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R E S EARCH ART I C L E
DRUG D I SCOVERY
Orexin Receptor Antagonists Differ from
Standard Sleep Drugs by Promoting Sleep at
Doses That Do Not Disrupt Cognition
Jason M. Uslaner,* Spencer J. Tye, Donnie M. Eddins,† Xiaohai Wang, Steven V. Fox, Alan T. Savitz,
Jacquelyn Binns, Christopher E. Cannon, Susan L. Garson, Lihang Yao, Robert Hodgson,
Joanne Stevens, Mark R. Bowlby, Pamela L. Tannenbaum, Joseph Brunner, Terrence P. Mcdonald,
Anthony L. Gotter, Scott D. Kuduk, Paul J. Coleman, Christopher J. Winrow, John J. Renger
 o
n 

A
pr

il 
4,

 2
01

3
m

ag
.o

rg
Current treatments for insomnia, such as zolpidem (Ambien) and eszopiclone (Lunesta), are g-aminobutyric
acid type A (GABAA)–positive allosteric modulators that carry a number of side effects including the potential
to disrupt cognition. In an effort to develop better tolerated medicines, we have identified dual orexin 1 and 2
receptor antagonists (DORAs), which promote sleep in preclinical animal models and humans. We compare the
effects of orally administered eszopiclone, zolpidem, and diazepam to the dual orexin receptor antagonist
DORA-22 on sleep and the novel object recognition test in rat, and on sleep and two cognition tests (delayed
match to sample and serial choice reaction time) in the rhesus monkey. Each compound’s minimal dose that
promoted sleep versus the minimal dose that exerted deficits in these cognitive tests was determined, and a
therapeutic margin was established. We found that DORA-22 has a wider therapeutic margin for sleep versus
cognitive impairment in rat and rhesus monkey compared to the other compounds tested. These data were
further supported with the demonstration of a wider therapeutic margin for DORA-22 compared to the other
compounds on sleep versus the expression of hippocampal activity–regulated cytoskeletal-associated protein
(Arc), an immediate-early gene product involved in synaptic plasticity. These findings suggest that DORAs
might provide an effective treatment for insomnia with a greater therapeutic margin for sleep versus cognitive
disturbances compared to the GABAA-positive allosteric modulators currently in use.
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INTRODUCTION

Insomnia affects 10 to 15% of the adult population (1–3), and one-
third of these patients use pharmacotherapy for their sleep distur-
bances (4, 5). Most are prescribed nonbenzodiazepine hypnotics, such
as zolpidem (Ambien) and eszopiclone (Lunesta), which are positive
allosteric modulators of a subclass of g-aminobutyric acid type A
(GABAA) receptors.

Although these compounds are effective for sleep induction, they
are also associated with a number of side effects including cognitive
disruption. Clinical studies show that zolpidem and eszopiclone im-
pair attention and memory (6–10). These effects are most pronounced
when drug concentrations are high, and therefore, short-acting com-
pounds are sometimes preferred such that sleep is promoted but
cognitive functioning is spared the following morning (6, 11–14). Un-
fortunately, shorter-acting compounds are less effective for sleep main-
tenance because exposures are not sustained sufficiently to encourage
sleep throughout the night (15). Clinicians are therefore forced to con-
sider dose, half-life, or preparation such that insomnia is relieved with-
out residual effects. Treatment is further complicated as patients may
wake up shortly after taking the drug. In such circumstances, these
compounds can produce significant cognitive disruption with poten-
tially concerning consequences (7–9, 16–21).

Reducing the activity of the orexinergic system has emerged as a ther-
apeutic approach for insomnia that might provide enhanced specific-
Merck & Co. Inc., WP46-100, 770 Sumneytown Pike, P. O. Box 4, West Point, PA 19486, USA.
*Corresponding author. E-mail: jason_uslaner@merck.com
†Present address: St. Jude Children’s Research Hospital, Memphis, TN 38105–3678,
USA.
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ity for sleep-related pathways with reduced potential for cognitive
disruption. As a predominant arousal signal to nuclei controlling the
sleep/wake cycle, orexins are important for the normal control of wake-
fulness and vigilance (22, 23). Blocking orexin-mediated arousal using
orexin 1 and 2 receptor antagonists represents a new mechanism to
promote sleep onset and maintenance (24–27). In contrast to GABA,
orexin A and B synthesis is localized. Orexins A and B are almost
exclusively synthesized in the lateral hypothalamus (28, 29) and proj-
ect to brain regions primarily involved in sleep (30).

To compare the influence of dual orexin receptor antagonists
(DORAs) and GABA modulators on cognitive endpoints, we charac-
terized the effects of DORA-22 (31) compared to diazepam, zolpidem,
and eszopiclone on the novel object recognition test and on sleep in
rats and on the delayed match to sample test, serial choice reaction
time, and sleep in rhesus monkeys. We also examined the effects of
these compounds on the expression of hippocampal activity–regulated
cytoskeletal-associated protein (Arc), an immediate-early gene
involved in synaptic plasticity (32, 33).
RESULTS

Effects of GABA modulators and DORA-22 on sleep in rats
The effects of the different drug treatments on the amount of time that
rats spent asleep are shown in Fig. 1. DORA-22 [F(3,49) = 2.98, P <
0.05], diazepam [F(3,40) = 9.29, P < 0.001], or eszopiclone [F(3,54) =
63.98, P < 0.001] exerted a significant effect on the amount of time
spent asleep, whereas the effect of zolpidem did not reach significance
ienceTranslationalMedicine.org 3 April 2013 Vol 5 Issue 179 179ra44 1
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[F(2,43) = 3.20, P = 0.059]. Post hoc analysis revealed that all doses of
DORA-22 (P < 0.01), diazepam (10 or 30 mg/kg) (P < 0.01), eszopiclone
(6 or 10 mg/kg) (P < 0.01), or zolpidem (30 mg/kg) increased sleep
relative to vehicle.

