induces feeding behavior and hypocre-
tin mRNA expression increases during fasting [zo].
Individuals with narcolepsy with hypocretin defi-
ciency tend to have an increased body-mass index in
spite of decreased caloric intake and an increased risk
of developing insulin resistant diabetes mellitus [3s-
37). The transgenic hypocretin/ataxin-3 model mice
are more obese than the preprohypocretin knock-
out mice, but these transgenic mice fail to respond
to fasting with increased wakefulness and activity
[38.30]. These metabolic effects might be, in part, due
to colocalized factors in HCRT neurons such as
dynorphin, NARP and glutamate, which are absent
in the transgenic hypocretin/ataxin-3 model (38]. On
the contrary, fasting in dogs and rodents does not
increase hypocretin levels in the CSF. Furthermore,
chronic ICV administration of hypocretin in rats for
7 days did not modify overall food intake or cause
obesity but did lead to a differential response in food
intake depending upon the sleep cycle. During the
resting phase, animals remained awake and, likely
as a consequence, showed an increase in food con-
sumption [40]. The presence of receptors for leptin,
which is a satiety hormone, on hypocretin neurons,
however, does suggest that this system is able to
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directly respond to metabolic signals. Activity of
isolated hypocretin neurons is inhibited by glucose
and leptin and stimulated by ghrelin, which is an
appetite stimulating hormone [20,40].

m Hypocretin, the autonomic nervous system

& ventilation

The hypocretin system has also been implicated in
the control of the autonomic system and the cardio-
pulmonary system, which is no surprise given the
widespread projections of the hypocretin system
throughout the hypothalamus and the brainstem,
including projections to the nucleus tractus soli-
taries and the pre-Botzinger region [41.42]. ICV injec-
tion of hypocretin increases blood pressure, heart
rate, sympathetic tone, plasma norepinephrine and
epinephrine and respiratory rate and tidal volume
l43.44]. Transgenic hypocretin/ataxin-3 have lower
blood pressures [45]. Hypocretin neurons, in vitro
and in vivo, increase c-FOX expression in response to
increased carbon dioxide and hypocretin knockout
mice demonstrate attenuated central chemoreception
during wakefulness [46-48].

m Hypocretin, reward, addiction & pain

There is a growing body of evidence that the hypocre-
tin system is involved in reward and addiction path-
ways. It has been observed for decades that patients
with narcolepsy with cataplexy treated with alerting
agents rarely have problems with drug abuse and
addiction. In addition, hypocretin knockout mice
exhibit abnormal baseline dopamine signaling with
adampened response to cocaine and morphine [49,50].
ICV injection of hypocretin leads to the reinstatement
of previously extinguished cocaine-seeking behaviors
in rats [s1].

The presence of HCRT-1 and HCRT-1 receptors in
the dorsal root ganglion cells and white/grey matter
of the spinal cord suggests that the hypocretin system
might also be involved in pain pathways. Furthermore,
intravenous or ICV hypocretin has been shown to
be an effective antinociceptive and antihyperalgesic
agent in mice and rats [s2].

m The pituitary-hypothalamic-adrenal axis

& hypocretin

The presence of peripheral hypocretin receptors sug-
gests that this system may also be implicated in the
periphery. There are reports of hypocretin neuropep-
tides in the plasma but it should be emphasized that
detection of hypocretin in the plasma is currently very
difficult (s3). HCRT-1 and -2 receptors are expressed in
the male reproductive system including the testis, epi-
didymis, seminal vesicles and penis (s4. HCRT-1 and
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-2 neuropeptides and receptors have also been iden-
tified in the anterior pituitary [ss]. Preprohypocretin
mRNA is found in the stomach, kidney, adrenal gland,
pancreas, colon, placenta, colon and white adipose tis-
sue [56,57]. ICV hypocretin has been shown to decrease
plasma growth hormone and prolactin and increase
corticosterone and ACTH levels [58,50]. ICV adminis-
tration of HCRT-1 has also been shown to inhibit pul-
satile luteinizing hormone when food is withheld (so].
In summary, the primary role of the hypocretin
system appears to be in the regulation of arousal, but it
may also serve as the interface between multiple other
physiologic functions, including metabolism, reward
and addiction, hypothalamic-pituitary-adrenal axis,
ventilation and autonomic nervous system control.

