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Abstract

Huntington’s disease (HD) is characterised by progressive symptoms including cognitive deficits and sleep/wake disturbances
reflected in an abnormal electroencephalography (EEG). Modafinil, a wake-promoting and cognitive-enhancing drug, has been
considered as a treatment for HD. We used HD (R6/2) mice to investigate the potential for using modafinil to treat sleep-wake
disturbance in HD. R6/2 mice show sleep-wake and EEG changes similar to those seen in HD patients, with increased rapid eye
movement sleep (REMS), decreased wakefulness/increased non-REMS (NREMS), and pathological changes in EEG spectra,
particularly an increase in gamma power. We recorded EEG from R6/2 and wild-type mice treated with modafinil acutely (with
single doses between 25 and 100 mg/kg; at 12 and 16 weeks of age), or chronically (64 mg/kg modafinil/day from 6 to 15 weeks).
Acutely, modafinil increased wakefulness in R6/2 mice and restored NREMS to wild-type levels at 12 weeks. It also suppressed
the pathologically increased REMS. This was accompanied by decreased delta power, increased peak frequency of theta, and
increased gamma power. At 16 weeks, acute modafinil also restored wakefulness and NREMS to wild-type levels. However,
whilst REMS decreased, it did not return to normal levels. By contrast, in the chronic treatment group, modafinil-induced
wakefulness was maintained at 15 weeks (after 9 weeks of treatment). Interestingly, chronic modafinil also caused widespread
suppression of power across the EEG spectra, including a reduction in gamma that increases pathologically in R6/2 mice. The
complex EEG effects of modafinil in R6/2 mice should provide a baseline for further studies to investigate the translatability of
these result to clinical practice.
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Introduction

Huntington’s disease (HD) is a complex progressive ge-
netic neurodegenerative disorder characterised by motor,
cognitive, and affective symptoms [1]. Disturbances of
sleep-wake behaviour, including sleep fragmentation [2,
3], abnormality of rapid eye movement sleep (REMS)
[4, 5], and daytime sleepiness [6, 7] are widespread
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problems in HD patients that frequently appear early in
the course of the disease [8, 9]. Pathological EEG spectral
abnormalities are also seen in HD patients [3, 9, 10].

Alterations of the sleep-wake cycle and electroenceph-
alogram (EEG) found in HD patients are recapitulated in a
number of HD mouse models, including the transgenic
lines of R6/2 [11, 12], R6/1 [13, 14], and Q175 [15-17]
mice. We used the R6/2 line for our studies [18]. These
mice show a phenotype mirroring important symptoms
seen in HD patients, including deteriorating motor and
cognitive functions [19, 20]. Previous studies show that
R6/2 mice have fragmented sleep, accompanied by abnor-
mal REMS across the day/night [11, 12]. R6/2 mice also
show progressive changes in quantitative EEG (qEEG), in
particular a pathological increase in gamma oscillation
power [11, 12].

It has been suggested that disruption of sleep contributes to
cognitive decline in HD [21-23]. Thus, treatments aimed at
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improving the sleep-wake pattern in HD patients may also
have a beneficial knock-on effect on cognitive symp-
toms of the disease. We showed previously using a
combination of modafinil (Provigil) and alprazolam that
treating sleep-wake deficits in R6/2 mice has a benefi-
cial effect on cognitive performance and arousability [9,
21]. To date, however, only one study has examined the
effect of modafinil on mood and cognition in HD pa-
tients [24]. In that study, although modafinil increased
alertness, it did not improve cognitive function.
However, the effect of only a single dose of modafinil
was used. Given that HD patients may respond to drugs
differently from normal subjects, and that modafinil is
used as a cognitive enhancer in both normal and patient
groups (for references, see [25]), modafinil remains an
interesting candidate for treating sleep-wake disorder in
HD [26].

Modafinil is a wake-promoting agent most widely used for
treating excessive daytime sleepiness in several neuropsychi-
atric conditions including narcolepsy [27] and Parkinson’s
disease [28]. Modafinil evokes its robust wake-promoting ef-
fect in the brain by increasing the level of dopamine, norepi-
nephrine, glutamate, serotonin, histamine, and hypocretin/
orexin whilst decreasing the release of GABA [29]. It is also
a putative cognitive enhancer although in this respect the lit-
erature is controversial [25, 30]. It improves memory [31],
executive function [32], and increases alertness and response
accuracy in healthy subjects [25]. Importantly, the cognitive
enhancer effect of modafinil has also been reported in a num-
ber of different neurological conditions including schizophre-
nia [33, 34] and attention deficit hyperactivity disorder [35].
Modafinil has also been shown to be effective when given as
an adjunct to standard treatment for treating mood disorders
[36, 37]. This is particularly relevant in HD, since low mood
and depression occur in a considerable number of patients
[38]. Moreover, pre-symptomatic HD gene—positive individ-
uals with subjective sleep problems have shown significantly
poorer neuropsychiatric outcomes compared to those not
reporting sleep problems [23]. Thus, targeting sleep-wake dis-
order with a drug that may also improve cognitive function
would potentially be doubly beneficial.