Effects of GABA modulators and DORA-22 on the novel
object recognition test in rats
The impact of DORA-22, diazepam, eszopiclone, or zolpidem on a
test of episodic-like memory, the novel object recognition test in the
rat, was evaluated in four separate experiments, with scopolamine
serving as a positive control in each experiment (Fig. 2). Diazepam
[F(6,87) = 2.3, P < 0.05], eszopiclone [F(5,74) = 2.6, P < 0.05], or zolpidem
[F(3,40) = 5.4, P < 0.05] exerted significant impairment on the novel
object recognition test, whereas the effect of DORA-22 did not reach
significance [F(4,99) = 1.66, P = 0.17]. Post hoc tests revealed that
DORA-22 (30 mg/kg), diazepam (1, 3, or 10 mg/kg), eszopiclone
(1, 3, or 10 mg/kg), or zolpidem (3 mg/kg) decreased recognition
(P < 0.05). Scopolamine, the positive control, also reduced perform-
ance on the novel object recognition test in all of the studies (P < 0.05).
None of the treatments for which recognition data were analyzed
exerted an effect on exploration during E1, the session in which
the rats were initially exposed to the arena and objects (Table 1). Zolpidem
(10 mg/kg) was tested, but because it significantly reduced object ex-
ploration in E1 (Table 1), recognition data were not analyzed.
www.ScienceTranslationalMedicine.org
Drug effects on the expression of
Arc protein in rat hippocampus
Arc protein is involved in synaptic plas-
ticity and memory. To determine whether
doses of compound that reduced recogni-
tion memory on the novel object recogni-
tion test were associated with changes in
the expression of Arc protein in rat hip-
pocampus, we examined Arc protein
concentrations in the hippocampus of
drug-treated rats after a low dose of drug
that did not disrupt performance on the
novel object recognition test and a high
dose that significantly affected perform-
ance on this test (Fig. 3). For each exper-
iment, a main effect of group was observed
(P < 0.005). In all four experiments, in-
troducing the animals to the novel object
recognition arena and to objects signifi-
cantly increased Arc expression in the hip-
pocampus relative to the group that remained
in their cage (home cage group) (P < 0.05).
For each of the compounds tested, the
doses that failed to significantly affect
novel object recognition also failed to af-
fect Arc expression in the hippocampus,
whereas the dose that decreased novel
object recognition also decreased Arc ex-
pression in the hippocampus (P < 0.05).
Representative Western blots are shown
in the Supplementary Materials (fig. S1).

Effects of GABA modulators and
DORA-22 on sleep in monkeys
The effects of the different drug treatments on the amount of time
rhesus monkeys spent asleep are shown in Fig. 4. DORA-22 [F(4,35) =
2.57, P < 0.05], diazepam [F(2,27) = 8.52, P < 0.005], or eszopiclone
[F(2,16) = 11.89, P < 0.001] exerted a significant effect on sleep, whereas
zolpidem failed to significantly increase sleep. As a result of its short
half-life after intramuscular administration, zolpidem data were sub-
jected to additional processing using 10-min bins, but again, no changes
with respect to vehicle could be detected. Within-subjects t tests revealed
that each dose of DORA-22 (P < 0.05), diazepam (5 or 10 mg/kg) (P <
0.05), and eszopiclone (3 or 10 mg/kg) (P < 0.05) significantly increased
sleep relative to vehicle.

Effects of GABA modulators and DORA-22 on a test of
working memory in monkeys
To characterize the effects of drug treatment on working memory in
rhesus monkeys, we used the delayed match to sample task. Treat-
ment with diazepam [F(3,42) = 9.58, P < 0.001], eszopiclone [F(3,42) =
10.57, P < 0.001], or zolpidem [F(3,42) = 7.55, P < 0.001] dose-dependently
decreased the number of trials initiated in the delayed match to sample
task in monkeys (Table 2). In contrast, DORA-22 did not disrupt task
engagement at any of the doses examined [F(3,42) = 1.19, P > 0.05].
Monkeys making fewer than 30 choice responses were excluded from
analysis of choice accuracy and latency (2 of 15 rhesus monkeys re-
ceiving diazepam and 3 of 15 receiving eszopiclone were excluded).
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Fig. 1. Effect of oral administration of DORA-22, eszopiclone, diazepam, or zolpidem on time spent
sleeping (minutes) in rat during the 2 hours after compound administration. Time spent sleeping after