Hypocretin antagonists in the treatment of
insomnia: preclinical & clinical data

Sleep research over the last decade hasled to a new class
of pharmacological agents that antagonize the hypo-
cretin system. The effects of hypocretin deficiency upon
the sleep-wake cycle in narcolepsy (e.g., sleep attacks,
excessive sleepiness and short, refreshing naps) suggest
that the administration of hypocretin antagonists to
individuals with insomnia may help to promote sleep.
Insomnia is a disorder characterized by difficulty fall-
ing asleep and/or maintaining sleep associated with
a poor quality of sleep or nonrestorative sleep [e1]. It
leads to functional daytime impairment in about 10%
of adults [62]. Available treatment options are limited
to cognitive-behavioral therapy and pharmaceutical
agents. The most prescribed and investigated therapy
for insomnia is benzodiazepine and non-benzodiaze-
pine receptor agonists. Other prescription and over the
counter medications used in the treatment of insomnia
include alcohol, acetyl-salicylate, antidepressants, anti-
psychotics, histamine receptor antagonists, melatonin
receptor agonists and herbal remedies. These medica-
tions have limited efficacy and adverse effects includ-
ing metabolic and cognitive effects, rebound insomnia,
abuse potential, dependence, tolerance and impaired
motor sKkills.

This has led to numerous patents for dual hypo-
cretin receptor, selective HCRT-1 receptor and selective
HCRT-2 receptor antagonists (Table 1) [s3]. Preclinical
and limited published clinical data have shown that
this new compound class does, in fact, promote sleep
in animals, healthy normal patients and in patients
with chronic primary insomnia. This new compound
class has been shown to significantly affect REM sleep
more than slow wave sleep (SWS) when compared with
zolpidem. Preclinical data also suggest that these com-
pounds do not lead to dependence but rather may serve
as a treatment for drug withdrawal and drug-seeking
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behavior [64]. Although no published data specifically
address the risk of rebound insomnia with these med-
ications, one might speculate that the risk of rebound
insomnia with this compound class is less than other
medications such as zolpidem. In addition, if true, cog-
nitive-behavioral therapy with or without a hypocretin
antagonist may dramatically improve acute and long-
term management of insomnia [¢s). However, the impli-
cated functions of the hypocretin system as discussed
raise multiple theoretical concerns for the development
of this new compound.

Only two dual hypocretin receptor antagonists, alm-
orexant and suvorexant, have reached Phase III trials.
There are other dual hypocretin and selective hypocre-
tin antagonists with favorable preclinical data, includ-
ing two other dual hypocretin receptor antagonists,
SB-649868, which has completed a Phase II trial, and
MK-6096, which has completed a Phase I trial.

Unfortunately, in early 2011, Actelion and
GlaxoSmithKline stopped further development
of almorexant due its clinical and tolerability pro-
file and have not since disclosed further details [101].
Suvorexant does not have any active clinical trials but
recently completed several trials and plans on filing a
new drug application with the US FDA in 2012 [102].
The withdrawal of almorexant development, despite a
Phase III trial demonstrating superiority over placebo
on both objective and subjective wake after sleep in
adult patients with chronic primary insomnia, should
serve as a reminder of the inherent complexity of the
hypocretin system [101]. Therefore, a review of the
available clinical data, unpublished clinical trials and
pertinent preclinical data on hypocretin antagonists
pertaining to sleep-wake regulation and other implica-
tions of these compounds, is helpful in guiding future
development.

= Almorexant

Almorexant (ACT-078573; [2R]-2-[(1S)-6,7-dimethoxy-
1-(2-[4-(trifluoromethyl)phenyl]ethyl)-3,4-dihydroiso-
quinolin-2(1H)-yl]-N-methyl-2-phenylacetamide) was
identified by Actelion in 2007. It is an orally active tetra-
hydroisoquinoline derivative that is rapidly absorbed
in the fasting state and readily crosses the blood-brain
barrier, where it acts as a selective and reversible, dual
hypocretin receptor antagonist with little affinity to
other receptors, including those for histamine, opiates
and GABA [ss.67]. It acts as a competitive antagonist
of HCRT-1 but a partially noncompetitive antagonist
of HCRT-2. In hamster ovary cells that overexpress
human HCRT-1 and -2 receptors, it has a half maxi-
mal inhibitory concentration of 13 + 1 and 8 + 1 nM,
respectively [s8]. In 2008, Actelion joined forces with
GlaxoSmithKline to further develop and market the
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Table 1. Hypocretin antagonists studied in preclinical and clinical trials to date.
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K, = 27.8 M

K, = 217 nM
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IC,, =8nM

K, = 0.35 nM
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K,=0.2nM
IC,, = 4nM

K, = 0.6 nM
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Ref.
[66]
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[85]

[86,87]

(88]

[89]

[90]

[90]

Dual: Dual hypocretin antagonist.
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Table 1. Hypocretin antagonists studied in preclinical and clinical trials to date (cont.).

Compound Selectivity Structure
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HCRT-1 affinity HCRT-2 affinity Ref.

