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Abstract
Huntington’s disease (HD) is associated with sleep and circadian disturbances in addition to hallmark motor and cognitive
impairments. Electrophysiological studies on HD mouse models have revealed an aberrant oscillatory activity at the beta
frequency, during sleep, that is associated with HD pathology. Moreover, HD animal models display an abnormal sleep–wake
cycle and sleep fragmentation. In this study, we investigated a potential involvement of the orexinergic system dysfunctioning in
sleep–wake and circadian disturbances and abnormal network (i.e., beta) activity in the R6/1 mouse model.We found that the age
at which orexin activity starts to deviate from normal activity pattern coincides with that of sleep disturbances as well as the beta
activity. We also found that acute administration of Suvorexant, an orexin 1 and orexin 2 receptor antagonist, was sufficient to
decrease the beta power significantly and to improve sleep in R6/1 mice. In addition, a 5-day treatment paradigm alleviated
cognitive deficits and induced a gain of body weight in female HD mice. These results suggest that restoring normal activity of
the orexinergic system could be an efficient therapeutic solution for sleep and behavioral disturbances in HD.
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Introduction

Huntington’s disease (HD) is a hereditary neurodegenerative
disease caused by the mutation of the gene that encodes for the
huntingtin protein. The mutation induces an abnormally ex-
panded repetition of trinucleotide CAG encoding for gluta-
mine [1]. In HD, striatal neurons undergo early selective de-
generation, then the cellular pathology manifests throughout
the brain and periphery at later stages of the disease [2].
Cognitive and neuropsychiatric disturbances are often
expressed early and before the appearance of the well-
known symptoms of chorea and other motor deficits. In addi-
tion, sleep alterations are present at motor presymptomatic
stages of the disease and are characterized by an increase in

daytime sleepiness, which significantly affects a patient’s
quality of life [3–6].

Numerous HD mouse models also develop early and sig-
nificant sleep disturbances [7–13]. At the behavioral level, HD
mice show disturbances in the sleep–wake architecture lead-
ing to sleep fragmentation and increased sleepiness during
their active period. In the R6/1 model, sleep abnormalities
appear as early as 2 months of age, whereas other behavioral
deficits, such as cognitive impairments, are mostly still absent
[10, 14–16]. Motor and cognitive disturbances arise at
3 months of age in this model. Several studies have demon-
strated that improving sleep or imposing a regular sleep–wake
cycle is beneficial for alleviating cognitive impairments in
several other HD mouse models [17–24].

In addition, electroencephalographic (EEG) recordings in
several lines of HD mice have highlighted an excessive syn-
chrony of neural activity in the frequencies between 20 and
40 Hz, which is absent in WT littermates [8, 9, 12, 14, 25].
This aberrant oscillatory activity, which is associated with
HD, and which we have termed Bbeta activity^ (low gamma
activity by other authors), reaches, in R6/1 mice, its maximal
intensity during the cortical desynchronized brain state of rap-
id eye movement (REM) sleep. The beta activity is attenuated
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during slow wave sleep (SWS) and waking in R6/1 mice [14],
while it is equally prevalent across these stages in R6/2 mice
and Q175 mice [8, 9, 12]. In addition, the phenomenon in-
creases its intensity with age in all models of HD, even though
the age of beta appearance differs from each other.

The timing of sleep and wakefulness is affected by changes in
the activity of the orexin/hypocretin system. The orexin (Orx)
neuropeptide is synthesized by neurons located in the lateral
hypothalamic area (LHA) [26], which is a brain region involved
in the sleep–wake cycle and other vital behaviors, such as food-
seeking and thermoregulation. The Orx neurons in this area pro-
mote wakefulness by activating arousal brain areas during the
active period [27, 28]. On the contrary, melanin concentrating
hormone (MCH)-releasing neurons, also located in the LHA
[29], project to the same targets as Orx neurons and inhibit ac-
tivity of arousal centers during sleep [30, 31]. The importance of
Orx neurons for consolidating the normal sleep–wake cycle is
highlighted by the fact that Orx knockout (KO) mice [27] serve
as animal models for narcolepsy.

A loss of Orx neurons has been observed in the post-
mortem brains of HD patients [32, 33], despite Orx levels in
the cerebrospinal fluid being relatively normal [34–36].
Moreover, R6/2 transgenic mice display an unusual Orx ac-
tivity pattern with respect to their activity–inactivity period, as
revealed by c-Fos immunostaining studies [37]. More precise-
ly, Orx activity in the mutant mice is significantly higher dur-
ing the inactive (light period for rodents), compared to WT
littermates. On the contrary, during the active (dark) period,
R6/2 mice show a decreased Orx activity, compared to WT
animals.

We therefore investigated if the Orx system may also be
dysfunctional in R6/1 mice at different ages and stages of
disease development using the same c-Fos imaging technique.
We found increased Orx activity during the inactive period as
in R6/2 mice [37]. Therefore, we verified whether the abnor-
mal increase could be associated with the generation of beta
activity and sleep disturbance. Because sleep disturbance
could contribute to cognitive and behavioral impairments,
we also tested whether correcting the increased Orx activity
is able to restore a normal sleep–wake cycle and alleviate
behavioral disturbances. We found that a dual antagonist of
Orx1 and Orx 2 receptors, Suvorexant (Belsomra, MK-4305),
which is a new medication for insomnia [38], is able to dimin-
ish beta activity intensity, restore the sleep–wake cycle, and
alleviate cognitive deficits in R6/1 mice.