Here we investigate the acute effect of modafinil on sleep
and wakefulness at different stages of disease in R6/2 mice.
We also administered modafinil chronically for 9 weeks to
determine if there was any long-term effect of modafinil on
the progression of sleep-wake abnormalities in HD mice. We
found that acutely modafinil was wake-promoting in R6/2
mice and reduced the pathologically increased REMS, al-
though the effect waned as the disease progressed.
Interestingly, when given chronically, modafinil maintained
its wake-promoting effect to end stage, and reduced the path-
ologically increased gamma oscillations, an effect that
persisted after washout.
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Materials and Methods
Ethical Statement

All experiments were conducted under the authority of the United
Kingdom Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012, and with the approval of the University of
Cambridge Animal Welfare and Ethical Review Body.

Animal Numbers and Husbandry

Male R6/2 mice and their wild-type (WT) littermates (C57/
BL6J) were taken from a colony established at the University
of Cambridge. Tail snips were taken at 3 weeks of age for
genotyping and CAG repeat sizing (Laragen, Los Angeles,
CA). CAG repeat lengths were measured by GeneMapper
software (Life Technologies, NY). R6/2 mice had a mean
CAG repeat length of 250+ 1 (n=52).

Two experiments were conducted. (For an overview of the
timeline and drug administration protocol, see Fig. S1 and
below.) In the acute experiment, single doses of modafinil
were given to 10 R6/2 and 11 WT mice. One R6/2 mouse
died from its disease before completion of the late-stage
(15-17 weeks) treatments, one WT mouse lost its EEG/
EMG implant and was euthanized before completing the
study, and one WT mouse died unexpectedly of unknown
causes. Due to the cross-over design of the study, we excluded
all recordings of these mice from the data analysis. In total,
9/11 WT and 9/10 R6/2 mice completed all cross-over treat-
ments and EEG/EMG recordings. In the chronic experiment,
modafinil was administered to 20 R6/2 and 11 WT mice.
During the study, one R6/2 mouse died from its disease, and
one R6/2 mouse lost its EEG/EMG implant and was eutha-
nized before completing the study. Thus, 18/20 R6/2 and 11/
11 WT mice completed the chronic modafinil experiment and
were used for the analysis.

After the EEG/EMG implant surgery, animals were housed
individually in cages within sound-attenuating chambers.
They were kept under a 12:12-h light-dark cycle (30 Ix
daylight-type fluorescent tubes with lights on at 23:00), at
constant temperature (22+ 1 °C) and humidity (55 =+ 10%).
Food and water were available ad libitum. R6/2 mice also
received a single portion of soft mash each morning (made
by soaking chow pellets in hot water), with an additional por-
tion added later in the day for mice aged > 12 weeks. Bedding
was changed as needed, approximately once a week for WT
mice and twice a week for R6/2 mice.

EEG/EMG Implantation Surgery
All mice were implanted with EEG and EMG electrodes un-

der isoflurane anaesthesia (1.5-2% in 2 I/m oxygen) as de-
scribed previously [11]. Briefly, gold-plated stainless steel
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screw electrodes were placed epidurally above both left and
right hemispheres positioned over the frontal (1.5 mm lateral
and 1.0 mm anterior to bregma) and parietal (1.5 mm lateral
and 1.0 mm anterior to lambda) cortex, for fronto-parietal
EEG recordings. EMG signals were acquired from the neck
extensor muscles via a pair of stainless steel spring wires
(Plastics One Inc., Roanoke, VA). After an 8-10-day recovery
period, the mice were connected to the recording cables, and
remained connected to the cables throughout the study. The
recording cables allowed free movement within the cage.

EEG/EMG Recordings

Following a 12-day acclimatisation period, we began the treat-
ment program. We recorded EEG and EMG signals (Pinnacle
Technology, Lawrence, KS) for 24 h after each treatment
started at 11 am (at light off). The EEG/EMG signals were
amplified and filtered (EEG, 0.5-100 Hz; EMG, 35 Hz high
path filter [HPF]) by head-mounted preamplifiers and ampli-
fiers (8202-DSL and 8206-SL, respectively; Pinnacle
Technology, Lawrence, KS). EEG/EMG data were recorded
using Vital Recorder software (Kissei Comtec, Matsumoto,
Japan) after analogue-to-digital conversion.