K, =8.8nM K, = 503 nM [90]

K,=11nM K, = 129 nM [90]

pK, = 5.5 pK; = 8.3 (87,76]
pK, =79

K, > 900 nM K =1nM [91]

Dual: Dual hypocretin antagonist.

drug. Almorexant has several Phase I and II trials and
one Phase III trial.

In a Phase I trial in 2007, Brisbare-Roch et al. reported
that almorexant induced somnolence in a dose-de-
pendent manner in humans as well as rats and dogs.
Healthy, male human subjects (n = 70; aged 18-37 years)
were randomized in a double-blinded fashion to receive
a single dose of almorexant (n = 42 with n = 6 per dose
group: 1, 5, 25, 100, 200, 400 or 1000 mg), 10 mg zolp-
idem (n = 14), or placebo (n = 14) at approximately 10:00.
Almorexant doses 2200 mg led to a significantly short-
ened latency to stage 2 sleep, improved sleep efficiency,
increased total sleep time and increased NREM dura-
tion; however, doses of at least 400 mg were required
to significantly decrease sleep latency. These findings
disappeared 6.5 h after administration of all doses
<1000 mg when compared with placebo [ss]. It should
be emphasized that this study was performed in healthy
male subjects without chronic primary insomnia. It
appears that EEG monitoring was conducted in 1-min
intervals just prior to and at various time points after
drug administration for 12 h. In addition, two 25-min

EEG recordings were performed 90 min and 6.5 h
after dosing. Although the authors of this study refer-
ence this as a variant of the multiple sleep latency test
(MSLT), researchers are encouraged to investigate the
probability for sleep-onset REM periods with the more
conventional MSLT on all future studies with hypo-
cretin antagonists [éo]. Power spectral analysis of the
25-min recording collected 90 min after drug ingestion
revealed an increase in the delta and theta power with
almorexant but not with zolpidem [ss]. No sleep-onset
REM periods were reported based upon the two 25-min
EEG recordings performed at 90 min and at 6.5 h after
dosing. These recordings were analyzed automatically
based upon Rechschaffen and Kales criteria [7o0]. At this
point, all future studies should continuously monitor
EEG to more accurately report the effects of hypocretin
antagonists on sleep architecture.

In addition to no sleep-onset REM periods when
evaluated at 90 min and 6.5 h after dosing, Actelion has
not disclosed any reports to suggest that almorexant
causes cataplexy, sleep attacks, sleep paralysis or sleep
hallucinations (ss,68]. Although theoretical concerns for
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REM-related phenomenon remain based upon human
narcolepsy with hypocretin deficiency and past animal
models, Brisbare-Roch et al. specifically report that
no cataplexy was observed [ss]. However, the authors
do emphasize that no specific attempts were made to
trigger cataplexy and subjects were confined to the
study center for 48 h after study drug administration.
Merck has completed a Phase III trial on suvorexant
conducted over 12 months to evaluate the proportion
of patients that experience narcolepsy-like events, such
as cataplexy, as one of the primary outcome measures
[103]. Interestingly, it appears that Merck still intends on
filing a new drug application with the FDA this year
l102]. In future studies, researchers should attempt to
trigger cataplexy by encouraging positive emotional
activity such as laughter in subjects. Certain medica-
tions such as prazosin have been reported to exacer-
bate cataplexy in narcoleptic patients; therefore, indi-
viduals being administered hypocretin antagonists
with other medications such as prazosin should be
closely monitored and potentially evaluated in future
studies [19.71].

Subjective alertness was significantly diminished
when doses of 400 mg or more were given to subjects
lés]. One subject in the 400-mg almorexant group
and three subjects in the 1000-mg group reported an
increase in dreaming on a narcoleptic questionnaire.
One subject at 200-mg dose of almorexant, two sub-
jects at 1000-mg dose of almorexant and one subject
in the zolpidem group reported short-lasting muscle
relaxation/weakness [6s]. No further details were pro-
vided to further characterize this short-lasting muscle
relaxation/weakness.

Actelion specifically reported no significant effect
of almorexant on the following venous blood tests
taken before and at regular time points up to 36 h after
dosing: ACTH, cortisol, CRF, ghrelin, HGH, leptin,
LHRH, orexin A, pancreatic polypeptide, prolactin,
testosterone and TSH [ss]. This is very significant given
past studies, as previously discussed, in rodents doc-
umenting changes in several of these values after ICV
injection of hypocretin [ss-60]. The authors reported no
apparent drug-related effects on blood pressure, which
was measured in the standing and supine position,
heart rate, electrocardiogram and physical examina-
tion [e8]. These are important findings in light of the
prior studies discussed showing a relationship between
the hypocretin system and blood pressure control [43.45].