Methods

Animals

Subjects were male and female F1 mice derived from cross-
breeding between male R6/1 transgenic mice [39] (C57BL/6J

background, strain number 006471; Jackson Laboratory, Bar
Harbor, ME) and female C57BL/6J (Charles Rivers) mice.
Tail biopsies were used for PCR genotyping. While the
CAG repeat size was not determined for the mice studied in
this experiment, the number of repetitions in the breeders was
142.18 ± 1.195. At weaning, pups were group-housed with
their same-sex littermates and maintained in separate male
and female colony rooms under temperature- (22 °C) and
humidity-controlled (50%) conditions with a 12:12 h light–
dark cycle (lights on at 7:00 a.m.).

A general outline of protocols was summarized in Table 1.
All experimental procedures were approved by the
Institutional Animal Care and Use Committee, Comité
d’Ethique pour l’Expérimentation Animale Bordeaux, and
were in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC).

Drug Administration

Suvorexant (Belsomra, MK-4305) (Medchem, Princeton,
NL), a dual antagonist of Orx receptors 1 and 2, was prepared
in a solution of 2% DMSO (Sigma Aldrich, France), 10%
Tween 80 (Sigma Aldrich, France), and water. The same so-
lution, without Suvorexant, was used as the vehicle. The drug
was administered orally at a volume of 10 ml/kg. Four doses
(10, 30, 50, 100 mg/kg) were tested in experiment 2 (see
Table 1) to study the dose effect. The dose of 30 mg/kg was
used in experiments 3 and 4 for sleep recordings and behav-
ioral tests. Suvorexant was injected at 7:00 a.m. in acute ex-
periments (Exp 2 and 3). In the Bchronic^ treatment,
Suvorexant was injected at 7:00 a.m. on 5 consecutive days.

Electrodes and Implantation Surgery

For EEG recordings, a 4-electrode multisite array that was
custom-made in the laboratory was positioned with dental
cement on the skull of mice under stereotaxic surgery [10,
14, 40]. For electrodes, silver wires (130 μm diameter) (A-
M systems Inc, Sequim, WA) whose tips were burned to form
spheres were positioned bilaterally above the frontal cortex
(2 mm anterior to bregma et and 1 mm lateral from midline
suture) and parietal cortex (2 mm posterior to bregma et and
1 mm lateral from midline suture). A fifth silver electrode of
the same quality was positioned above the cerebellum to serve
as both the animal ground and reference. Due to the choice of
reference and volume conduction in small mouse brain [41],
the beta activity was observed on almost every recorded elec-
trode, in particular from the frontal electrode. Implantation
surgery was conducted under 1–1.5% of isoflurane anesthesia.
Mice were also provided with carprofene (Rimadyl, 5 mg/kg)
for pain relief and inflammation during and after the surgery.
Mice were allowed to recover for a week before sleep record-
ings were performed.
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Electrophysiological Recordings During Sleep
and Data Analysis

Mice were handled and habituated to the recording chamber
and room for 48 h prior to each EEG recording unless other-
wise mentioned. Recordings were performed for either 3–4 h
during the light period for the dose effect experiment (Exp 2)
or 24 h starting immediately after injections for sleep behav-
ioral (Exp 3) studies.

Recordings were performed using five copies of our
custom-made EEG recording system integrating BOpenBCI^
data acquisition card (https://openbci.com). This new system
consists of a low-cost and compact acquisition card initially
designed for EEG recordings in humans. The card is set up for
both signal amplification and analog-digital conversion with
2-kHz sampling rate, and storage on a mounted micro-SD
memory card. This small and lightweight card to which mice
were connected using flexible and lightweight cables (50-μm
copper wires inserted into a silicon tube) was suspended above
the animals using a custom-made rotative commutator. The
rotative commutator securing free movement of the mouse
by preventing the cable twisting was a magnetic trust bearing
fixed onto a metallic frame placed above the board. The very
low torque of the magnetic bearing enabled following passive-
ly the board suspended under it via a stainless needle and a
thread, which by itself, passively follows the rotations of the
tethered mouse moving below the board. The entire system is
constructed in the laboratory.

Recorded EEGs were visualized for inspection using Sonic
Visualiser (www.sonicvisualiser.org) to manually delimit the
timing of various vigilance states by taking into account EEG
spectra as previously described [10, 14]. A naive experimenter
performed this operation. The specific segments of EEG
attributed to different brain states were then processed for
averaged power spectra using the Matlab platform with
laboratory-built programs. Fast Fourier transforms were cal-
culated on 4-s Gaussian windows with 50% overlap. Because

the intensity of the spectra might differ between probes and
animals, intensities at different frequencies were normalized
by the sum of the overall spectra before being averaged by
genotype, treatment, etc., for data presented in Figs. 2 and 3.