vehicle administration was subtracted from each group, such that 0-min sleeping is equal to the amount
of sleep on vehicle. Data were analyzed using within-subjects analysis of variance (ANOVA) to determine
main effects and one-sample t tests to compare to vehicle. n = 8 to 16 animals per group. *P < 0.05,
significantly different than vehicle.
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Administration of DORA-22, at doses up to 30 times the min-
imum dose that significantly increased sleep, failed to significantly af-
fect choice accuracy performance (main effect of compound; compound
by retention interval interaction, P > 0.05; Fig. 5). In contrast, treatment
with diazepam [F(3,36) = 10.09, P < 0.001], eszopiclone [F(3,33) = 14.38,
P < 0.001], or zolpidem [F(3,45) = 37.53, P < 0.001] dose-dependently
decreased choice accuracy independent of retention interval (all com-
pound by retention interval interaction, P > 0.05). Within-subjects t tests
demonstrated that diazepam (1 or 5mg/kg), eszopiclone (1, 3, or 10mg/kg),
and zolpidem (0.1 or 0.3 mg/kg) exerted a significant disruption on ac-
curacy when the data were collapsed across retention interval.
www.ScienceTranslationalMedicine.org
A dose-dependent increase in both sam-
ple and choice response latencies was ob-
served after administration of diazepam,
eszopiclone, or zolpidem (all main effect
of compound, P < 0.001; Table 2). Sample
response latencies after DORA-22 ad-
ministration were also increased [F(3,42) =
4.00, P < 0.05], whereas choice response
latencies were not significantly increased
by DORA-22 [F(3,42) = 0.37, P > 0.05;
Table 2].

Effects of GABA modulators
and DORA-22 on a test of
attention in monkeys
To characterize the effects of drug treat-
ment on attention in rhesus monkeys, we
administered the serial choice reaction
time task. The percentage of correct re-
sponses in the serial choice reaction time
task as a function of dose and treatment
are shown in Fig. 6. Because centering re-
sponse omissions and premature responses
were affected by diazepam, eszopiclone,
or zolpidem, the analysis of percent cor-
rect responses and post-cue latency mea-
sures was restricted to monkeys who were
exposed to at least 32 cues (4 of 15 rhesus
monkeys receiving diazepam and 6 of 15
monkeys receiving eszopiclone were ex-
cluded). Administration of DORA-22, at
up to 30 times the minimum dose that significantly increased sleep,
failed to affect the percentage of correct responses in the serial choice
reaction time task [F(3,42) = 0.06, P > 0.05; compound by cue interac-
tion, F(9,126) = 1.12, P > 0.05]. In contrast, treatment with diazepam
[compound by cue interaction, F(9,90) = 98.44, P < 0.05] or zolpidem
[compound by cue interaction, F(9,108) = 7.22, P < 0.001] dose-dependently
decreased the percentage of correct responses made at short, but not
long, cue durations. Eszopiclone exerted a dose-dependent reduction
in the percentage of correct responses [F(3,24) = 11.33, P < 0.001],
which was independent of cue duration [compound by cue interac-
tion, F(9,72) = 0.90, P > 0.05]. T tests revealed that diazepam (5 or
10 mg/kg), eszopiclone (10 mg/kg), and zolpidem (0.3 mg/kg) signif-
icantly reduced the percentage of correct responses (Table 3).

Cue reaction times were slowed by diazepam or eszopiclone (P <
0.05) but were unchanged by DORA-22 or zolpidem (Table 3). Simi-
larly, diazepam, eszopiclone, or zolpidem slowed movement latencies
(P < 0.05). Despite a trend toward slowing, DORA-22 failed to signif-
icantly affect movement latencies [F(3,42) = 2.51, P > 0.05]. Table 3 fur-
ther describes compound effects for additional ancillary measures such
as centering response latency and pre-cue releases.
DISCUSSION

Here, we report that the GABAA receptor–positive allosteric modula-
tors diazepam, zolpidem, and eszopiclone impair novel object recog-
nition (a rodent memory test), reduce hippocampal Arc (a protein
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Fig. 2. Effect of oral administration of DORA-22, eszopiclone, diazepam, or zolpidem on rat performance in the
novel object recognition test. Scopolamine administered intraperitoneally at 1 mg/kg was used as a positive

control. Compoundswere given30minbefore the first exposure to theobjects and arena (E1), and animalswere
tested for novel object recognition 60min after E1 (90min after dosing). 50%= chance recognition. Recognition
was analyzedusingbetween-subjects ANOVA todeterminemain effects and Fisher’s least significancedifference
post hoc tests to compare to vehicle. n = 10 to 22 animals per group. *P < 0.05, significantly lower than vehicle.
Table 1. The influence of compound and dose on exploration during E1.
Values are given in seconds (SEM). nt, not tested.
Dose (mg/kg)
 DORA-22
 Eszopiclone
 Diazepam
 Zolpidem
0.0
 22 (2)
 12 (1)
 15 (2)
 17 (3)
0.1
 nt
 nt
 13 (2)
 nt
0.3
 nt
 15 (3)
 20 (3)
 nt
1.0
 nt
 13 (2)
 14 (2)
 11 (2)
3.0
 17 (3)
 12 (2)
 14 (2)
 10 (1)
10.0
 18 (3)
 8 (2)
 11 (3)
 4 (1)*
30.0
 14 (3)
 nt
 nt
 nt
*Significantly different than vehicle.
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involved in synaptic plasticity), disrupt rhesus monkey delayed match
to sample performance (a working memory task), and impair rhesus
monkey serial choice reaction time accuracy (a measure of attention).
All of these effects occurred at doses below or similar to those that
increased sleep in these same species. Specifically, the minimum dose
of each compound that impaired the novel object recognition test and
reduced Arc expression in the rat hippocampus was 1/2 to

1/10 the min-
imum dose that increased sleep in rat. In rhesus monkeys, the minimum
doses of diazepam or eszopiclone that impaired delayed match to sample
accuracy were 1/5 and the same as those that increased sleep, respectively.
Serial choice reaction time accuracy was impaired either at the same dose
or at a threefold higher dose than that which exerted effects on sleep
after diazepam or eszopiclone, respectively. Finally, zolpidem failed to
affect sleep in rhesus monkeys at doses well above those that impaired
delayed match to sample or serial choice reaction time accuracy.

