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Patients with Parkinson’s disease (PD) display significant sleep disturbances and daytime sleepiness. Dopaminergic treatment dramatically
improves PD motor symptoms, but its action on sleep remains controversial, suggesting a causal role of nondopaminergic lesions in these
symptoms. Because the pedunculopontine nucleus (PPN) regulates sleep and arousal, and in view of the loss of its cholinergic neurons in PD, the
PPN could be involved in these sleep disorders. The aims of this study were as follows: (1) to characterize sleep disorders in a monkey model of
PD; (2) to investigate whether 1-dopa treatment alleviates sleep disorders; and (3) to determine whether a cholinergic PPN lesion would add
specificsleep alterations. To this end, long-term continuous electroencephalographic monitoring of vigilance states was performed in macaques,
using an implanted miniaturized telemetry device. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment induced sleep disorders that com-
prised sleep episodes during daytime and sleep fragmentation and a reduction of sleep efficiency at nighttime. It also induced a reduction in time
spent in rapid eye movement (REM) sleep and slow-wave sleep and an increase in muscle tone during REM and non-REM sleep episodes and in
the number of awakenings and movements. 1-Dopa treatment resulted in a partial but significant improvement of almost all sleep parameters.
PPN lesion induced a transient decrease in REM sleep and in slow-wave sleep followed by a slight improvement of sleep quality. Our data
demonstrate the efficacy of 1-dopa treatment in improving sleep disorders in parkinsonian monkeys, and that adding a cholinergic PPN lesion

improves sleep quality after transient sleep impairment.
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Introduction

Patients with Parkinson’s disease (PD) experience a range of
symptoms, including significant sleep disturbances, with exces-
sive daytime sleepiness and “sleep attacks,” insomnia, reduced
total sleep time and sleep efficiency, rapid eye movement (REM)
sleep behavior disorder, and a marked increase in the number of
nocturnal awakenings compared with healthy controls (Gagnon
et al., 2002; Hobson et al., 2002; Rye, 2006; Wailke et al., 2011;
Yong et al., 2011). Whether sleep disorders are generated by the
disease itself, dopaminergic (DA) treatment, or non-DA lesions is
incompletely known (Arnulf et al., 2002). The effects of DA drugs
on sleep and alertness in PD patients are variable and sometimes
opposite, depending on the level of nocturnal bradykinesia, the
time of intake, and the nature of the drug (i.e., levodopa vs DA

Received Jan. 15, 2014; revised May 23, 2014; accepted May 29, 2014.

Author contributions: C.F. designed research; H.B., E.L, D.T., CK., I.A., X.D., and C.F. performed research; S.D.C.
and C.F. contributed unpublished reagents/analytic tools; H.B., J.A., and C.F. analyzed data; H.B., J.A., CK., D.G., L.A,,
E.CH., and C.F. wrote the paper.

This work was supported by “Laboratoires Servier” from the program “Investissements d'avenir” (ANR-10-IAIHU-
06) and National Institutes of Health Grant ROODA024754. We thank Nick Barton for language editing.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Chantal Frangois, Centre de Recherche-Institut du Cerveau et de la
Moelle, Unité Mixte de Recherche-5975, Hopital de la Salpétriére, 47 bd de I'Hopital, 75013, Paris, France. E-mail:
chantal.francois@upmcfr.

DOI:10.1523/JNEUR0SCI.0181-14.2014
Copyright © 2014 the authors ~ 0270-6474/14/349124-10$15.00/0

agonist). DA agonists taken during daytime may cause severe
sleepiness and sleep attacks (Arnulf, 2005, Hobson et al., 2002),
with sleepiness increased by increasing dosage, whereas L-dopa
has the opposite effect (Bliwise et al., 2012). In parkinsonian
macaques, selective D1 receptor agonist was recently reported to
improve REM sleep and excessive daytime sleepiness, whereas D2
receptor agonist revealed no effect (Hyacinthe et al., 2014).
Degenerative changes in PD also affect non-DA structures
involved in the regulation of arousal and REM sleep, such as the
noradrenergic locus ceruleus system and the cholinergic pedun-
culopontine nucleus (PPN) system, known to degenerate in ad-
vanced PD (Hirsch etal., 1987; Jellinger, 1988). Recently, changes
in sleep quality were reported in patients with PD with severe gait
disorders, who had been implanted with electrodes for deep brain
stimulation applied to the PPN (Arnulf et al., 2010; Peppe et al.,
2012), thus raising the question of a role of PPN neuronal loss in
the sleep abnormalities associated with PD. However, data in the
literature on animal models are not conclusive, and no study has
evaluated the effect of a specific cholinergic PPN lesion on sleep
disorders observed in parkinsonian models. The development of
animal models, such as the monkey rendered parkinsonian with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is a key
element to understanding the pathophysiology of sleep disorders
in patients with PD. The relevance of MPTP-treated macaques
for exploring the sleep deficits that occur in PD has already been
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Table 1. Summary of the effect of MPTP intoxication and of subsequent .-dopa treatment on sleep parameters”