To provide a fine and objective quantification of beta pow-
er changes under Suvorexant against vehicle treatment within
each animal, we fitted a Gaussian peak on a decaying expo-
nential background model to our raw spectral power distribu-
tion for each vigilance state and treatment. The resulting fitted
curve corresponded with the sum of the exponential decay and
Gaussian distribution. The amplitude and surface of the
Gaussian distribution appearing in the ranges of 20–40 Hz
allowed the estimation of peak and area of beta power, respec-
tively. The differences of these values (amplitude and area)
between the two treatments (vehicle and Suvorexant) were
analyzed statistically using one-sample t test with hypothe-
sized mean = 0 (i.e., no difference between vehicle and
Suvorexant treatments).

Behavioral Assessment: Body Weight, Y-Maze,
Rotarod, Nest Construction

At 3–3.5 months of age, mice were placed in standard indi-
vidual holding cages 30 min before the first test and were left
undisturbed in the experimental room to allow them to accli-
matize to the new environment. Mice were first tested for
spatial recognition memory in the Y-maze followed by motor
coordination and motor learning task in the rotarod test (three
trials). After this last test, mice returned to the colony room
overnight for the nest building test in their individual cages.

Body Weight

Mice were weighed on the day of injections for acute pharma-
cological treatment experiment. In the 5-day treatment exper-
iment paradigm, they also were weighed again on the 5th day,
just before the last treatment.

Table 1 General outline of protocols

Exp
no.

Study (techniques) Age Sex Genotype Experimental
plan

Drug dose Figure

Exp 1 Orexine activity during light–dark cycle
and disease progression
(immunofluorescence)

2,3,4,5 months Male WT (n = 50),
R6/1 (n = 49)

Independent groups Not concerned Figure 1

Exp 2 Dose effect of Suvorexant on beta attenuation
(sleep EEG recording)

5 months Male R6/1 (n = 9) Repeated measures 10, 30, 50,
100 mg/kg

Figure 2

Exp 3 Effect of Suvorexant on sleep
(sleep EEG recording and behavior)

3 months Male WT (n = 7),
R6/1 (n = 15)

Independent groups 30 mg/kg Figures 3,
4, 5

Exp 4 Effect of Suvorexant on behavior (behavior) 3 months Male
Female

WT (M n = 5,
F n = 5)

R6/1 (M n = 28,
F n = 26)

Independent groups 30 mg/kg Figures 6,
7

786 M. Cabanas et al.

https://openbci.com
http://www.sonicvisualiser.org


Y-Maze

Spatial recognition memory was tested in a Y-maze con-
structed in gray Plexiglas. The maze was placed on a table
80 cm high and located in a room containing extramaze
visual cues. The three arms (42 × 8 × 15 cm) of the Y-
maze were similar in appearance and dimension, and
spaced at 120° from each other. The mouse’s locomotion
was tracked and analyzed via a camera placed above the
maze us ing Ethov i s ion 9 (Noldus Techno logy,
Wageningen, The Netherlands). Mice were arbitrarily
assigned two arms (start and familiar arms) to which they
were exposed during the first phase of the test (sample
phase). The remaining third arm, blocked by a transparent
door placed at the entrance, constituted the novel arm for
the second phase. Allocation of arms (start, familiar, and
novel) was counterbalanced within each experimental
group. During the sample phase, mice were placed at the
end of the designated start arm and allowed to explore free-
ly both the start and the other unblocked (familiar) arm for
5 min. Mice were then removed from the maze and returned
to the waiting cage for 10 min of retention interval, before
the test phase. During the test phase, the door blocking the
Bnovel arm^ was removed. Mice were placed at the end of
the same start arm and allowed to explore the entire maze
for 2 min. The timing of the 2-min test phase period was
initiated only once the mouse had left the start arm. In the
interval between the sample and the test phases, the appa-
ratus was cleaned with alcohol and water to remove odor
residue. Time spent in each arm of the maze was analyzed
and performance on the test phase was evaluated by the
time spent in the novel arm in comparison with the time
spent in the familiar arm. A preference index was calculat-
ed as the time spent in the novel arm divided by the time
spent in the 3 arms × 100.

Rotarod Test

Motor coordination and balance of mice were assessed in the
standard accelerating rotarod apparatus (Imetronic, Pessac,
France), with the rotating speed increasing from 3 to 18 rota-
tions per minute every 30 s during the 3-min trial. Mice were
given 3 testing trials with a 10-min interval. The latency to fall
from the beam, with a maximum of 3 min, was recorded.

Nest building test

Mice in their individual cages were then provided with a
Nestlet (Bellmore, USA) overnight. The nest quality was
assessed the next morning (8:00–9:00 a.m.) on a rating scale
of 1–5 (1, cotton not touched; 5, perfect and tridimensional
nest) according to the standard scoring technique [42].

Preparation of Brains

Male R6/1 and WT littermate mouse brains were collected at
2, 3, 4, and 5 months of age. Half of each genotype and age
group were sacrificed at 5:30–7:00 a.m. (active period) and
the other half were sacrificed at 5:30–7:00 p.m. (inactive pe-
riod). Mice were deeply anesthetized with an overdose of
sodium pentobarbital (100 mg/kg, i.p.) and transcardially per-
fused with 4% paraformaldehyde solution. Brains were stored
overnight in the same fixative solution and then transferred to
30% sucrose solution for an additional 72 h before being cut
into 50-μm-thick coronal sections on a freezing microtome
(Leica, Mannheim, Germany). Sections were kept at − 20 °C
in a cryoprotectant solution (30% glycerol (v/v) and 30% eth-
ylene glycol (v/v) in 0.1 M phosphate buffer (PB, pH 7.4))
until being processed for immunofluorescence.