Almorexant, at doses of <100 mg, demonstrated
a side-effect profile similar to placebo [¢6.68]. Adverse
events associated with almorexant of 2200 mg when
compared with zolpidem included somnolence (33 vs
36%), dizziness (7 vs 43%), diplopia (5 vs 29%), distur-
bance in attention (10 vs 14%) and fatigue (12 vs 7%).
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Only subjects treated with zolpidem reported abnormal
coordination (n = 4) and ‘feeling drunk’ (n = 2).

Actelion also completed a Phase II multicenter,
double-blinded, randomized, placebo-controlled,
five-period, five-treatment crossover, dose-finding
study to evaluate the efficacy and safety of almorex-
ant in elderly subjects with chronic primary insomnia
with a primary outcome of mean wake time after sleep
onset, but there are no publicly available data from this
trial [104].

In a Phase III, multicenter, double-blinded, random-
ized, placebo-controlled, active reference (zolpidem),
parallel-group polysomnography (PSG)-based trial
(RESTORA 1), almorexant (100 and 200 mg) was eval-
uated for safety and efficacy across 16 days in 709 adult
patients with chronic primary insomnia (72]. The study
showed superiority over placebo on both objective and
subjective wake after sleep onset (WASO; p < 0.001)
105]. Several secondary end points were also statistically
significant but no further details are available. This is
the first landmark study to demonstrate hypocretin
antagonists as effective treatment for patients with
chronic primary insomnia. It should be emphasized
that superiority was demonstrated only for WASO,
not for sleep latency, while zolpidem, a benzodiazepine
agonist, is primarily used for sleep-onset insomnia [73].
Recall that dosages of at least 400 mg were required to
significantly decrease sleep latency in healthy human
subjects [s6]. Importantly, the study showed that it sig-
nificantly improved subjective WASO. This is a key
finding for this new compound class as some might
argue, including patients with chronic insomnia, that
a sleeping pill that objectively improves sleep without
a subjective benefit is of little value.

In spite of Actelion and GalaxoSmithKlein aban-
doning further development of almorexant in early
2011, there is an active, Phase III, randomized, dou-
ble-blinded, placebo-controlled, parallel-assignment
trial comparing the effects of almorexant (100 or
200 mg) and zolpidem (10 mg; n = 216) on neurocog-
nitive performance [106]. There are no preliminary data
reported from this clinical trial.

m Relevant preclinical data for almorexant & other
hypocretin antagonists

In reference to this ongoing clinical trial with almorex-
ant, preclinical data investigating the effects of alm-
orexant on learning in rats demonstrated no impair-
ment in spatial learning (7). In addition, a preclinical
trial in rats found that the combination of ethanol and
zolpidem, but not ethanol and almorexant, was associ-
ated with a dose-dependent decrement in forced-motor
performance, which is a surrogate marker for sedation
and myorelaxation [s7].
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The animal data in Brisbare-Roch et al. noted male
beagle dogs as having an increased frequency of distal
muscle movements while resting in a relaxed sleep
state starting 2 h after being dosed with almorexant
and persisted for the remaining 4 h of the video exper-
iment [s6]. This suggests possible muscle dysregula-
tion but the authors emphasized that frequent limb
twitching has been reported in dogs during REM
sleep. In CAG/hypocretin transgenic mice, which
overexpress preprohypocretin by a 3-actin/cytomeg-
alovirus hybrid promoter, exhibit sporadic increases
in postural muscle tone with the onset of REM sleep
along with striking increases in phasic twitches (7s].
In addition, patients with narcolepsy exhibit an
increased frequency of periodic limb movements [10].
The authors do not explicitly mention whether or not
electromyelographic data or if video was acquired
and reviewed in human subjects; however, one could
assume electromyelographic activity was acquired
since Rechschaffen and Kales criteria was used -
albeit in an automated fashion - to score sleep stages
[70]. Future studies should more closely evaluate and
characterize muscle activity during wakefulness and
sleep in human subjects before and after ingestion of
hypocretin antagonists.

Preclinical data show that hypocretin antagonists
promote sleep but suggest that selective HCRT-2
receptor antagonists may be more effective and results
may vary according to time of day of administration.
Almorexant and a selective HCRT-2 receptor antag-
onist JNJ-10397049, but not the HCRT-1 receptor
antagonist SB-408124, cause a decrease in extracel-
lular histamine within the lateral hypothalamus that
parallels the sleep promoting effects of these two com-
pounds. Administration of JNJ-10397049 in either
phase of the light-dark cycle decreased latency to
NREM and increased NREM and REM sleep time [76].
Selective HCRT-1 receptor antagonists, SB-408124 and
SB-334867, had no effect on latency to and duration of
NREM and REM sleep regardless of time administered
[76.77). Almorexant administered during both phases of
the light-dark cycle increased the duration of NREM
and REM sleep but only significantly decreased latency
to NREM and REM sleep during the light phase. Lastly,
coadministration of a selective HCRT-1 receptor antag-
onist SB-408124 with the selective HCRT-2 receptor
antagonist JNJ-10397049 counteracted the HCRT-2
receptor antagonist induced decrease in NREM latency
and increase in NREM duration, but led to a further
reduction in REM latency and a nonsignificant increase
in REM duration (76]. The further decrease in REM
latency could increase the likelihood of inducing REM-
related phenomenon such as cataplexy as seen in nar-
colepsy. Interestingly, recall that hypocretin knockout
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mice have more severe cataplexy than HCRT-2 receptor
knockout mice [72]. Most importantly, these preclinical
data suggests that the sleep-promoting effects of a selec-
tive HCRT-2 receptor antagonist are disrupted by inhi-
bition of the HCRT-1 receptor and time of day admin-
istered influences their effects upon sleep architecture.