In stark contrast to diazepam, zolpidem, or eszopiclone, the dual
orexin receptor antagonist DORA-22 increased sleep in rat and rhesus
monkey at doses much lower than those exerting an effect on the novel
object recognition test, Arc expression, or accuracy measures in the
serial choice reaction time or delayed match to sample tests. Specifically,
DORA-22 increased sleep in rat at a dose 30-fold lower than doses
affecting the novel object recognition test or Arc expression in the hip-
pocampus. None of the doses of DORA-22 tested, even a dose 30-fold
greater than that which increased sleep, impaired accuracy on serial choice
reaction time or delayed match to sample tasks in rhesus monkeys.
www.ScienceTranslationalMedicine.org
Zolpidem and eszopiclone, which are
considered to be better tolerated than the
classic benzodiazepines such as diazepam,
elicited similar effects as diazepam with
regard to cognitive disruption in this study.
Given the perceived clinical differences
between these compounds, one might
be inclined to question whether the pre-
clinical data reported here have relevance
to the clinical situation. The better toler-
ability of the more subtype-selective sed-
ative hypnotics has been demonstrated with
respect to their muscle relaxant, anxiolytic,
and anticonvulsant effects and their abil-
ity to elicit tolerance and withdrawal effects
(34), but meaningful differences have gen-
erally not been observed with respect to
cognition. For example, Wesensten et al. (35)
report that zolpidem and the benzodiazepine
triazolam impair memory to a similar extent.
Similar findings have been reported by
others for both eszopiclone (or zopiclone)
and zolpidem using additional tests of
memory and attention (6, 36–42). Indeed,
Wesensten et al. (43) reviewed the clinical
results with these compounds and con-
cluded that there is not “… an advantage
to BZ(benzodiazepine)-receptor-subtype-
selective drugs such as zolpidem over non-
selective drugs such as triazolam. Rather,
the results suggest that the hypnotic efficacy
of these medications are functionally cou-
pled to their performance-impairing effects.”
The cognitive-impairing effects of the sedative hypnotics appear to
be dependent, at least partially, on their activity at the GABAA a1 recep-
tor subunit (44–46). Importantly then, activity on receptors containing
the GABAA a1 subunit might be necessary for the sleep-promoting
effects of these compounds [(44, 47–49), but see (50)]. If this is indeed
the case, it might be difficult to develop a treatment for insomnia
acting on GABAA a1 subunit–containing receptors that has a reason-
able therapeutic margin with regard to cognitive impairment. For this
reason, short half-life compounds have been pursued to promote sleep
induction but limit cognitive disturbance as a residual effect during
wakefulness the following morning. Of course, the problem with this
strategy is that shorter half-life compounds have limited efficacy for
sleep maintenance because compound exposure is not sustained to en-
courage sleep throughout the night (15).

In contrast to the GABA modulators, DORA-22 promoted sleep at
doses much lower than those that exerted cognitive impairment in
the tests used here. We speculate that the differences between these
mechanisms might be due to neuroanatomical differences between the
orexinergic and GABAergic systems. GABAA a1 subunit–containing
receptors account for ~40 to 60% of GABAA receptors (49, 51, 52)
and are heavily expressed in the amygdala, hippocampus (particularly
interneurons), and throughout the cerebral cortex, including the pre-
frontal and entorhinal cortex (53–55), brain regions involved in both
attention and memory including the cognition tests used in the studies
described here. Furthermore, the cortex, hippocampus, and amygdala
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Fig. 3. Effect of oral administration of DORA-22, eszopiclone, diazepam, or zolpidem on Arc protein ex-
pression in rat hippocampus 1.5 hours after drug treatment and after being placed into the novel object

recognition (NOR) arena. The “home cage” group of rats was administered vehicle and placed back into
their home cage for 1.5 hours. Arc expression in rat hippocampus was analyzed using between-subjects
ANOVA to determine main effects and Fisher’s least significance difference post hoc tests to compare to
vehicle. n = 16 animals per group. *P < 0.05, significantly different from NOR group treated with vehicle.
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receive dense GABAergic input, such that positive allosteric modula-
tion would elicit hyperpolarization in these brain regions by increasing
GABA receptor activation. In contrast, neurons synthesizing orexin A
www.Sc
and B, the endogenous ligands for orexin 1 and 2 receptors, are rela-
tively discrete, having cell bodies almost exclusively located in the lat-
eral hypothalamus (28, 29). Although orexin-containing neurons
ienceTranslationalMedicine.org
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project to a number of brain regions, the
densest projections are onto the hypo-
thalamus, locus coeruleus, dorsal raphe
nucleus, and pedunculopontine nucleus,
which are involved primarily in regulating
the sleep and awake states. Orexinergic
projections to other brain regions are rel-
atively diffuse (30). Correspondingly,
orexin 1 and 2 receptors are heavily ex-
pressed in the brain regions involved in
sleep and wake and to a lesser extent in
brain regions involved in cognition (29, 56).
Therefore, differences between the recep-
tor expression pattern and density of ef-
ferents are such that antagonizing orexin
signaling appears to have more selective
effects on sleep, in contrast to potentiating
GABA transmission, which exerts global
effects beyond sleep, including mood, co-
ordination, and cognition.