Immunofluorescence: c-Fos, Orx, and MCH in Neurons
in the Lateral Hypothalamus

One of every six sections containing the lateral hypothalamus
was stained formultiple immunofluorescence labeling to identify
orexin- or MCH-expressing neurons and to detect c-Fos expres-
sion in these neurons. Free-floating coronal sections were first
incubated for 1 h in blocking PBS solution containing 4% don-
key serum and 0.3% Triton X-100 (Sigma, St. Quentin Fallavier,
France). They were then incubated for 72 h at 4 °C with primary
antibodies diluted with the blocking solution. Antibodies were
raised in rabbit against MCH, generously provided by Dr. P.Y.
Risold, (Université de Franche-Comté, Besançon, France,
1:1500), in goat against Orx (Santa-Cruz Biotechnology, sc-
8070, 1:500), and in guinea pig against c-Fos (Synaptic
System, 226004, 1:1000). The sections were then rinsed in
PBS and incubated for 1 h in blocking solution containing sec-
ondary antibodies as follows: Alexa Fluor-488 donkey anti-goat,
Alexa Fluor-568 donkey anti-rabbit, and Alexa Fluor-647 don-
key anti-guinea pig (1:500; Jackson Immunoresearch). The sec-
tions were washed, mounted on glass slides, and cover slipped.
Observation and acquisition were performed with a Leica
DM6000B microscope (Leica Mannheim, Germany) equipped
with a Qimaging RETIGA.

Mosaic image stacks of the whole lateral hypothalamus
structure on right and left hemispheres were acquired using
micromanager to control the acquisition process with an oil
immersion × 20 lens. For each lateral hypothalamus, a stack of
5 images with a step of 2 μm were acquired, and the number
of Orx neurons and MCH neurons was counted using the
ImageJ software. Moreover, the number of colocalized Orx
neurons with c-Fos and colocalized MCH neurons with c-
Fos was counted, enabling the percentage of active (i.e., c-
Fos expressing) Orx andMCH neurons, respectively. All anal-
yses were performed by an experimenter blind to the genotype
and age.
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Data Analyses and Statistics

If raw electrophysiological, behavioral, and immunocyto-
chemical data or their transformed data (log, square root) were
normally distributed and had homogenous variance, data were
analyzed using parametric t test or ANOVA tests. Otherwise,
non-parametric Mann–Whitney or Kruskal–Wallis tests were
performed. Discriminant analysis was performed to verify if
the linear combination of different measures/variables was
sufficient to assign a mouse into treatment versus vehicle-
injected group. Analyses were performed using Statistica,
GraphPad Prism, and Statview softwares. Data were presented
either mean ± SEM (for parametric tests) or median ± min-
max range (for non-parametric tests).

Results

Experiment 1: Orexinergic Activity During Circadian
Cycle and Aging in R6/1 Mice

Orx and MCH neurons play reciprocal roles across the sleep–
wake cycle [43]. To characterize Orx and MCH activity dur-
ing the circadian cycle across age and development of the
disease, male R6/1 and WT littermate mouse brains were col-
lected at 2, 3, 4, and 5 months of age. Half of each genotype
and age group were sacrificed between 5:30 and 7:00 a.m.
(active period) and the other half were sacrificed between
5:30 and 7:00 p.m. (inactive period). Triple immunofluores-
cence was conducted using antibodies against c-Fos, Orx, and
MCH. The percentage of neurons expressing c-Fos was cal-
culated against counted Orx- or MCH-expressing neurons as
an index of their activity. Orexin- and MCH-expressing neu-
rons are known to form distinct populations in the lateral hy-
pothalamus [44, 45]. As previously reported in rats [46], a
negligible proportion of MCH neurons were found to be c-
Fos+ in bothWTand R6/1 mice across ages, which prevented
further analysis to be performed.

Three-factor ANOVA involving genotype, age, and light–
dark period factors indicated that Orx activity was generally
higher in the active (dark phase for rodents) than in the inac-
tive period (light phase) (F(1,83) = 47.64, p < .0001, Fig. 1).
However, no main age- (F(3,83) = 2.341, p = .079) or
genotype-related effects (F(1,83) < 1, n.s.) were observed.
On the other hand, the same analysis revealed that the light–
dark period–associated activity did depend on genotype (pe-
riod × genotype interaction, F(1,83) = 21.278, p < .0001), age
(period × age interaction, F(3,83) = 11.759, p < .0001), and
both age and genotype (period × genotype × age interaction
F(3,83) = 3.504, p = .0189). Further post hoc pairwise com-
parisons revealed, as expected, higher levels of Orx activity
in the active period, compared to the inactive one, at all ages
studied in WT mice (all p < .05). However, in R6/1 mice, this

difference was observed only at 2 months (p < .0001), and was
not anymore present at 3 and 4 months (p > .05 for both ages).
Interestingly, at 5 months of age, Orx activity in the active
period was significantly lower than in the inactive period
(p = .016), a pattern that was opposite to that expressed by
age-matched WT or their younger counterparts (2 months).