Night

Sleep T3T (100%) WASO Wake Sleep onset Daytime
Treatment TSTmin efficiency Stage 1-2 SWS REM (%) (%) to REM (min) sleep (%)
Control mean 595.8 83.0 54.5 23.8 220 14.2 17.0 49.6 1.6
SEM 7.0 20 40 3.0 1.0 20 15 10.0 1.0
MPTP mean 410.5%** 57.1%%% 67.4%* 12.5%** 17.3%%* 40.0%** 42.9%%* 101.5* 12.8%**
SEM 25.0 36 32 28 17 49 38 10.1 27
t-Dopa mean 452.9% 63.1% 64.9 132 19.1% 324 37.0% 98.8 5.8%%
SEM 18.1 26 4.1 3.4 13 3.7 2.6 10.8 1.6
PPN 3w mean 489.4 69.3 66.2 142 182 358 30.7 127.0 47
SEM 36 6.5 4.4 2.2 35 14.9 6.5 15.1 1.6

“Mean values of sleep parameters were calculated in 4 macaques in the control state, after MPTP intoxication, and then after L-dopa treatment, in 3 macaques 3 weeks (3w) after a unilateral PPN lesion and in one of these macaques after
asecond PPN lesion in the other hemisphere. MPTP values were compared with control values, and t-dopa values with MPTP values. Level of significance was given only in the case of statistical significance for each individual.

*p < 0.05; **p < 0.01; ***p < 0.001: Kruskal-Wallis test followed by Mann—Whitney U test in the event of statistically significant differences.

demonstrated (Barraud et al., 2009). Moreover, we reported that
the combination of DA and PPN lesions in monkeys enabled us
to reproduce a close model of advanced PD (Grabli et al., 2013).
Using this approach, our aim was to investigate whether sleep
deficits in PD reflect the disease itself or the side effects of DA
medications, or other degenerative features, such as cell loss in
non-DA structures. For this purpose, we implanted a miniatur-
ized telemetry device to perform long-term continuous electro-
encephalographic monitoring of vigilance states in unrestrained
macaques at baseline (control state), after MPTP intoxication,
with L-dopa treatment, and then after cholinergic PPN lesion.

Materials and Methods

Animals. The study was performed on 4 adult male macaque monkeys
(Macaca fascicularis) and was performed in strict accordance with the
European Union Directive of 2010 (Council Directive 2010/63/EU) for
the care and use of laboratory animals. The authorization for conducting
our experiments was approved by the Committee on the Ethics of Animal
Experiments (agreement Ce5/2012/049). The animals were kept under
standard conditions (12 h light/dark cycle [light off at 20:00 h], 23°C, and
50% humidity). Monkeys weighed 4—6 kg and were 35 years of age.

Apparatus. Macaques were chronically implanted with a radio-telemeter
transmitter for continuous and long-term recording. The transmitter
implant consisted of a sterile, disk-shaped, three-channel biopotential
device (D70-EEE, Data Sciences International) for measuring electroen-
cephalography (EEG), electro-oculography (EOG), and electromyogra-
phy (EMG) signals. Extending from the transmitter body were flexible
leads consisting of one ground lead and 3 channels. Biopotential signals
were transmitted to two receivers mounted on the primate cage and
then forwarded to a data exchange matrix serving as a multiplexer and
connected through a ribbon cable to a computer for data recording
and storage.

Transmitter implantation. After premedication with 0.05 ml/kg Rob-
inul and 10 mg/kg ketamine given intramuscularly, animals were intu-
bated and anesthetized with isoflurane (1%-2%). Analgesia was
provided on the day of surgery by a single intramuscular injection of 2
mg/kg Tolfedine (tolfenamic acid, 4%). The transmitter was implanted
within the abdominal muscle layers. The electrode biopotential leads
were tunneled subcutaneously to the skull. Two EEG electrodes were
screwed unilaterally into the skull 10 mm lateral to the midline: one
above the frontal cortex and the other 30 mm more posterior (EEG
channel). Two electrodes for EOG were affixed at the level of the orbital
arch bone unilaterally: one at the top and the other on the external side
(EOG channel). The two EMG leads were sutured to the neck muscula-
ture. After surgery, animals were returned to their home cage and al-
lowed to recover for 3 weeks. Buprenorphine (Buprecare, 0.02 mg/kg
im.) and prophylactic antibiotic cover (Clamoxyl, 20 mg/kg) were pro-
vided for 2 weeks postoperatively.