Our data regarding the relatively small
effect of dual orexin receptor antagonism
on cognition are consistent with one other
report examining the effects of a DORA
on learning and memory. Specifically, the
DORA almorexant had no effect on the
acquisition of the Morris water maze task
or passive avoidance learning in rat (57)
at doses that, in another report, were
 fr
om

 

Table 2. Delayed match to sample task measures. All values are means (SEM).
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Dose (mg/kg)
 Sample responses
 Sample response latency (ms)
 Choice response latency (ms)
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 63 (1)
ow
3
 95 (1)
 1548 (140)*
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10
 92 (3)
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 66 (2)
Eszopiclone
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 95 (1)
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1
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3
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 3540 (362)*
 48 (2)*
10
 62 (8)*
 4591 (590)*
 3273 (258)*
 46 (3)*
Zolpidem
 0
 94 (1)
 1535 (150)
 1848 (105)
 63 (1)
0.03
 93 (2)
 1572 (120)
 1864 (120)
 63 (2)
0.10
 94 (1)
 1704 (137)
 1860 (115)
 59 (1)*
0.30
 81 (4)*
 3165 (355)*
 2538 (164)*
 50 (1)*
*P < 0.05, statistically different from vehicle, ANOVA followed by paired two-tailed t test.
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Fig. 4. Total time spent asleep in rhesus monkeys during the first 2 hours after drug administration. Sleep
was measured using ECoG, EMG, EOG, and locomotor activity signals, as described in Materials and

Methods. DORA-22, eszopiclone, diazepam, and zolpidem were administered orally, and zolpidem was
administered intramuscularly to rhesus monkeys. Data were analyzed using within-subjects ANOVA to
determine main effects and one-sample t tests to compare to vehicle. Values represent means ± SEM,
expressed as a change from appropriate vehicle. n = 6 to 12 animals per group. *P < 0.05, significantly
different from vehicle.
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shown to be greater than the minimum
effective dose that increased sleep (58).

In contrast to the effect of dual orexin
1 and 2 receptor antagonism, the effects
of selective antagonism of orexin 1 re-
ceptors (no relevant data with a selective
orexin 2 receptor antagonist have been
published) and the effects of orexin re-
ceptor stimulation are less consistent
and difficult to integrate with the cur-
rent findings. On the one hand, the rela-
tively selective orexin 1 receptor antagonist
SB-334867-A has been found to impair
acquisition of performance on the Morris
watermaze (59, 60) and passive avoidance
learning in rats (61) after intrahippo-
campal infusions and exert small but
significant impairment on an attention
task in rats after both intrabasalis and
systemic administration (62). However,
it is unknown whether the doses admin-
istered are meaningful in terms of the
effects of this compound on sleep, making
it difficult to compare themwith the cur-
rent findings. Furthermore, orexin A,
an agonist that has a similar affinity for
orexin1and2 receptors (29), hasbeen found
to stimulate cortical acetylcholine release
(63), activate septal hippocampal cholin-
ergic neurons after direct administration
onto the cholinergic neurons in the basal
forebrain (64), improve passive avoidance
learning when given intracerebroven-
tricularly (65), and reduce the effects of
sleep deprivation on delayed match to
sample performance in rhesus monkey
(66); however, it also has been found to
impair Morris water maze performance
when infused intracerebroventricularly
and impair long-term potentiation when
applied directly to the rat hippocampus
(67). It is presently unclear whether these
apparent discrepancies are due to differ-
ences in the behavioral andneurobiological
endpoints being measured or the species
being examined. Indeed, in the current
study, we observed differences between
the effects of DORA-22 as a function of
cognition tests (novel object recognition
versus delayed match to sample and serial
choice reaction time) and the species (rat
versus rhesus monkey) being examined.

DORA-22, diazepam, and eszopiclone/
zolpidemwere chosen to represent DORAs,
benzodiazepines, and nonbenzodiazepine
GABA modulators, respectively. The re-
sults reported here represent the compar-
ative mechanistic differences between these
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Fig. 5. Choice accuracy performance in the delayedmatch to sample task inmonkeys after drug treatment.
DORA-22, eszopiclone, and diazepam were administered orally, and zolpidem was administered intra-

muscularly to monkeys. Diazepam and eszopiclone were administered 90 min before testing, DORA-22
was administered 40 min before testing, and zolpidem was administered 30 min before testing. Data were
analyzed using within-subjects ANOVA to determine main effects and paired t tests to compare to vehicle.
Retention intervals ranged from 0.25 to 0.5 s, 2.5 to 14 s, and 9 to 39 s for the short, medium, and long
retention interval, respectively, and were titrated for each animal to give performance of about 80 to
100%, 55 to 65%, and 35 to 45%, respectively. Values are means ± SEM; chance recognition corresponds
to 25%. n = 12 to 16 animals per group. *P < 0.05, significantly different from vehicle.
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Fig. 6. Percentage of correct responses in the serial choice reaction time task in monkeys after drug treat-
ment. DORA-22, eszopiclone, and diazepam were administered orally, and zolpidem was administered in-