In the Brisbare-Roch et al. study, the human subjects
were dosed at only 10:00 but the rats were dosed at two
different times: 17:00 and 6:00 [ss.68]. Interestingly, the
rats that were dosed at 17:00 demonstrated decreased
wake time but rats dosed at 6:00 (i.e., the beginning
of the rats normal sleep cycle), did not demonstrate a
significant reduction in activity or alertness [ss]. As dis-
cussed previously, hypocretin levels fluctuate in a slow
diurnal pattern and these variations might help explain
these observations [22-2s]. Alternatively, there might have
not been enough time to demonstrate a sleep effect in
the normal sleep phase of the rat. Future clinical tri-
als are needed to investigate the response to dual and
selective hypocretin antagonists dosed at different times
across the 24-day period.

Preclinical data show that hypocretin antagonists
may affect drug addiction and abuse behaviors as well as
feeding behaviors. Almorexant and a HCRT-1 receptor
antagonist SB-408124, but not JNJ-10397049, increased
extracellular dopamine within the prefrontal cortex
[76. Almorexant and a HCRT-1 receptor antagonist
SB-334867 significantly decreased nicotine self admin-
istration [78]. SB-334867 was also shown to decrease
self administration of cocaine, block cocaine-mediated
behavioral sensitization and decrease excitatory cur-
rents in dopaminergic neurons of the ventral tegmental
area [49]. Most studies investigating the role of hypo-
cretin antagonists on drug abuse and addiction have
focused primarily upon SB-334867. It does appear that
the HCRT-1 receptor rather HCRT-2 receptor signaling
is integral to the reinstatement of cocaine-seeking
behaviors and self administration of cocaine [79].

With regards to feeding behavior, SB-334867 did
not affect self administration of food but almorexant
significantly decreased food-maintained responding
[78]. On the other hand, a different study reported that
SB-334867 reduced food intake in rodents after an over-
night fast [go]. Further studies evaluating the effect of
hypocretin antagonists on feeding behaviors and obe-
sity are needed.

Almorexant has been shown to attenuate the carbon
dioxide response by 26% in wakefulness during the
dark period of the diurnal cycle in rats. This decrease
was similar to the level observed during NREM sleep
in the light period; therefore, the authors of this pub-
lication suggest that the sleep-wake difference in car-
bon dioxide response may be related to hypocretin.
Almorexant also decreased the number of sighs and
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post-sigh apneas in this study during the light and
dark periods [si]. These data compliment prior data
discussed showing that hypocretin knockout mice
have attenuated central chemoreception [48].

= Suvorexant

Suvorexant (MK-4305, [(7R)-4-
(5-chloro-1,3-benzoxazol-
2-yl)-7-methyl-1,4-diazepan-1-yl][5-methyl-2-(2H-
1,2,3-triazol-2-yl)phenyl]methanone), is currently under
development by Merck. In late 2008, Merck reported a
dose-dependent decrease in latency to persistent sleep
(LPS) and WASO in a Phase I trial with suvorexant in
healthy human subjects [10;]. There was no significant
impact on SWS or REM activity [107].

In 2010, Merck completed two Phase I, open-la-
beled, nonrandomized, single-dose studies investi-
gating the pharmacokinetics of suvorexant in patients
with either renal insufficiency or hepatic insufficiency
[108,100]. No published data are available from these
open-labeled studies.

In 2011, Merck launched two Phase I trials investi-
gating the effects of suvorexant on respiratory function
in subjects with chronic obstructive pulmonary disease
and obstructive sleep apnea [110]. As discussed above,
preclinical data suggest that the hypocretin system
influences ventilation. Furthermore, rats administered
almorexant demonstrate attenuated central chemore-
ception while awake in the active period of the diurnal
cycle [81]. These findings are probably partly responsible
for Merck launching a study to evaluate the effects of
suvorexant compared with placebo on the respiratory
function in subjects with chronic obstructive pulmo-
nary disease, with a primary outcome of mean oxygen
saturation (Sa0,) throughout the night and percent-
age time of total sleep during which SaO, is <90, 85
and 80%. Secondary measures include mean apnea/
hypopnea index and mean SaO, for different sleep
stages [110]. The other completed, Phase I, randomized,
double-blinded, placebo-controlled trial evaluated the
effects of suvorexant on respiratory function in sub-
jects with mild to moderate obstructive sleep apnea.
No public data have been disclosed from these two
clinical trials.