Experiment 2: Antagonizing Aberrant Orx Activity
Reduces Beta Activity in Symptomatic R6/1 Mice

The increased Orx activity observed during the inactive period
of R6/1 mice, which became accentuated at 5 months, led us
to suspect its association with the beta activity that was also
specifically intense during the inactive sleep periods. We
therefore asked whether inhibiting the aberrant Orx activity
in the inactive period by the administration of a selective dual
antagonist for both Orx 1 and Orx 2 receptors, Suvorexant,
could modify beta activity occurrence and power. Five-
month-old R6/1 mice received one oral administration of
Suvorexant at 30 mg/kg before being subjected to EEG re-
cordings for 3–4 h. The dose of 30 mg/kg was determined in a
preliminary study of dose-dependent effects (data not shown).

The EEG recordings in these experiments revealed that the
beta activity power in R6/1 mice during REM sleep was con-
siderably attenuated by Suvorexant, while the power and fre-
quency of theta oscillations also expressed in this state in both
genotypes remained unchanged (Fig. 2 a). We then quantified
peak amplitude and surface of beta frequencies by fitting a
Gaussian peak on a decaying exponential background model
to our raw spectral power distribution for each animal, vigilance
state, and treatment. Data expressed as differences between
vehicle and Suvorexant treatments within animals revealed that
Suvorexant attenuated 71.71 ± 7.79% in amplitude, and 71.71
± 8.42% in surface area of beta activity during REM sleep.
These values were significantly different from 0, i.e., the ab-
sence of attenuation (one-sample t test, t(6) = 9.208, p < .0001
for amplitude, t(6) = 8.517, p = .0001, for surface). Although
the beta activity remained less intense during SWS sleep, a
similar beta attenuation (78.14 ± 8.31% in amplitude and
75.73 ± 9.63% in surface) was also found during this period
(Fig. 2 b, t(6) = 9.399, p < .0001, for amplitude t(6) = 7.834,
p = .0002 for surface). Because animals did not reliably exhibit
beta activity in physiological condition, the same analysis was
not performed for wake spectra.

Experiment 3: Orx Antagonism Attenuates Beta
Activity and Improves Sleep in Early Symptomatic
R6/1 Mice

We then examined if Suvorexant might also be effective in
attenuating the beta and restore the disturbed sleep–wake cy-
cle power in younger, early symptomatic (3–3.5-month-old)
R6/1 mice. Therefore, we performed EEG recordings for 24 h
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following a single injection of Suvorexant in the morning
(7:00 a.m., at the beginning of the inactive period) in both
R6/1 and WT littermate mice.

Firstly, spectral analyses of REM sleep EEG showed that the
intensity of the beta activity, which is present at these ages, was
reduced following the administration of Suvorexant in R6/1
mice (Fig. 3 a). The beta attenuation reached 68.75 ± 8.39%
in amplitude and 65.00 ± 10.01% in surface during REM sleep.
These attenuations were statistically significant (by one-sample

t test, t(6) = 8.195, p < .0001, and t(7) = 6.492, p = .0003 for
amplitude and surface, respectively). A similar beta attenuation
was also observed during the SWS (75.25 ± 9.96, t(7) = 7.55
p = .0001 in amplitude, 75.78 ± 10.25, t(7) = 7.357, p = .0002
in surface, Fig. 3 b). Once again, data for wake spectra were
anymore analyzed, as a substantial proportion of animals did
not display quantifiable beta activity.

Secondly, as could be seen in representative hypnograms
(Fig. 4), sleep behavioral analysis revealed that blocking the

Fig. 1 Orexin neuron activity
during active (dark) and inactive
(light) behavioral periods in R6/1
and WT littermates from 2 to
5 months of age. a Representative
coronal section of the lateral
hypothalamus from a 2-month-
old WT mouse sacrificed during
its active period and labeled for
MCH (gray), orexin (green), and
c-Fos (red). The image shows
large groups of Orx-positive
neurons (white arrow) surrounded
by MCH-positive cells (white
arrowheads). While c-Fos was
detectable in a number of Orx-
containing neurons (empty
arrowheads), only a negligible
proportion (< 1%) of MCH
neurons were c-Fos+. White
frame detailed in right insets
displays MCH-, orexin-, c-Fos-,
and merge-labeling. V3, third
ventricle. Scale bar, 100 μm. b
Data (mean ± SEM) were
expressed as mean percentage of
c-Fos immunoreactive neurons
among Orx immunoreactive cells
during the active (gray bars) or
inactive (white bars) periods.
*p < .05, ***p < .001,
****p < .0001 by unpaired t test

Fig. 2 Effects of Suvorexant on
beta activity (20–35 Hz) in 5-
month-old R6/1 mice. Plots of
average power spectra showing
that a single oral administration of
Suvorexant (30 mg/kg) decreased
the power of the beta activity
during REM sleep (a) and SWS
(b) but not wakefulness (c). Theta
(6–10 Hz) power strongly
expressed during REM sleep was
not modified (a). Data are pre-
sented as mean ± SEM
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Orx activity with Suvorexant during the inactive period sig-
nificantly reduced SWS and REM sleep-onset latencies in R6/
1 mice (Fig. 5 a, b) (p = .0055, p = .0078 for SWS and REM
sleep, respectively by Mann-Whitney) compared to vehicle-
treated counterparts. This decrease was not significant in WT
mice (p = .157) (Fig. 5 a, b). In addition, whereas vehicle-
treated WT mice, as expected, spent more time awake during
the active dark period than in the inactive light period
(p < .05), their R6/1 counterparts remained awake to a similar
extent during both periods (Fig. 5 c, p > .05). While this pat-
tern of activity, in general, was not modified by Suvorexant
treatment in the transgenic (andWT) mice, their percentage of
time spent in REM sleep in the inactive period was signifi-
cantly increased (t(13) = − 2.196, p = .047,), and percentage in
SWS had tendency to increase (p = .07), and percentage in
wake had tendency to decrease (p = .07).