tramuscularly to monkeys. Diazepam and eszopiclone were administered 150 min before testing, DORA-22
was administered 100 min before testing, and zolpidem was administered 30 min before testing. Cue du-
ration and the target sizewere titrated for each subject on thebasis of performanceduringprevious baseline
sessions to yield a performance of 60 to 80% correct responses for trials. The briefest cue duration varied
from 0.04 to 0.1 s, and the cues varied in size from 0.2 to 0.7. Data were analyzed using within-subjects
ANOVA to determinemain effects and paired t tests to compare to vehicle. Values aremeans ± SEM; chance
responding corresponds to 10%. n= 9 to 16 animals per group. *P< 0.05, significantly different from vehicle.
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various mechanisms of action at or near each compound’s respective
Cmax, and would therefore translate most accurately to situations in
which patients are awake or awakened after taking these medications
and are expected to execute tasks that demand attention and memory.
The current study design is limited in that it does not address the issue
of next-day “hangover” or carryover effects that aremediated by com-
pound pharmacokinetics, as well as by its mechanism of action. Clini-
cally, the potential for residual effects is a significant concern with
currently prescribed sedative hypnotics. Additional comparative trans-
lational studies will be needed to further clarify the potential differential
cognitive effects after conclusion of the sleep period to better under-
stand this clinical aspect. Of additional note, diazepam was used in
the current studies as the representative benzodiazepineGABAreceptor
modulator. Although diazepam is a well-studied preclinical and clinical
benzodiazepine, it is less often used as a sleep medication in outpatient
settings compared to other benzodiazepines, particularly in the United
States. Future studies should further inform differentiation among
mechanisms of action through the inclusion of additional representative
benzodiazepines that have more common clinical use as sedative hyp-
notics in outpatient settings.

In conclusion, our findings demonstrate that the orexin 1 and 2 re-
ceptor antagonist DORA-22 has a much greater therapeutic margin
than diazepam, zolpidem, or eszopiclone with regard to its therapeutic
margin on sleep versus the novel object recognition test and hippocam-
pal Arc expression in rat and the serial choice reaction time and delayed
match to sample tests inmonkeys. These findings could have important
clinical implications. GABAA modulators disrupt cognition in humans
at doses similar to those that promote sleep, forcing clinicians to carefully
monitor dose, pharmacokinetics, and individual differences in sleepmag-
nitude andmaintenancewith the potential for cognitive disruption. Sev-
eralDORAshave been shown to promote sleep in humans (26, 27), and
www.Sc
the few underpowered studies characterizing the effects of DORAs
on human cognitive performance have been promising (26, 68). The
current results further suggest that DORAs will demonstrate a larger
therapeutic margin than the current standards of care for insomnia and
that greater clinical assessment of these compounds is warranted.
MATERIALS AND METHODS

Subjects
Studies were conducted in accordance withMerck Institutional Animal
Care and Use Committee and the National Research Council’s Guide
for the Care and Use of Laboratory Animals. Rats and monkeys were
housed under standard laboratory conditions of controlled tempera-
ture, humidity, and lighting [12-hour light:12-hour dark; lights on at
0530 for rhesusmonkey and 1800 for rat (that is, reverse light-dark cycle
for rats)]. For all studies, compounds were administered in the active
period to avoid ceiling or floor effects on sleep measures.

Rat electrocorticogram
Male Sprague-Dawley rats (Charles Rivers Laboratory; n = 8 to 16 per
study, weight: 450 to 600 g) were singly housed in polycarbonate cages
(19 inches × 10.5 inches × 8 inches; LabProducts) with free access to
food and water. Before testing, rats were implanted with telemetric
devices (TL10M3-F50-EEE, Data Sciences International) using a sur-
gical procedure similar to that described previously (69) to assess sleep
versus wake.

Rat novel object recognition test
MaleWistarHannover rats (Charles Rivers Laboratory; n= 10 to 22 per
group) weighing 200 to 250 g were housed two per cage under reverse
Table 3. Serial choice reaction time task measures. All values are means (SEM).
Dose
(mg/kg)
Percent centering
omissions
Centering response
latency (ms)
i

Percent pre-cue
releases
enceTranslationalMedi
Cue reaction
time (ms)
cine.org 3 April 2
Movement latency
(ms)
013 Vol 5 Issue 179 179ra
Percent
correct
DORA-22
 0
 0 (0)
 1263 (94)
 7 (2)
 509 (30)
 372 (16)
 85 (2)
3
 0 (0)
 1320 (89)
 7 (2)
 530 (35)
 392 (19)
 85 (2)
10
 0 (0)
 1290 (114)
 6 (2)
 545 (32)
 392 (15)
 85 (2)
30
 0 (0)
 1389 (95)
 6 (1)
 502 (26)
 384 (16)
 85 (2)
Eszopiclone
 0
 0 (0)
 1390 (97)
 7 (1)
 492 (25)
 392 (20)
 88 (2)
1.
 2 (2)
 1935 (239)*
 10 (2)
 490 (23)
 405 (25)
 85 (2)
3
 13 (7)
 2970 (828)
 15 (5)
 562 (39)*
 446 (22)*
 81 (3)
10
 20 (9)*
 5114 (923)*
 23 (4)*
 565 (44)
 537 (38)*
 69 (4)*
Diazepam
 0
 0 (0)
 1555 (162)
 8 (1)
 507 (17)
 384 (16)
 86 (1)
1
 1 (1)
 2707 (586)
 13 (4)
 541 (31)
 449 (27)*
 84 (1)
5
 6 (4)
 4518 (745)*
 24 (5)*
 620 (27)*
 671 (93)*
 74 (2)*
10
 12 (6)
 6001 (789)*
 33 (8)*
 631 (28)*
 643 (112)*
 70 (4)*
Zolpidem
 0
 0 (0)
 1576 (171)
 5 (1)
 497 (25)
 403 (19)
 90 (2)
0.03
 0 (0)
 1512 (160)
 4 (1)
 498 (21)
 389 (18)
 89 (1)
0.10
 0 (0)
 2211 (362)
 4 (1.)
 514 (23)
 404 (21)
 86 (2)
0.30
 8 (5)
 5410 (1005)*
 12 (3)*
 518 (23)
 432 (17)*
 79 (2)*
*P < 0.05, statistically different from vehicle, ANOVA followed by paired two-tailed t test.
44 7

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

A
pr

il 
4,

 2
01

3
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

12-hour light-dark conditions (lights on 1800). One hour before testing,
animals were brought to the testing room and habituated. Testing was
performed during the animal’s active phase under dim-light conditions.