A Phase I, randomized, double-blinded, crossover
assignment trial evaluating the next-day residual
effects of multiple doses of suvorexant (20 and 40 mg)
on highway driving performance in healthy, nonel-
derly participants (21-64 years of age) was recently
completed but no public data are available 111]. The
primary outcome measure is the standard deviation of
lateral position on highway driving between MK-4305
and placebo but there is also a secondary measure com-
paring zopiclone (7.5 mg) with placebo.
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A Phase IIb, multicenter, randomized, dou-
ble-blinded, placebo-controlled crossover dose-rang-
ing study was completed in late 2009 evaluating the
safety and efficacy of suvorexant (10, 20, 40 and 80 mg)
in subjects (n = 492) with primary insomnia [112]. The
primary end point was improvement in sleep efficiency
compared with placebo as measured by two PSGs at
night one and at the end of 4 weeks of treatment. The
secondary end points, also measured by PSG, were
improvement in WASO and LPS (or the delay in time
to persistent sleep) compared with placebo on night one
and at the end of 4 weeks of treatment. The drug was
well tolerated and compared with placebo at night one
and at the end of 4 weeks significantly improved sleep
efficiency (range: 4.7-12.2% depending upon dose and
PSQ) and significantly reduced WASO (range: -22.9 to
-37.9 min depending upon dose and PSG) at all doses.
Although this study was not powered to evaluate sleep
onset, a significant improvement in LPS was observed
at both night one (-21.3 min) and at the end of 4 weeks
(-10.7 min) but only with the 80-mg dose [112]. Recall
that the higher doses of almorexant in healthy human
subjects were also required to significantly improve
sleep latency [ss]. The most common adverse experi-
ences occurring in patients treated with suvorexant
(incidence >3% for one or more doses studied) were
upper respiratory tract infection, urinary tract infec-
tion, increase in alanine aminotransferase and cre-
atinine phosphokinase, dizziness, drowsiness upon
awakening, headache, sedation, somnolence and vivid
dreams [112].

Merck recently completed a Phase III trial evalu-
ating the safety and efficacy of suvorexant compared
with placebo in elderly (=65 years of age) and nonel-
derly subjects (<65 years of age) over 3 months with an
optional 3-month extension period [113,114]. There are no
public data from this trial.

There is also a completed Phase III multicenter, ran-
domized, double-blinded, placebo-controlled trial that
evaluated the long-term safety (for up to 14 months) of
suvorexant with primary outcomes looking for patients
who experience narcolepsy-like events, including cat-
aplexy; complex sleep-related behavior; propensity
for falls; and suicidal ideation and/or behaviors [103].
No published data are available for this study. There
are no published, human clinical trials that specifi-
cally monitor for cataplexy so these results are greatly
anticipated.

= SB-649868

SB-649868 is a dual receptor antagonist under devel-
opment by GlaxoSmithKline that had undisclosed pre-
clinical safety concerns in late 2007 in laboratory rats,
resulting in the withdrawal of a Phase I trial [115]. They
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have since completed several Phase I trials investigat-
ing a variety of parameters including cardiac function,
neurologic effects (e.g., evaluating Romberg/heel-to-toe
testing), effects of repeat doses of SB-649868 on phar-
macokinetics of simvastatin and atorvastatin and inter-
actions with CYP3A4 [116,117]. A Phase II, multicenter,
randomized, double-blinded, placebo-controlled,
crossover study to evaluate the effects of SB-649868
(10, 30 and 60 mg) on sleep continuity, PSG sleep
recordings, subjective sleep assessment and daytime
cognitive function in subjects (age 18 — 64 years of age)
with primary insomnia for at least 3 months, has been
completed but there are no published data.