Drug Administration

Modafinil ([(diphenyl-methyl-methyl) sulfinyl]-2 acetamide)
was dissolved in 15 w/v % hydroxypropyl-f3-cyclodextrin ([3-
HPCD) in (0.9%) saline with sonication and gentle warming
1 h before the experiment (vehicle). In the acute experiment,
mice were treated with one of three doses (25, 50, and 100 mg/kg)
of modafinil, or vehicle given via intraperitoneal (i.p.) injections
(I ml/100 g body weight) at the beginning of the dark (active)
period. Doses were chosen based on previous studies [21, 39,
40]. The treatments were performed in a cross-over design (Fig.
Sla, c¢) in which each mouse received all doses of modafinil in a
randomized order, with a 3-day washout period between treat-
ments. To compare the effect of acute administration of modafinil
at different stages of the disease, mice were treated at both 11—
13 weeks of age (early symptomatic stage for R6/2 mice) and at
15-17 weeks of age (mid-late stage). Mice aged 11-13 weeks
and 15-17 weeks are henceforth referred as ‘12 weeks’ or
‘16 weeks’, respectively. In the chronic treatment experiment,
mice were treated orally in the form of edible pills which
contained 64 mg/kg of modafinil in dough, prepared using
wheat, sugar, water, oil, and a small quantity of non-toxic blue
food dye to ensure an equal distribution of the drug [41], or the
equivalent amount of dough. Mice were treated for 9 weeks
starting at 6 weeks of age (Fig. S1b). Mice were randomly
assigned to treatment groups. In the R6/2 group, 10 mice were
treated with modafinil-containing pills and 8 mice were given
pills containing vehicle. We deliberately included more mice in
the modafinil-treatment group as we expected that some R6/2

mice might stop eating the modafinil-containing pills due from
the bitter taste of the drug. In fact, it was the WT mice that
stopped eating the modafinil-containing pills (between the 8th
and 39th days of the treatment period). For this reason, we did
not analyse EEG from the WT mice in the chronic treatment. By
contrast, all R6/2 mice ate the pills daily until the end of the study,
and data from all R6/2 mice are therefore included.

Data Analysis

EEG and EMG signals were digitalized using a 256-Hz sam-
pling rate and digitally filtered (EEG, 0.5-100Hz; EMG,
35Hz HPF). Automatic scoring of the EEG traces was per-
formed using SleepSign software (Kissei Comtec,
Matsumoto, Japan). For 10s epochs of the EEG traces, we
distinguished the following vigilance stages: wake, NREMS,
and REMS. The automatic scoring was followed by visual
assessment from experienced scorer, blind to treatment, and
genotype. We performed quantitative EEG (QEEG) analysis
using fast Fourier transformations (FFTs) for consecutive 10s
epochs in the frequency range 0.5-90 Hz (frequency resolu-
tion of 0.5 Hz, Hanning window). Epochs with movement-
induced and other artefacts were discarded. To exclude the
interference noise from the electrical network, values at 49-
and 50-Hz bins were excluded from the qEEG analysis. The
EEG spectral analysis was performed in a state-specific man-
ner by averaging FFT data for each vigilance stage (wakeful-
ness, NREMS, REMYS) for the given time period.

Statistics

To evaluate the effect of single doses of modafinil on the amount
of wakefulness, NREMS and REMS for each hour a two-way
double repeated measures ANOVA was used (hours and doses,
both as repeated variables). For the analysis of different single
doses of modafinil on the summarized vigilance data (1-12 h),
we used two-way repeated measures ANOVA with the factors:
groups (WT and R6/2 mice aged 12 weeks), age of R6/2 mice
(12 and 16 weeks, repeated), and doses (repeated). The effect of
chronic modafinil treatment on vigilance was analysed at 4 time
points (after 6 or 9 weeks of treatment, and after 1 or 2 weeks of
washout) by two-way repeated measures ANOVA (hours [1-6],
repeated). The effect of modafinil vs. vehicle on the sleep-wake
pattern (number and duration of bouts) of wakefulness, NREMS,
and REMS was quantified using 7 tests. A bout was defined as an
episode without interruptions of more than 1 epoch of any other
vigilance stage.

Statistical analyses on qEEG data were performed on raw
EEG power data averaged for the first 2 h of both active and
passive phases, and binned into standard frequency bands:
delta (1-4 Hz), theta (5-9 Hz), alpha (10-14 Hz), and beta
(15-30 Hz) as well as low- (31-60 Hz) and high-frequency
gamma (61-90 Hz). In all cases, two-way repeated measures

@ Springer



1078

Vas et al.