After habituation, each rat was given compound and, 30 min later,
placed into the test arena for 3 min with two identical objects (E1). The
test arena consisted of a vinyl, opaque cylinder 32 inches in diameter
with walls 16 inches tall. Objects used were custom-fabricated geomet-
ric shapes (a cone and sphere) similar in overall size (about 3 inches in
height × 3 inches in diameter). Exploration of an object was recorded
when the animal’s nose was pointed in the direction of the object at a
distance <1 inch. One hour later, rats were placed back into the testing
arena for 3 min (E2), which now contained one object identical to that
used inE1 and another object towhich the animal hadnot beenprevious-
ly exposed. The amount of time animals explored the novel object relative
to the familiar object was the primary measure. In addition, time spent
exploring the objects during E1 was also recorded and analyzed. Objects
andobject locationswere randomly assigned and counterbalanced across
groups. Animals were included in the analysis if exploration of each ob-
ject during E1 was >1 s, total E1 exploration of both objects was >4 s,
and total exploration of both objects during E2 was >1 s.

Arc protein expression in hippocampus
Male Wistar Hannover rats (Charles River Laboratory) weighing 250
to 300 g were housed under conditions and treated with compound in
an identical manner as in the novel object recognition studies. The
same test arena and objects used in the E1 procedure from the rat nov-
el object recognition studies were also used in these studies. Animals
were divided into four groups (n = 16 per group). The first three
groups were dosed with either vehicle or one of two doses of test com-
pound 30 min before being exposed to novel object recognition arena
and objects. For each compound examined, a low dose that did not
affect novel object recognition and a high dose that disrupted novel
object recognition were examined (doses were chosen after obtaining
the results from the novel object recognition experiments). Five
minutes after being exposed to the novel object recognition arena
and objects, animals were placed back into their home cages. Each
animal was euthanizedwithCO2 90min after receiving their injection,
brains were removed, and hippocampus was dissected and prepared
for Western blot analysis to measure Arc protein, as described in the
Supplementary Methods. A fourth group, the home cage group re-
ceived vehicle and was placed back in their home cage after dosing.
These animals were euthanized 90 min after being given vehicle with
the same euthanasia procedure described above.

Monkey electrocorticogram
Twenty-four adult male rhesus monkeys (Macaca mulatta; 8 to 15 kg)
were housed singly in 33 inch × 28 inch × 36 inch cages (Allentown
Caging) modified to allow cognition testing (see Supplementary
Methods for caging details). Animals were fed on a calorie-controlled
diet of laboratory chow supplemented with fruit and vegetables to
achieve Clingerman body condition scores of 2.5 to 3 (70). Water was
available ad libitumwith the exception of thosemonkeys trained to per-
form cognitive tasks, for which access was restricted for up to 4 hours
before and during cognitive testing.

All rhesus monkeys were implanted with subcutaneous telemetric
devices (D70-EEE;Data Sciences International), typicallymanymonths
before the current study, with a surgical procedure similar to that de-
scribed previously (25, 69). To assess sleep/wake, we used telemetric
www.Sc
implants to simultaneously record electrocorticogram (ECoG), elec-
trooculogram (EOG), electromyogram (EMG), and locomotor activity
in 12 monkeys not trained to perform cognitive tasks, such that effects
on sleep were not affected by animals’ expectation of performing cog-
nitive testing.

Delayed match to sample task in monkeys
All cognition testing occurred in the animal’s home cage, which was
equippedwith a touch screen. Each delayedmatch to sample trial began
with the presentation of a single “sample” image (150 × 200 pixels;
1.8 inches × 2.3 inches) in one of eight colors at the center of a touch
screen. The trial was initiated when the monkey touched the sample
image, at which point the screen became blank throughout a retention
period. After the retention period, four choice images (150 × 200 pixels)
were presented, one in each corner of the screen. One of the four choice
images matched the color of the sample image, whereas the remaining
three “distractor” imageswere drawn from the pool of remaining colors.
To obtain a reinforcer, the monkey was required to touch the choice
image for which the color matched that of the sample image. Incorrect
choices were not reinforced and resulted in a 5-s timeout. On comple-
tion of the trial, an intertrial interval of 5 s was presented before the next
trial. Failure to respond to the sample or choice within 30 s resulted in
the screen turning blank for a 5-s timeout before the start of the next
trial. Test sessions consisted of 96 trials, counterbalanced for sample
color, retention interval, choice distractor color, and location of correct
image. Sessions were terminated after completion of 96 trials or after
40 min had elapsed. Three discrete retention intervals were titrated for
each subject’s baseline to give performance of about 80 to 100%, 55 to
65%, and 35 to 45% of correct responses at the short, medium, and long
retention interval, respectively. Retention intervals ranged from 0.25 to
0.5 s, 2.5 to 14 s, and 9 to 39 s for the short, medium, and long retention
interval, respectively. Response latencies to sample and choice images
were also recorded.