Thirdly, blocking Orx receptor activity significantly increased
the number of waking, SWS, and REM sleep episodes in R6/1

mice during the inactive period (p < .05 for all, by t test) (Fig. 5 d)
and the number of waking episodes inWTcounterparts (p < .05).
The increased number of wake episodes in both genotypes, how-
ever, did not lead to increased wake durations, suggesting
fragmented sleep–wake activity under Suvorexant treatment.
This tendency was more pronounced in WT mice as the aug-
mented numbers of SWS and REM sleep did not modify per-
centage of durations (Fig. 5 c, d).

Experiment 4: Orx Antagonism Alleviates Behavioral
Impairments in a Subpopulation of R6/1 Mice

In R6/1 mice, significant behavioral impairments emerge at
young ages (3–3.5 months) [10, 47, 48]. Since an acute injec-
tion of Suvorexant ameliorates sleep and attenuates beta ac-
tivity in R6/1 mice, we then tested whether these neural activ-
ity and sleep changes may affect behavioral performance in
R6/1 mice. Male R6/1 mice were acutely injected with either

Fig. 3 Spectral changes of frontal
EEG following Suvorexant
treatment in 3.5-month-old R6/1
mice during REM sleep (a) and
SWS (b). Beta activity power was
significantly decreased. Data are
presented as mean ± SEM

Fig. 4 Representative
hypnograms of 3.5-month-old
male WT and R6/1 mice.
Hypnogram of vehicle-treated
WT (a), Suvorexant-treated WT
(b), vehicle-treated R6/1 (c), and
Suvorexant-treated R6/1 (d)
mouse. Note that Suvorexant-
treated mice of both genotypes (b,
d) fell asleep immediately after
Suvorexant injection
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Suvorexant or vehicle at 7:00 a.m. and allowed to sleep.
Behavioral testing was then conducted 12 h post-injection at
7:00 p.m., the beginning of the following active period. Mice
were tested for spatial recognition memory in a Y-maze, motor
coordination in a rotarod, and nest building capability.
Because our results showed that there was no improvement
in the performances of these three behavioral tests (data not
shown), we concluded that a single injection of Suvorexant
was unable to alleviate behavioral deficits in 3-month-old
male R6/1 mice.

We then tested whether Suvorexant injections over a
prolonged period of 5 days might be effective for improving
behavioral performances. R6/1 female mice were also includ-
ed in addition to R6/1 male mice in this study because of the
importance of gender differences reported in HD [15, 49, 50].
Animals were administered drug for 5 consecutive days at
7:00 a.m. daily, and tested in the above behavioral tasks on
the 5th day, 12 h after the last injection (7:00 p.m.). The results
indicated that both male and female Suvorexant-treated R6/1
mice had gained weight by the end of the 5-day treatment
compared to vehicle-treated counterparts (treatment effects,
F(1, 51) = 7.167, p = .01) (Fig. 6 a), (gender × treatment inter-
action, F(1, 51) < 1, n.s.). Such weight gain effects were not
found in WT mice (F(1, 12) < 1, n.s., data not shown).
Moreover, female R6/1 mice, irrespective of treatment, gained

more weight than male mice (F(1, 51) = 12.196, p = .001)
(Fig. 6 a). However, no beneficial effects of Suvorexant were
found for motor coordination scores averaged from 3 trials
(effect of treatment U = 318, U′ = 410, n.s.) (Fig. 6 b), al-
though female R6/1 mice generally displayed higher scores
than male counterparts (effect of sex U = 169, U′ = 559,
p = .007) (Fig. 6 b). No such gender difference was observed
in WT mice (p > .05, data not shown).

Furthermore, no significant differences in the quality of
nest construction were found between vehicle- and
Suvorexant-treated R6/1 mice, irrespective of gender (U =
266.5, U′ = 381.5, n.s.), although female R6/1 mice, irrespec-
tive of treatment, constructed higher quality nests than males
(U = 193.5, U′ = 456.5, p = .013) (Fig. 6 c), while being im-
paired as compared to WT females (p < .05). Finally,
Suvorexant-treated R6/1 mice, as compared to vehicle-
treated counterparts, displayed overall higher spatial recogni-
tion memory (main effect of treatment, F(1, 47) = 4.651,
p = .036), although importantly, this was mainly due to the
superior performances of female R6/1 mice (treated with
Suvorexant) (p < .05), rather than R6/1 males in which such
improvement was not found (p > .5) (gender × treatment in-
teraction F(1, 47) = 9.494, p = .0034) (Fig. 6 d).