ANOVA was used. In the acute study, we evaluated the gEEG
alterations of R6/2 mice vs. WT mice (genotype and frequen-
cy, repeated) and the effect of modafinil vs. vehicle (frequency
and drug, repeated) in each group. In the chronic experiment,
the qEEG effect of modafinil was quantified at each of 4 time
points (after 6 and 9 weeks of treatment, and then 1 and
2 weeks after washout) with factors being drug and frequency
(repeated). For multiple comparisons, Bonferroni post hoc test
was used. The interaction effect of ANOVA (for a frequency
range) was considered significant only if at least 2 x 1Hz
frequency bins showed significant difference compared to
the vehicle group. Results were considered statistically signif-
icant at p < 0.05. All data are shown as mean + SEM.

Results

Acute Modafinil Has a Similar Wake-Promoting Effect
in Wild-Type and R6/2 Mice at 12 Weeks of Age

Modafinil, given at the beginning of active phase, induced a
dose-dependent increase in the time spent awake in WT mice
(Fig. 1a, drug: Fi34y=26.16, p<0.0001, drug x time interact.:
F9550=2. 32, p<0.0001). Modafinil induced wakefulness al-
so in R6/2 mice at both 12weeks (Fig. 1b, drug: F324)=37.68,
p<0.0001, drug x time interact.: Fig9 552, =5.72, p < 0.0001) and
16 weeks (Fig. Ic, drug: Fi3.4,=16.61, p <0.0001, drug x time
interact.: Figo 550)=2.97, p <0.0001). At the 100 mg/kg dose, the
wake-promoting effect was similar in WT and R6/2 mice aged
12 weeks, lasting for ~7 h. Modafinil was less effective in R6/2
mice aged 16 weeks, lasting for ~5 h. At lower doses, modafinil
increased the amount of wakefulness by 2 h (for 25 mg/kg) or 3 h
(for 50 mg/kg), in both WT mice and R6/2 mice at 12 and
16weeks (Fig. 1a—c).

Analysis of the whole active phase showed that vehicle-
treated R6/2 mice at 12 and 16 weeks spent ~23% and ~33%
less time awake respectively than WT mice (group: F 3 96, =
58.33, p<0.0001, Fig. 2a). Lower doses of modafinil (25 or
50 mg/kg) restored the amount of wakefulness in R6/2 mice at
12 and 16 weeks to the WT level, whilst 100 mg/kg caused a
significant increase in wakefulness in 12-week-old R6/2 mice
compared to the WT vehicle-treated mice (Fig. 2a). In parallel
with the wake-promoting effect, modafinil dose-dependently
reduced NREMS in all groups (Fig. 2b, F (3 96)=62.59,
p<0.0001), and restored NREMS amount to the WT level
in both 12- and 16-week-old R6/2 mice by both the 25 mg/
kg and 50 mg/kg doses, whilst 100 mg/kg caused a further
decrease. Although modafinil reduced the pathologically in-
creased REMS amount in R6/2 mice at both 12 and 16 weeks
(Fig. 2¢, drug: F(3.96)=36.30, p <0.0001, drug x group inter-
act.: Fi606=2.51, p=0.0269), only the 100 mg/kg dose giv-
en to R6/2 mice aged 12 weeks restored REMS to the WT
level.
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Fig. 1 The wake-promoting effect of modafinil in R6/2 and wild-type
mice. The hourly amount of the time spent awake across 24 h after
treatment with single doses of modafinil (25, 50, or 100 mg/kg; i.p.,
arrows) is shown compared to vehicle at the beginning of active (dark)
phase in wild-type (a) and R6/2 mice aged 12 weeks (b) and 16 weeks (c).
The black bar shows the dark period. $, #, and *p < 0.05, compared to the
relevant vehicle in case of the 25, 50, and 100 mg/kg modafinil-treated

groups, respectively. Data are presented as mean + standard error of mean
(SEM)

In the passive phase, modafinil (100 mg/kg) induced a sleep-
consolidating effect in 12-week-old R6/2 mice by increasing both
the total time and the mean duration of episodes in NREMS. This
effect was not seen in WT or 16-week-old R6/2 mice. Modafinil
also had no effect on wakefulness, or the amount and mean dura-
tion of REMS episodes during the passive phase (Table S1).
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Fig. 2 The effect of acute modafinil on the amount of sleep-wake stages
in active phase in R6/2 and wild-type mice. Modafinil (25, 50, and
100 mg/kg; i.p.) was administered at the beginning of active phase
(11 am) and the time spent awake (a), in non-rapid eye movement sleep
(NREMS, b), and in rapid eye movement sleep (REMS, ¢) was measured
in wild-type (WT), and in R6/2 mice aged 12 weeks and 16 weeks. Data
are presented as (mean = SEM) percent changes in the time spent in each
vigilance stage relative to the WT vehicle group. *p < 0.05 and **p < 0.01
compared to the relevant vehicle treatment; *p <0.05 and #p <0.01
compared to the WT vehicle group

Acute Modafinil Reduces Power of Slow, but Increases
Power of High-Frequency Oscillations
During Wakefulness in R6/2 and WT Mice