In a Phase I, single-blinded, randomized, place-
bo-controlled, single-dose study of SB-649868 (30 mg
and 60 mg) administered 2 h before bedtime in healthy
volunteers (PSG cohort n = 20), LPS was 15 and 16 min
lower (p < 0.001) at 30- and 60-mg doses compared
with placebo, respectively; TST at 30- and 60-mg doses
improved by 27 and 31 min compared with placebo,
respectively; WASO did not differ significantly from
placebo; and, most importantly, one subject on placebo,
one subject on SB-649868 30 mg and seven subjects
on SB-649868 60 mg experienced a sleep-onset REM,
which the authors defined as a REM latency less than
20 min. In addition, SB-649868 did not significantly
affect sleep stages 1, 2 and SWS except for a significant
reduction in SWS after the 60-mg dose. No differences
in performance on the digital symbol substitution teast
(DSST) or verbal learning memory test 10.5 h after
SB-649868 (30 or 60 mg) compared with placebo.
However, in a different cohort of this study, 2 h after
the administration of SB-649868 (30 and 60 mg), which
coincides with peak drug level, there was a decrease in
cognitive impairment on DSST [s.].

Another Phase I, single-site, double-blinded, dou-
ble-dummy, randomized, placebo-controlled, four-
way crossover study was recently published comparing
the effects of a single oral dose of zolpidem (10 mg
dosed at 22:30, lights off at 23:00) and SB-649868
(10 or 30 mg dosed at 21:30, lights off at 23:00) on
healthy male volunteers (n = 44; 18-55 years of age)
in a noise-induced situational-insomnia model (s3].
The primary outcome was TST measured across four
treatment sessions using routine PSG with each ses-
sion comprising an adaptation night and a treatment
night. Data were analyzed according to Rechtschaffen
and Kales criteria [70]. A 7-day wash-out period was
included between each session during which subjects
were encouraged to maintain a 23:00-07:00 sleep
pattern. Compliance with this schedule was moni-
tored with actigraphy. Secondary measures included
effects of SB-649868 on daytime cognitive function
performed 30 min after waking up for each session
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night. Other sleep parameters included spectral ana-
lysis, subjective sleep quality and safety and pharma-
cokinetics of the two medications [s3].

Compared with placebo, TST was significantly
increased by 16.8 and 30.7 min for SB-649868 10 and
30 mg, respectively, while zolpidem only increased
TST by 11 min. Compared with zolpidem, SB-6496868
30 mgsignificantly increased TST by 20 min. Although
not a primary outcome, the LPS was significantly
reduced by 8.5 and 17.4 min after 10 and 30 mg of
SB-649868, respectively. Zolpidem did not have a sig-
nificant effect on LPS. WASO was only significantly
reduced in the SB-649868 group by 14.7 min. Only the
SB-649868 30-mg group reported significant improve-
ment in subjective sleep latency and TST compared
with placebo [83].

With regards to sleep architecture, sleep-onset REM
latencies — defined by the authors as the difference
between sleep onset and first epoch of REM sleep of
<15 min - were seen in one subject after the 10-mg dose
and two subjects after the 30-mg dose of SB-649868,
but none in the placebo or zolpidem group, and overall
REM:-sleep latency was significantly reduced, compared
with placebo, with both doses of SB-649868 (-20.1 and
-34 min for 10 and 30 mg, respectively). SB-649868 at
30 mg significantly increased percentage of time spent
in REM sleep (+2.3%) while zolpidem significantly
decreased the time (-1.4%). While SB-649868 signifi-
cantly affected REM-sleep parameters, it did not sig-
nificantly affect percentage of time in SWS over the
entire night, whilst zolpidem did significantly affect it
by 5.2%. In summary, based upon secondary outcome
measures, SB-649868 - but not zolpidem - increased
REM sleep parameters while zolpidem - but not
SB-649868 — increased duration of SWS in these healthy
volunteers in a noise-induced situational-insomnia
model (s3.

After administration of SB-649868 30 mg, one sub-
ject reported mild hallucinations starting 90 min after
administration that persisted for 2 h, but was able to
complete the trial. The authors do not report if this
subject had a sleep-onset REM period. One other
subject had severe somnolence after SB-649868 30 mg
and this adverse event was deemed by the authors to
be of severe intensity and related to SB-649868. In
the SB-649868 group, the mean number of lapses
(time >500 ms) on psychomotor vigilance testing,
which was performed 30 min after waking up, was sig-
nificantly greater than placebo. All other active treat-
ment doses did not differ significantly from placebo on
both the psychomotor vigilance testing and DSST {s3].
One should be reminded in the interpretation of these
data that this study was performed in healthy males
using a traffic noise model of situational insomnia, not
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in patients with chronic insomnia.

Overall, adverse effects were similar to placebo
except somnolence and disturbed attention was
reported by more than twice as many subjects after
SB-649868 30 mg, while headache was reported by
more than twice as many subjects taking placebo com-
pared with active treatments [s3]. This is intriguing in
light of the recently disclosed trial by Merck investigat-
ing the efficacy of MK-6096 in migraine prophylaxis
(118]. No clinically relevant changes were seen on vital
signs or 12-lead ECG [s3]. Based on preclinical data and
past genetic studies showing a relationship between
hypocretin and blood pressure, future hypocretin
antagonist trials might consider continuous blood
pressure monitoring rather than isolated cuft-based
measures to evaluate for any changes in dipper versus
non-dipper status.