Discriminant analysis assessed whether the linear combina-
tion of the previous behavioral scores (summarized in Fig. 6) is

Fig. 5 Effects of Suvorexant on
sleep in 3.5-month-old male R6/1
and WT littermates. Sleep-onset
latencies to first SWS (a) and
REM sleep (b) episodes follow-
ing Suvorexant treatment.
Percentage of durations (c) and
number of episodes (d) of sleep
and waking during inactive light
and active dark periods following
treatment. Data are presented as
median ±min-max range in a and
b and mean ± SEM in c and d.
*p < .05, ** p < .01, #p = .07
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effective in predicting whether an animal belongs to the
Suvorexant or vehicle R6/1 group for each gender. This analysis
segregated individual R6/1 females into Suvorexant- versus
vehicle-treated group with a success rate of 76.9% (Lambda
Wilks .53473, F(7, 18) = 2.2374, p = .079). Therefore, the dis-
criminant analysis assigned 9 out of 13 (69.2%) vehicle-treated
R6/1 mice by classifying them to the vehicle group and assigned
11 out of 13 (81.8%) Suvorexant-treated mice classified in the
Suvorexant-treated group successfully (Fig. 7 b). Only four
vehicle-treated and two Suvorexant-treated mice were classified
into the wrong groups. Suvorexant-treated female mice, there-
fore, showed a small Mahalanobis distance to the centroid of the
Suvorexant-treated group and a large distance to the centroid of
the vehicle-treated group, and vice versa for the vehicle-treated
femalemice. In contrast to femalemice, the discriminant analysis
assigned only 64.3% of all males to the correct groups (Lambda
Wilks .82474, F(7, 20) = 0.60717, p < .7433, Fig. 7 a), thus
preventing a significant discrimination between the experimental
groups to be made. This finding therefore further supports the

conclusion that a 5-day administration of Suvorexant induced an
alleviation of behavioral deficits in female R6/1 mice.

Discussion

In this study, we have investigated whether R6/1 mice also
display Orx activity alteration with respect to activity–
inactivity cycle, and if so, the modified Orx activity could be
linked to abnormalities of HD-associated neural synchrony,
sleep architecture, and cognitive and motor performances.
Our data demonstrate that the Orx system in R6/1 mice begins
to display an altered activity pattern, revealed by c-Fos imag-
ing technique, at 3 months, the age at which behavioral dis-
turbances appear in this mouse model [10, 47, 48].
Specifically, our data show that, at this age, Orx activity is
characterized by an abnormal increase in activity during the
animal’s inactive period, leading to an indistinguishable
inactivity–activity cycle. At 5 months, Orx activity further
deregulates as it reverses completely compared to that of the
regular inactivity–activity cycle displayed byWTmice. These
results confirm those previously observed in R6/2 mice [37],
and further document the progressive deregulation of Orx ac-
tivity pattern across aging in R6/1 mice.

Antagonizing increased activity of the orexinergic system
during the transgenic animal’s inactive period, by administer-
ing Suvorexant, a dual antagonist of Orx1 andOrx 2 receptors,
produced beneficial consequences at several levels. First,
pharmacological inhibition of the Orx activity significantly
attenuated the HD associated beta synchrony in R6/1 mice.
Second, the Orx antagonism during the inactive light period
alleviated the sleep–wake abnormalities, with R6/1 mice
exhibiting (1) decreased sleep latencies, (2) increased amount
of sleep and reduced waking, (3) and also a fragmentation of
sleep, and this additionally in WT mice. These transient mod-
ifications during the inactive period therefore tended toward
restoring the normal sleep–wake pattern. Third, Orx inhibition
during 5 consecutive days attenuated weight loss in both male
and female R6/1 mice, with R6/1 females additionally
displaying alleviated cognitive deficits.

The dysregulated activity pattern of Orx neurons at 3 months
was found to coincide with the appearance of the beta activity
and sleep disturbances in R6/1 mice. The administration of the
Orx receptors antagonist during the inactive behavioral period of
R6/1 mice was associated with the attenuation of the power of
the beta activity and the restoration of the sleep–wake cycle to
some extent. Significantly, other studies have reported that a
single administration of hypnotic drugs acting on the
GABAergic or noradrenergic systems, or anti-depressant sub-
stances, also decreases the amplitude of the beta/gamma activity
in R6/2mice [51, 52], while such data are not available in the R6/
1model. However, hypnotic drugs also affect other physiological
brain waves that are not associated with HD pathology, such as

Fig. 6 Effects of a 5-day administration of Suvorexant on behavioral
performances in 3-month-old R6/1 mice of both genders. Body weight
(a), motor coordination in a rotarod (b), nest construction (c), and spatial
recognition memory in a Y-maze (d) in male and female R6/1 mice. Data
are presented as mean ± SEM in a and d, median ±min-max range in b
and c. *p < .05, **p < .01, ***p < .001
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theta activity expressed typically during REM sleep by increas-
ing theta power and decreasing its frequency both in rodents [53]
and humans [54]. Our work further shows that antagonizing Orx
1 and Orx 2 receptors affects only the pathological beta activity
by decreasing its power without changing other brain waves.
These results support the importance of theOrx system in normal
sleep–wake cycle and its association with the altered EEG of HD
mice. However, further studies are required to assess the exact
role of the Orx system in HD pathogenesis and whether the
beneficial effect of Suvorexant is due to a direct mechanism or
action.