To visualize the genotype-specific and modafinil
(100 mg/kg)-induced changes, all EEG power spectra were
normalized to the WT vehicle group (Fig. 3). Modafinil had
differential effect on the spectral power across multiple fre-
quencies. Significant effects of modafinil on the qEEG spectra
(ANOVA ‘treatment’ results for the whole frequency range

and/or results of Bonferroni post hoc tests in case of signifi-
cant treatment x frequency interaction) are shown on the
graphs in Fig. 3. For full statistical analyses, see Table S2-3.
We also analysed EEG power in standard frequency bands.
Administration of modafinil decreased delta (1-4 Hz) power
in WT and R6/2 mice at 12 but not 16 weeks (Fig. 3). Whilst
theta (5-9 Hz) power was suppressed in WT but not R6/2
mice, the peak frequency of theta increased in both WT and
all R6/2 mice (Table S4). Alpha (10—14 Hz) power was re-
duced in WT and R6/2 mice at 16 weeks, but not in R6/2 mice
at 12 weeks. For beta (15-30 Hz) power, the effect varied
across the frequency range. For WT mice, the power at fre-
quencies < 20 Hz decreased significantly, whilst power at fre-
quencies >29 Hz increased significantly (Fig. 3a). In R6/2
mice at 12 weeks, only the beta power at frequencies of 25—
30 Hz increased in response to modafinil, whilst in R6/2 mice
at 16 weeks, only the power of 29-30 Hz increased (Fig.
3b, ¢). Gamma power was analysed separated into two bands
(low [31-60 Hz] and high [>60 Hz]). Gamma power in-
creases progressively as part of the phenotype in R6/2 mice
(see vehicle-treated mice in Fig. 3b, ¢). Modafinil increased
both low and high gamma power in WT and R6/2 mice at
12 weeks (Fig. 3a, b). In R6/2 mice at 16 weeks, only high
gamma was increased in response to modafinil (Fig. 3c).
Modafinil had no effect on power spectrum in the passive
phase (13—18 h following drug administration) in WT and
R6/2 mice (data not shown).

Acute Modafinil Induces Delta Rebound in NREMS
in WT and R6/2 Mice

Once the wake-promoting effect of modafinil had dissipated
in active phase (Fig. 4d—f), an immediate increase in the
NREMS-delta power (delta rebound) was detected after treat-
ment with 100 mg/kg dose of modafinil in the subsequent 3 h
in WT and in R6/2 mice at 12 and 16 weeks (Fig. 4a—c; WT
mice, F(; 7)=8.03, p=0.0253; 12-week-old R6/2 mice,
Fq7=11.59, p=0.0086; 16-week-old R6/2 mice, F(; g =

10.99, p=0.0106). However, no rebound increase of
NREMS was observed in any of the treatment groups. By
contrast, in the passive phase (during the following 12 h),
the 12-week-old R6/2 mice showed an increase in the amount
of NREMS (s,=2.42, p=0.0421), and also delta rebound
during NREMS (£, 33)=2.95, p=0.0023) and this was only
in response to the 100 mg/kg modafinil dose (see Table S1).

Modafinil Maintains its Acute Wake-Promoting Effect
Even After 9 Weeks of Chronic Treatment in R6/2 Mice

For the chronic regime, modafinil (64 mg/kg) was adminis-
tered daily for 63 days at the beginning of the active phase
starting at 6 weeks of age. In chronically treated R6/2 mice,
the wake-promoting effect of modafinil in active phase lasted
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Fig. 3 Effects of acute modafinil on the quantitative EEG during
wakefulness in R6/2 and wild-type mice. EEG power from wild-type (WT,
a) and R6/2 mice aged 12 weeks (b) and 16 weeks (c) was averaged in the
first 2 h of the active phase after i.p. vehicle or 100 mg/kg modafinil treatment.
Data (mean + SEM) were normalized to the WT vehicle group (dashed line).
Changes in the qEEG spectra following acute modafinil treatment was
quantified across the spectrum in standard frequency ranges (6 [1-4Hz], 6
[5-9Hz], o« [10-14 Hz], 3 [15-30 Hz], y1 [31-60 Hz], and y2 [61-90 Hz]).
Statistically significant differences (two-way ANOVA and Bonferroni post
hoc comparisons, *p < 0.05) are shown by thick black bars (modafinil vs.
vehicle treatments) and by thin black bars (vehicle treated WT vs. R6/2 mice)
above the graphs