= MK-6096

MK-6096, under development by Merck, has com-
pleted a Phase IIb, multicenter, randomized, dou-
ble-blinded, placebo-controlled, crossover study using
PSG to evaluate the safety and efficacy in patients
with primary insomnia [119]. There are no publically
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available data on this study but published preclinical
data demonstrate very promising sleep-promoting
effects in rats and canines [64]. Interestingly, Merck
recently launched three Phase IIa studies investigating
the safety and efficacy of MK-6096 in the following
conditions: painful diabetic neuropathy, adjunctive
treatment for major depressive disorder, and migraine
prophylaxis in patients with episodic migraines
[118120,121]. These are the first clinical trials to investi-
gate the effects of a hypocretin antagonist on disorders
other than insomnia.

Future perspective

Clinical investigation of hypocretin antagonists in the
treatment of other sleep disorders such as circadian
rhythm disorders (e.g., jet lag, shift-work disorder and
delayed sleep-phase syndrome) are very promising,
assuming the pharmaceutical industry can demon-
strate favorable short- and long-term safety profiles.
Hypocretin antagonists affect sleep architecture
(e.g., increased REM-sleep duration and latency) dif-
ferently compared with traditional benzodiazepines,
which reduce both SWS and REM sleep. The effects
upon sleep appear dependent upon both the type of

Executive summary

control.

receptor).

Physiologic implications of the hypocretin system

antagonists may promote sleep more effectively.

Loss of hypocretin-producing neurons in narcolepsy with cataplexy
m Narcolepsy is a syndrome associated with excessive daytime sleepiness, cataplexy, sleep paralysis, hallucinations and
disrupted sleep. Other associated features include altered metabolic, neuroendocrine, autonomic and thermoregulatory

Characterization of hypocretin neuropeptides & receptors in humans
m There are two hypocretin neuropeptides (HCRT-1 and -2) and two hypocretin receptors (HCRT-1 receptor and HCRT-2

m HCRT-1 receptor has a high affinity for HCRT-1 while HCRT-2 receptor has equal affinity for HCRT-1 and -2.
m Hypocretin receptors are differentially expressed in the CNS and found in the periphery.

m The hypocretin system helps regulate the sleep-wake cycle and the receptors may influence wakefulness, non-rapid eye
movement and rapid eye movement sleep differently.
m Hypocretin system may influence other physiologic functions including feeding behavior, the autonomic nervous system,
reward and addiction pathways, ventilation, pain pathways and the pituitary—hypothalamic—adrenal axis.
m Downstream effects of hypocretin neuropeptides require further investigation.

Hypocretin antagonists in the treatment of insomnia: preclinical & clinical data
m Selective and dual hypocretin antagonists have been developed and preclinical data suggest that selective hypocretin

Clinical trials to date are limited to the following dual hypocretin receptor antagonists: almorexant, suvorexant, SB-649868

and MK-6096.

- Almorexant development was discontinued in early 2011 based upon undisclosed data in spite of a Phase III trial showing
superiority over placebo on both objective and subjective wake after sleep onset in chronic primary insomnia subjects.

- Suvorexant has completed a Phase III trial but there are no published data. A Phase IIb trial showed significant
improvements in sleep efficiency and decreased wake after sleep onset. No active trials are currently underway.

- SB-649868 has published data from Phase I trial demonstrating significant improvements in total sleep time in a situational
model for insomnia. A Phase II trial has been completed but there are no published data.

- MK-6096 has completed a Phase I trial but no published data are available. They recently launched several other trials
investigating safety and efficacy in the treatment of migraine prophylaxis, painful diabetic neuropathy and depression.
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hypocretin antagonist (selective vs dual)
and the time of day administered. This
new compound class provides a novel
tool to investigate and better understand
the relative importance of different sleep
stages as well as REM-related phenome-
non, such as cataplexy, sleep hallucina-
tions and sleep paralysis. Clinical features
of narcolepsy with hypocretin deficiency
and preclinical data suggest that the
hypocretin system influences many other
physiological processes, such as reward
and addiction, metabolism, thermoreg-
ulation, motor regulation and autonomic
control. The trials recently launched
investigating the efficacy of a hypocretin
antagonist in the treatment of migraines,
depression and pain, strongly suggest that
many other indications for hypocretin
antagonists will be pursued in the coming
years. Therapeutic trials investigating the
role of selective hypocretin antagonists
in disorders such as drug addiction, ven-
tilation, or metabolism might be in the
pipeline soon. Future research into the
downstream effects of the hypocretin sys-
tem may lead to more specific therapies
for sleep disorders and beyond.
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