In fact, it is unclear whether the Orx system malfunction in
our R6/1 mice is due to afferent or efferent pathway abnormali-
ties. Previous studies have reported that at least some of the
afferent pathways to the lateral hypothalamus area seem to func-
tion normally in the R6/2 and Q175 models [13, 55]. For exam-
ple, although circadian clock genes are dysregulated in R6/2
mice, the intrinsic membrane properties of suprachiasmatic neu-
rons, which integrate these altered genes and project to Orx neu-
rons, remain functional in vitro, i.e., outside the pathological
circuit [55]. However, a recent study has reported early functional
alterations of suprachiasmatic neuron inBACHDandQ175mice
[56]. One work has also suggested that downstream nuclei in the
brainstem or the hypothalamus to which Orx neurons project are
intact in HD mouse models [17], but once again, no data are
available for the R6/1 model. Therefore, it remains possible that
functional impairments to Orx receptors expressed in cortical and
other brainstem regions may be at the origin of the abnormality
observed here. Further studies are required to locate the source of
beta activity in theHDmouse brain and to determinewhether the
Orx activity alterations may play a key role in the generation of
this HD-specific network activity.

The behavioral effects observed in our HD mice could
result from an Orx inhibition of sleep-mediated mechanisms,
or an impact on other physiological processes also regulated

by the Orx system, such as stress, reward, appetite, and glu-
cose metabolism [57, 58]. Indeed the latter possibility was
supported by the finding that five consecutive daily injections
significantly increased body weight in our R6/1 mice. In this
context, it is known that Orx is also involved in the control of
feeding behavior, metabolism, and overall energy balance.
Orx signaling promotes food-seeking behavior in response
to short-term fasting in order to increase food intake and thus
maintain body weight. However, the Orx control of body
weight is more complex, since it also supports energy expen-
diture to protect against obesity. It has been reported that trans-
genic mice in which Orx neurons are ablated show feeding
abnormalities and a dysregulation of energy homeostasis that
lead to obesity, despite a reduction in food intake [59]. A more
recent study found that female Orx KO mice display a signif-
icant increase in body weight, whereas an equivalent weight
variation is not observed in males [60]. In our study, the ad-
ministration of an Orx receptor antagonist to R6/1 mice led to
a body weight increase both in males and females, although
the latter group gained more weight, further indicating the
existence of a gender difference in the Orx control of metab-
olism. Also supporting this idea has been the finding of dif-
fering Orx 1 and 2 receptor levels in male rats compared to
females, consistent with a gender difference in actual Orx
neurotransmission [61]. Furthermore, female, but not male,
rats display an increased activation of Orx neurons and an
associated increase in feeding during rebound from 48 h
fasting [62]. Moreover, a positive correlation between body
weight, fat gain, and increased activation of Orx neurons in
female, but not male mice, has been reported [63]. However,
in the present study, we did not detect any gender differences
in body weight for WT mice, suggesting that additional stud-
ies will be required to understand Orx’s complex regulation of
energy metabolism and the impact of Suvorexant on this
process.

Fig. 7 Discriminant analysis in
male (a vehicle-, Suvorexant-
treated) and female (b vehicle-,
Suvorexant-treated) R6/1 mice at
3 months of age. Each dot repre-
sents a R6/1 mouse distributed in
Mahalanobis distance from the
centroid of the vehicle and
Suvorexant groups
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The 5-day treatment paradigm of Suvorexant was suffi-
cient to produce significant improvement of spatial recog-
nition memory in female R6/1 mice. Our study confirms
previous investigations reporting beneficial effects of sleep
enhancement in cognitive performances in R6/2 mice
[17–19]. In addition, our female mice outperformed male
animals in cognitive, motor, and nest tests. Studies in HD
mouse models have suggested sex-associated differences
in the severity or the age of onset of the HD phenotype
[15, 49, 50], with females displaying less severe symptoms
or a later development of the disease than males. These
findings in mice are reminiscent of clinical observations
in HD patients, where a later onset of motor HD alterations
has been reported in women [64]. Indeed, a higher striatal
susceptibility to oxidative stress as demonstrated in males
[65], or estrogen-associated neuroprotection [66] also ef-
fective in many neuropathologies, may account for the sex
differences observed in our study. In addition, a gender
variation in the expression of pre pro-orexin during devel-
opment and adulthood [67, 68] may also explain the dif-
ferential sensibility to the antagonist of Orx treatment ob-
served between our male and female R6/1 mice.

To conclude, our data suggest that the altered Orx
activity pattern in HD mice plays a role in the generation
of an HD-associated beta activity and in a disturbed
sleep–wake behavior from 3 months of age. We also
show that somewhat normal sleep may be restored fol-
lowing an acute pharmacological inhibition of Orx activ-
ity during the inactive period, and a 5-day treatment par-
adigm can induce significant physiological and behavior-
al changes in R6/1 mice. Further investigations are now
required to better understand the alterations of the Orx
system in detail in R6/1 and other HD mouse models and
to identify the cellular mechanisms by which Orx antag-
onism is able to normalize the aberrant neural synchrony
and sleep–wake cycle as well as to decrease the associ-
ated behavioral deficits.
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