~3 h after both 6 (Fig. 5a; drug effect, F(; 16=25.57, p=

0.0001; interaction, Fs g0 =2.89, p=0.0188) and 9 weeks of
treatment (Fig. 5a; drug: F(; 16)=81.32, p<0.0001,
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interaction: F(sgo=5.70, p=0.0002). The increase in wake-
fulness was mostly at the expense of NREMS both after 6
(Fig. 5b, drug: F(;,16,=26.03, p=0.0001, interact.: F(sgo=
2.96, p=0.0169) and 9 weeks of treatment (drug: Fy 16)=
71.86, p<0.0001, interaction: F(sgo=4.97, p=10.0005).
Modafinil also suppressed REMS. This effect was more pow-
erful after treatment for 9 weeks (Fig. Sc, drug: F; 16,=26.29,
p=0.0001, interaction: /s gpy=6.11, p <0.0001) than it was
after 6 weeks (Fig. 5c, drug: F(; 16,=13.30, p=0.0022).
Following washout, no effect of modafinil on the sleep-wake
pattern was seen (Fig. 5b, d and f) apart from a small effect on
REMS bout duration at 2 weeks after washout (Table S5).

Chronic Modafinil Treatment Differentially
Suppresses the EEG Power in Sleep and Wakefulness
in R6/2 Mice

After 9 weeks of treatment, there was a small but sig-
nificant decrease in theta power in the active phase
(Fig. 6a). Interestingly, in the passive phase, 12 h after
drug administration (Fig. 6b), theta, alpha, and high
gamma power were reduced in the treated mice. After
1 week of drug washout, the reduction in theta power in
passive phase persisted (Fig. 6¢, d). Following 2 weeks
of washout, when R6/2 mice were at a late stage of
disease, there were striking differences in EEG power
between modafinil- and vehicle-treated mice in both ac-
tive and passive phases. EEG power in modafinil-treated
mice was significantly lower in theta, alpha, and both
gamma frequency bands (Fig. 6e, f). That is, vehicle-
treated mice showed abnormalities in EEG spectra that
are suppressed in the modafinil-treated group, even
2 weeks after drug treatment stopped.

In NREM sleep, 9 weeks of modafinil treatment reduced
the EEG power of delta, theta, alpha, and beta frequency
bands (Fig. S2a). After 1 week of washout, this effect was
visible but no longer significant (Fig. S2¢). After 2 weeks of
washout, the entire NREMS qEEG spectra was increased in
the vehicle-treated R6/2 mice, consistent with progression of
disease. Interestingly, it remained suppressed in the modafinil-
treated mice (Fig. S2e).

In REMS, the power of alpha and both low and high gam-
ma were suppressed after 9 weeks of treatment. This effect
persisted for the 2 weeks of washout. After 2 weeks of wash-
out, the difference between the EEG power of vehicle- and
modafinil-treated R6/2 mice was extensive, affecting all fre-
quency bands apart from delta (Fig. S2b, d and f). Full statis-
tical analyses of the chronic modafinil-induced qEEG effects
are in Table S6-11. Six weeks of treatment induced similar
changes on the qEEG during wakefulness, NREMS, and
REMS to that observed after 9 weeks of treatment (Fig. S3a-
d, and Table S12—13).
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Discussion

Here we report for the first time that modafinil improves sleep-
wake pattern and abnormalities of gEEG in R6/2 HD mice.
Acute modafinil restores the amount of wakefulness and
NREMS to the WT level, even in the late stage of disease.
The wake-promoting effect of modafinil is reflected as a de-
crease in power of low (< 12 Hz) and an increase in power of
high (>24 Hz)-frequency EEG oscillations. Acute modafinil
reduces the pathologically increased REMS in active phase
and consolidates sleep in the passive phase in R6/2 mice. In
chronically treated R6/2 mice, modafinil maintains its acute
wake-promoting and REMS-reducing effect. Moreover, it
causes long-lasting suppression of EEG power including the
pathologically increased gamma seen in R6/2 mice.

The sleep-wake cycle is regulated by complex homeostatic
and circadian processes [42], and involves several cortical and
subcortical structures [43—45]. In HD patients, although the
early neurodegeneration affects the medium-sized spiny neu-
rons in the striatum, eventually neurodegeneration is wide-
spread, affecting multiple parts of the brain including the cir-
cuits and neurotransmitter systems involved in the regulation
of sleep and wake [46, 47]. Together, these changes probably
contribute to the sleep disturbance in HD. In R6/2 mice, the
sleep-wake abnormalities are characterised by a breakdown in
circadian regulation with an increase in wake during the pas-
sive phase and sleep during the active phase [11, 12]. Here,
acute modafinil promoted wakefulness at the expense of sleep
in a similar manner in both WT and R6/2 mice, although in

T
0246 81012

| N S SRR SRR ey e |
0246 81012
Time (h)

| E RN (7R NN S S |
0246 81012
Time (h)