MPTP intoxication. All MPTP injections (0.2—0.4 mg/kg, in NaCl
0.9%) were intramuscular and were performed under light anesthesia
(ketamine 0.4—0.5 mg/kg). A progressive administration protocol was

used, with injections performed at an interval of 3—7 d until the emer-
gence of all parkinsonian symptoms. Intoxication was stopped once all
the motor parkinsonian symptoms had appeared.

Dopaminergic therapy. For levodopa (1-dopa) testing, doses of
levodopa with benserazide at a ratio of 4:1 (Modopar Dispersible, Roche)
were given orally. The dosage required to alleviate motor abnormalities
in the MPTP-treated monkeys was 20 mg/kg, as already reported in the
literature (Bezard et al., 1997), and was given twice per day (at 10:00 h
and at 14:00 h), with an effect that lasted for between 3 h 30 minand 4 h
after administration. As L-dopa has a long bioavailability at the beginning
of the disease, no medication was given after 18:00 h. Our aim was to
obtain a long duration benefit of L-dopa after some days of treatment, as
that reported in PD patients, who gradually improve on L-dopa therapy.
Such an improvement generally requires 9 d to achieve a maximum
response (Barbato et al., 1997). Specifically, each animal received L-dopa
treatment twice daily for 8—12 d, and the sleep recording was only per-
formed afterward.

Motor score. The severity of parkinsonism before, during, and after
MPTP intoxication and after L-dopa treatment was evaluated in the
home cage using a rating scale. This scale includes 7 items (spontaneous
activity, bradykinesia, tremor, freezing, posture, balance deficit, and
feeding) (Herrero etal., 1993b), rated between 0 (normal) and 3 (max-
imal disability), with a total score out of 21. Evaluations were per-
formed by the same observer every 2 d after the first injection of
MPTP and until the day the animal was killed. Spontaneous activity
was also quantified using an automated activity digitalizing system
(VigiePrimates, Viewpoint).

PPN lesion. We performed PPN lesions stereotaxically on three MPTP-
treated monkeys according to the procedure previously described (Kara-
chietal.,2010). We used injections of a fusion of diphtheria toxin and the
peptide urotensin II (10 ul, 20%). This fusion toxin was developed to
specifically kill cholinergic neurons of the PPN (Clark et al., 2007), which
have previously been shown in rodents to express the urotensin II recep-
tor (Clark et al., 2001). Lesions were performed unilaterally in a total of
three macaques, and in one of these macaques a second PPN lesion was
added in the other hemisphere.

Sleep data. For each of the four animals, sleep recordings were per-
formed in the home cage during a 24 h period, always starting at 10:00 h.
During this 24 h period, the light was on from 8:00 h to 20:00 h. Two 24 h
recording sessions per week were performed over several weeks in each
experimental condition: 5 recordings at baseline (i.e., control state, 3
weeks after surgery), one recording at day 1 after the first MPTP injec-
tion, 5 recordings after MPTP treatment (2 months after the last MPTP
injection), and 4 or 5 recordings during L-dopa therapy (sleep recordings
starting 8—12 d after the beginning of L-dopa therapy). Two 24 h record-
ing sessions were also performed in three MPTP-treated animals 1, 2, and
3 weeks after each PPN lesion.

The polysomnographic signals were transmitted to a receiver and then
to an acquisition device (Dataquest A.R.T., Data Sciences International).
Software (Neuroscore, Data Sciences International) was used for sleep
scoring to obtain hypnograms. Sleep—wake stage scoring was performed
in 20 s epochs so that the whole epoch was assigned to one stage. The
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Immunohistochemistry. All macaques were
deeply anesthetized and intracardially perfused
with 4% PFA in PBS. Brains were removed, C
immersed in 30% sucrose in PBS, and then fro-
zen and cut into 50-um-thick sections transver- g
sally. Series of regularly interspaced (500 wm m
apart) fresh-frozen sections of macaque brains
were processed for tyrosine hydroxylase (TH) Milda Saias f
immunohistochemistry (Francois et al., 1999). \
Another series of regularly interspaced (500 wm
apart) sections were processed for NADPH di-
aphorase histochemistry as previously described
(Hirsch et al., 1987).