Serial choice reaction time task in monkeys
At the onset of each trial, 10 blue square “target” images, evenly distrib-
uted at 3-inch intervals along the perimeter of the touch screen were
presented together with a centrally located circular “centering” image.
The trial was initiated by the monkey touching the centering image,
which turned gray. The monkey was required to continuously touch
the centering image (1.4-inch diameter circle) throughout a variable
delay of 0.25 to 7.5 s. On completion of the delay, one of the blue target
images turned red for one of four cue durations before turning back
to blue. To obtain a reinforcer, the monkey was required to touch the
target image that had been “cued” red within a 5-s limited hold period.
Inaccurate choiceswere not reinforced and resulted in a 3-s timeout. On
completion of the trial, an intertrial interval of 2 s was initiated before
the next trial. A failure to respond to the centering image within 60 s
resulted in the screen becoming blank for a 2-s timeout before the start
of the next trial. If the monkey initiated a trial but removed its hand
from the touch screen before the appearance of the cue, the trial was
terminated and the screen was blanked during a 2-s intertrial interval.
Sessions were terminated after 15 min, and cue location and duration
were pseudo-randomly chosen. Cue duration and the target size were
titrated for each subject on the basis of performance during previous
baseline sessions to yield a performance of 60 to 80% correct responses
for trials. The briefest cue duration varied from 0.04 to 0.1 s, and the cues
varied in size from 0.2 to 0.7 inches.
ienceTranslationalMedicine.org 3 April 2013 Vol 5 Issue 179 179ra44 8

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

A
pr

il 
4,

 2
01

3
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

Compounds
DORA-22 was synthesized at Merck according to Coleman et al.
(31). Diazepam and scopolamine were purchased from Sigma-Aldrich,
eszopiclone was purchased from Sunovion Pharmaceuticals, and
zolpidem was purchased from Teva Pharmaceuticals.

In the rodent studies,DORA-22, diazepam, eszopiclone, and zolpidem
were administered orally in 20% vitamin E tocopherol polyethylene
glycol succinate (TPGS). Scopolamine (1 mg/kg) was given intraperi-
toneally and served as a positive control in each novel object recognition
study. For novel object recognition and Arc studies, compounds were
given 30min before placing animals in the test arena. For ECoG studies,
compound was given daily on three successive days at 9 a.m., 3 hours
into the active circadian phase, with discrete 3-day vehicle-compound-
vehicle repeated-measures crossover designs for each treatment and dose.
Between each treatment arm, animals were given a 4-day washout period.

In the rhesusmonkeyECoG studies,DORA-22 (1, 3, 10, and 30mg/kg,
orally), diazepam (1, 5, and 10 mg/kg, orally), eszopiclone (1, 3, and
10 mg/kg, orally), and zolpidem (1 and 3 mg/kg, intramuscularly) were
administered 5 hours into the active circadian phase. Zolpidem was
administered intramuscularly to rhesus monkey because pilot experi-
ments revealed poor absorption when given orally. Three-day vehicle-
compound-vehicle or baseline-compound-baseline design protocols
were used for each compoundwith the appropriate vehicle for each com-
pound [DORA-22, 6% sucrose; eszopiclone, 20% vitamin E TPGS; diaz-
epam, 0.5% carboxymethylcellulose; zolpidem,N-methyl-2-pyrrolidone/
polyethylene glycol 200 (20:80)].

In rhesus monkey cognition studies, delayed match to sample per-
formance was assessed at the period of maximal decrease in active
wake. Diazepam (1, 5, and 10 mg/kg, orally) and eszopiclone (1, 3,
and 10 mg/kg, orally) were administered 90 and 150 min before the
delayed match to sample and serial choice reaction tasks, respective-
ly. DORA-22 (3, 10, and 30 mg/kg, orally) was administered 40 and
100 min before the delayed match to sample and serial choice reaction
tasks, respectively. Because of its pharmacokinetics, doses of zolpidem
(0.03, 0.1, and 0.3 mg/kg, intramuscularly) were administered twice to
each subject (on separate days), with delayed match to sample and
serial choice reaction tasks evaluated 30 min after the treatment. A
minimum of 1-week compound-free washout period was used between
compounds.

Data analysis
Sleep/wake ECoG for rat and rhesus monkey. ECoG, EMG, EOG

(rhesus monkey only), and locomotor activity signals were collected
to characterize sleep/wake states; total sleep was used as the endpoint of
interest to compare effects across compounds. Sleep was assigned and
distinguished from wake with a customized version of the sleep algo-
rithm Somnologica (Embla Systems) based on a combination of ECoG
output (primarily low-voltage, high-frequency signals), EMG activity,
wake characteristic EOG (rhesus monkey only), and movement within
the field of the radiofrequency receiver.

For each compound and dose, each animal’s cumulative time spent
asleep during the first 2 hours after compound administration was ex-
pressed as a difference from its respective time in sleep after vehicle ad-
ministration. Data were analyzed using one-way ANOVA with dose
as a within-subjects factor. F values are provided in the text along with
the degrees of freedom in parentheses. Significant main effects were
further investigated with a one-sample t test to compare the amount of
sleep exerted by each compound to zero (because the vehicle response
www.Sc
was subtracted out of the compound response) plus the variability
(SEM) associated with the average vehicle response.

Arc expression and cognitionmeasures for rat and rhesusmonkey.
Novel object recognition and Arc data were analyzed with between-
subjects ANOVA, and post hoc tests (Fisher’s least significance dif-
ference) were used to compare compound-treated groups to vehicle.
Delayedmatch to sample and serial choice reaction data were subjected
to individual one- or two-wayANOVAwith repeatedmeasures, as ap-
propriate. Significantmain effects were further investigated using within-
subjects t tests, comparing individual doses to the appropriate vehicle
control.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/179/179ra44/DC1
Methods
Results
Fig. S1. Representative Western blots demonstrating Arc and actin expression in rat hippocampus.
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