R6/2 mice at 16 weeks, the response to the highest dose
(100 mg/kg) was shorter than that seen at 12 weeks. The
wake-promoting effect of the daily doses of modafinil
persisted in the chronically treated R6/2 mice, suggesting that
there was no desensitization to the effect of modafinil.
Together these data suggest that the circuits and neurotrans-
mitter systems crucial for the generation and maintenance of
wakefulness [45] remain intact in R6/2 mice, although they
show some changes in sensitivity with the progression of the
disease. Modafinil consolidated the fragmented NREMS seen
in R6/2 mice in the passive phase. This effect is particularly
relevant, since it has been hypothesised that being unable to
sustain wakefulness in the active phase contributes to poor
sleep in HD [3]. Thus, although modafinil is wake-promoting,
it may also have beneficial knock-on effects on sleep. A key
feature of pathological changes in HD mice is that the amount
of REMS increases progressively [11, 12]. Interestingly, acute
modafinil had much less effect on REMS than it did on
NREMS, with only the 100 mg/kg dose restoring REMS to
the WT level, and only at 12 weeks. We speculate that the
networks involved in the regulation of REMS are less sensi-
tive to the effect of modafinil compared to those circuits in-
volved in the regulation of wakefulness/NREMS.

Changes in the qEEG spectra following acute modafinil
reflect its wake-promoting action. The effects of modafinil
on the qEEG spectra were diverse and depended upon both
the age of the mice and the dose regime. As shown previously
in WT mice [39], acute modafinil reduced delta power in 12-
week-old R6/2 mice, but not at 16 weeks of age, suggesting
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Fig. 5 The effect of chronic
treatment with modafinil on the
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that cortical and thalamic circuits important for the generation
of delta oscillations [48] are still intact in the young symptom-
atic age of R6/2 mice. In HD patients, the subjective feeling of
sleepiness, reflected by increased delta power in wakefulness,
is a progressive feature of the disease [6, 49, 50]. Thus, we can
speculate that daytime sleepiness in HD may be improved via
decreasing delta power by modafinil. The idea that these cir-
cuits are still intact in the R6/2 mice is supported by the emer-
gence of delta rebound during NREMS. Delta power in
NREMS is an indicator of homeostatic sleep drive that in-
creases with accumulating sleep pressure [42]. Delta rebound
in R6/2 mice is blunted following sleep deprivation [12], due
to the impaired ability of the cortex to generate and propagate
delta oscillations, possibly as a result of hyperexcitability of
cortical pyramidal neurons that has been reported in R6/2
mouse brain slices [51]. Thus, its emergence after modafinil-
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induced wakefulness is particularly interesting since it sup-
ports the idea that, at least at 12 weeks, cortical circuits regu-
lating delta generation are intact, but not operating normally in
the untreated R6/2 mice.

Acute modafinil increased beta, low, and high gamma pow-
er in WT and also in 12-week-old R6/2 mice in line with
studies reporting EEG-desynchronising effects of modafinil
[52, 53]. In HD, increased beta and gamma power are pheno-
typic markers in both human [3] and (R6/2 and Q175) mouse
models of HD [11, 12, 16]. The effect of acute modafinil on
R6/2 mice was seen over and above the pathologically in-
creased power seen in those spectral ranges. However, by
16 weeks, only the power of high gamma and a narrow band
of beta was increased significantly, suggesting that by this age
the neuronal circuits generating beta and low gamma frequen-
cies in R6/2 mice had lost their sensitivity to modafinil.
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Although 9 weeks of chronic modafinil treatment produced no
striking changes on the qEEG in active phase, passive phase
data revealed significant changes. For example, whilst high
gamma power of vehicle-treated R6/2 mice increased patho-
logically, in the chronic modafinil-treated mice the abnormally
high gamma was suppressed. Moreover, after 2 weeks of
washout, suppression of both the low and high gamma power
persisted in the previously treated mice. Since in human HD
increased gamma power has been suggested to be a compo-
nent of the uncontrollable choreatic movements [54], reduc-
tion of this might be beneficial in HD.

0 10 20 30 40 50 60 70 80 90
Frequency (Hz)

0 L) L) T T T Ll T L) T
0 10 20 30 40 50 60 70 80 90
Frequency (Hz)

The effect of chronic modafinil on beta oscillations was
particularly interesting, as despite chronic modafinil having
no effect on beta power, after 2 weeks washout, the abnormal
changes in beta did not emerge in the chronic modafinil group.
This suggests that chronic modafinil might have supressed the
pathological remodelling of circuits responsible for the gener-
ation of abnormal beta oscillations. The differential response
of beta, low, and high gamma to the effect of acute modafinil
in 12- and 16-week-old R6/2 mice also supports the idea that
progressive neurodegenerative changes modify the sensitivity
of these networks differentially. Also, these results suggest

@ Springer



1084

Vas et al.

that circuits giving rise to beta and gamma oscillations are
modulated independently. Indeed, in humans, suppression of
beta power has been suggested to play an antikinetic role in
movement regulation [55, 56], whilst the amplitude of low
and high gamma oscillations is modulated related to the phase
of the gait cycle [56].