Data analysis. The extent of DA denervation
was assessed by counting TH ™ neurons on 8
regularly interspaced nigral sections (every 500
um) covering the anteroposterior extent of the structure. The sections
were matched anatomically in each of the brains while verifying that the
cross-sections of the substantia nigra were similar in all individuals. Es-
timation of the total number of DA neurons was performed using a
semiautomatic stereology system with a computer-based system (Mer-
cator, ExploraNova). The number of TH ™ neurons in the locus coer-
uleus and the number of NADPH *, non-NADPH *, and Nissl-stained
neurons in both the PPN and the adjacent cuneiform nucleus were also
counted using the same method and were expressed as the number of
cells per mm?>. These data were compared with those obtained from 5
intact macaques (M. fascicularis) from previous studies (Karachi et al.,
2010; Grabli et al., 2013) and whose brain sections were processed under
the same conditions.

Statistical analysis. A Mann—Whitney rank-sum test was performed to
determine the loss of TH ™ neurons between MPTP-treated animals and
controls. A Kruskal-Wallis test, followed by a Mann—Whitney U test in
the event of statistically significant differences, was applied for the com-
parison of sleep parameters at baseline, after MPTP intoxication, and
after L-dopa treatment for each animal. Level of significance was given
only in case of statistical significance for each individual. Results with p =
0.05 were considered significant for all the analyses. Data are presented as
mean = SEM.
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Examples of 1 min polysomnographic recordings. A, At baseline (control state, CTL). B, After MPTP intoxication. C, At
1 week after further PPN lesion. Blue represents EEG; red represents EQG; black represents EMG. Note the existence, after MPTP, of
eye movements during Stage 2 (top right: Stage 2 + REM), and of movements during Stage 2 and REM sleep, and the occurrence,
after PPN lesion, of ample 6 frequencies on EEG and increased muscle tone.

Table 2. Motor scores obtained after MPTP intoxication (n = 4), under .-dopa
treatment (n = 4), and 3 weeks after PPN lesion (n = 3)°

Monkey ID MPTP 1-Dopa PPN lesion
1 10 25 —

2L 13 25 NR

3R 85 2 6,5

3L 85 2 6

4L 10 2 75

“The motor score of the most severely disabled macaque (2) was not recorded (NR) after PPN lesion in the left (L)
hemisphere because of severe disequilibrium and falls. No PPN lesion was performed for animal 1. R, right.

Results

Basal sleep—wake states

Sleep parameters were recorded for 3—4 weeks to assess the base-
line sleep/wakefulness patterns and features. Sleep measures are
shown in Table 1. During wakefulness, o waves (8 —12 Hz), com-
monly occurring in relaxed wakefulness in humans, were rarely
observed (Fig. 1A). Sleep spindles of 14—16 Hz and high-amplitude
K-complexes were common in Stage 2 NREM sleep. Rapid eye
movements were frequently present in the EOG. The EMG activ-
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Figure 2.

Measurement of motor disability and assessment of DA lesion within the mesencephalon of MPTP-treated macaques. 4, Examples of 10 h daytime recording of spontaneous activity of

MPTP-treated Macaque 3 during the control (CTL) state, after MPTP intoxication, then after .-dopa medication. .-Dopa treatment (bottom graph) was given at 10 h and at 14 h. B, Example of TH
immunostaining in the mesencephalon of a control macaque and an MPTP-treated macaque. Scale bar, 2 mm. €, Graphic representation of the number of TH ™ neurons in the substantia nigra pars
compacta (SNc) in the 4 MPTP-treated macaques and 5 controls. ***p << 0.001 (Mann—Whitney rank-sum test).

ity recorded from posterior neck muscles was at its lowest level
during REM sleep.

The macaques slept for 42% of the 24 h, mostly during the
night. During the dark period, REM sleep occupied 21.9 * 1.0%
of the TST and was more abundant at the end of the night. SWS
represented 23.8 = 3.0% of the TST, was more frequently ob-
served at the beginning of the night, and was more abundant in
the 2 young animals (3.5 years) than in the older ones (5 years). A
reduced amount of sleep, consisting exclusively of light sleep ep-
isodes (Stages 1 and 2), was observed during the daytime (1.6 =
1.0% of the 12 h).

Parkinsonian symptoms and DA cell loss

After MPTP intoxication, monkeys progressively developed mo-
tor symptoms: hypokinesia (freezing, bradykinesia, and reduc-
tion of spontaneous activity), rigidity, tremor, and postural
disturbances. After stabilization of symptoms (6 weeks after the
last MPTP injection), all the monkeys developed severe parkin-
sonism and scored between 8 and 13 on a scale of 21 (Table 2).
For example, the spontaneous activity of the animals was reduced
by ~85% (Fig. 2A). L-Dopa treatment partially reversed parkin-
sonism, with a decrease of the scores on the parkinsonian rating
scale and an increase in spontaneous activity in all MPTP-treated
monkeys (Fig. 2A).