In both HD patients [49] and R6/2 mice [12], there is a
pathological decrease in theta power as well as a decrease in
the peak frequency of theta oscillations in the wake EEG. As
seen in WT mice [39], acute modafinil increased the peak
theta frequency in R6/2 mice at both 12 and 16 weeks, sug-
gesting that, as with the circuits generating gamma, those gen-
erating theta remain responsive to the acute effect of
modafinil. Theta is a fundamental brain rhythm mediating
the information flow through the hippocampus, thalamus,
and frontal cortex [57] that has been linked to cognitive func-
tions in both rodents [58] and humans [59]. Thus, restoring or
further increasing the frequency of theta may mediate a ben-
eficial effect of modafinil on cognition in HD.

In the EEG signature of HD, changes in alpha power may
reflect dysfunction of thalamic networks [49, 60]. The change
in alpha power is usually a decrease, however, increased alpha
has also been reported as an electrophysiological correlate of
sustained motor activity during NREMS in HD patients [61].
By 16 weeks, the pathological decrease in alpha power
emerged in R6/2 mice. Interestingly, acute modafinil de-
creased it further at this age. The suppressive effect of
modafinil on alpha was also significant in the chronic treat-
ment group and was maintained for 2 weeks of washout. As
alpha is linked to a number of different brain functions, in-
cluding sensory and memory processes (reviewed in [62]),
this needs further studies to clarify how sustained suppression
of alpha might affect these behavioural correlates.

Another property of modafinil that may contribute to a
beneficial effect on sleep is the amelioration of neuroin-
flammation in sleep-deprived rats by reducing the level of
pro-inflammatory cytokines [63]. This is particularly rel-
evant, as the accumulation of pro-inflammatory cytokines
has been demonstrated to induce neuroinflammation in
HD [64]. Moreover, modafinil has been shown to promote
hippocampal neurogenesis [65] and synaptic plasticity
[66, 67], and its possible neuroprotective role has also
been reported against methamphetamine induced striatal
toxicity [68]. Thus, there are multiple mechanisms where-
by modafinil might be beneficial in HD.

It is clear that modafinil has a complex action on different
components of the qEEG and that not all of the actions of
modafinil can be explained by our current understanding of
the circuitry underlying HD. It is possible that some of the
qEEG changes in the R6/6 mice are compensatory and there-
fore it may not be desirable to reverse them. What has
emerged from our study is that different parts of the abnormal
EEG in R6/2 mice are modulated differentially by modafinil.
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Furthermore, some of these effects are sustained long after the
drug would be predicted to have disappeared from the system.
It is possible that chronic modafinil treatment prevented path-
ological changes in the R6/2 mouse brain. Alternatively,
modafinil may have modulated other changes occurring in
the R6/2 brain such that even after cessation of the treatment,
lasting benefits were seen. That is, modafinil may be masking
the ongoing pathology. Regardless of the underlying mecha-
nism, it is interesting that the beneficial effects of modafinil
persisted 2 weeks after the treatment. The complexities of
modafinil action are not entirely unexpected. All these trans-
mitter systems are involved in regulation of sleep and wake
[45] as well as in HD pathology (for references, see [1]).
Indeed, it is not known precisely which pathways generate
HD symptoms such as motor, cognitive, and sleep disorder.
The complexity of the pathways modulating behaviour and
their interactions are likely to be increased in the dynamically
degenerating brain. Studying the effects of a drug such as
modafinil on EEG may give some insight into this
interrelationship.

Limitation of the Study

Our data show that chronic modafinil treatment evoked long-
lasting changes on the EEG powers in R6/2 mice, suggesting
that modafinil had beneficial effects. However, given that we
were not able to collect parallel data from WT mice, we cannot
determine if these changes are specific to the R6/2 mice, nor
can we say anything about the possible long-term effect on
EEG spectra of WT mice.

Conclusions

Modafinil has acute beneficial effects on the sleep-wake
pattern of R6/2 mice that suggests that it may be useful
clinically for treating sleep-wake disorder in HD.
Chronic modafinil induced both short- and long-lasting
changes in qEEG and prevents the manifestation of
pathological changes in the EEG spectrum. Whilst
modafinil acted clearly as a wake-promoting agent in
R6/2 mice, its complex action on qEEG shows that
modafinil differentially affects brain systems likely to
be involved not only in the regulation of sleep and
wakefulness but also in other higher brain functions. A
better understanding of these actions is needed to use
modafinil to best effect in patients with complex neuro-
logical disorders.
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