Microscopic examination showed that the number of TH-
immunoreactive cell bodies was dramatically reduced in the sub-
stantia nigra pars compacta of MPTP-treated macaques (Fig. 2B)
compared with 5 control animals. Quantitative assessment re-
vealed a statistically significant loss of 85% (105,187 * 5193 neu-

rons vs 15,512 * 2995 neurons, p < 0.001, Mann—Whitney U
test) (Fig. 2C). A statistically significant loss of 19% of TH ™
neurons was also observed in the ventral tegmental area
(19,024 = 7572 neurons vs 13,171 = 3290 neurons, p = 0.015,
Mann-Whitney U test). Because the locus ceruleus has a role in
sleep—wake control and its noradrenergic neurons degenerate in
PD, we quantified TH* neurons in the locus coeruleus of our
animals. No statistically significant loss of TH™ neurons oc-
curred in the locus coeruleus (7906 = 89 neurons vs 7307 = 259
neurons, p = 0.28, Mann—Whitney U test).

Effects of MPTP intoxication and then of L-dopa treatment
upon sleep architecture

Major sleep impairments appeared during the night after the first
MPTP injection (data not shown). The most striking changes ob-
served consisted of a drastic reduction of REM sleep (3.9 % 4.6% vs
21.9 = 1.0%, p < 0.01), with large variations between animals (loss
ranging from 32% to 99%), a decrease of 15% in TST and of 48% in
SWS stage, and an increase in sleep fragmentation.

After stabilization of PD symptoms, thus 1-2 months after the
last MPTP injection, sleep parameters were modified both quan-
titatively (Table 1) and qualitatively (Figs. 2, 3, and 4) compared
with baseline. Episodes of sleepiness occurred in daytime (from
1.6 = 1.0% of light NREM sleep to 12.8 £ 2.5% of the 12 daytime
hours, p < 0.001), appearing less frequently in the less disabled
macaques. During the night, MPTP-treated monkeys exhibited
decreased sleep efficiency (from 83.2 == 2.0% to 58.9 = 3.5%, p <
0.001), and increased sleep fragmentation, as assessed by the in-
crease in the number of stage transitions and of awakenings (Fig.
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Figure3. Examplesof hypnograms of 24 h recordings in Macaque 3 at baseline (CTL), 1 month after MPTP intoxication, after 1 week of --dopa treatment, and 3 weeks after subsequent PPN lesion.

MPTP intoxication induced sleep episodes during the day and the impairment of sleep organization with marked sleep fragmentation and awakenings during the night. .-Dopa had a beneficial effect
on daytime and nighttime sleep. A subsequent PPN lesion resulted in a better sleep quality 3 weeks after the lesion than after MPTP intoxication alone.

4C). The time spent in SWS and in REM sleep was reduced (from
23.8 = 3.0% to 12.2 * 2.8% of the TST, p < 0.001; and from
21.9 £ 1.0%to0 16.8 * 1.5% of the TST for REM sleep, p < 0.001).
REM sleep latency increased from 50 + 10 min to 105 * 10 min
(p < 0.05) (Fig. 44).

L-Dopa given at a therapeutic dose (20 mg/kg twice daily) and
after habituation over 8—12 d of treatment alleviated the motor
symptoms during 3—4 h after treatment and induced in parallel a
significant sleep improvement (Fig. 3). Daytime sleepiness was
reduced from 12.8 £ 2.5% before L-dopa to 4.8 = 1.6% of the
12 h (p < 0.01) (Table 1). L-Dopa treatment induced slight but
significant effects in the number of stage transitions and awaken-
ings, the relative time awake, WASO, TST, and REM sleep time
(p <0.05) (Fig. 4A—C), the effects being more pronounced in the
most severely disabled macaque. Improvement was also observed
for NREM sleep, but the effect was not statistically significant.

Effects of MPTP intoxication and then of L-dopa treatment on
muscle tone and movements during sleep

Muscle tone increased during nighttime and daytime sleep after
MPTP intoxication (Figs. 2B and 5). This increase developed
progressively during the first month after the last MPTP injection
and then decreased slightly after stabilization of symptoms but
never disappeared. It was characterized by the occurrence of
high-amplitude EMG bouts during REM and NREM sleep. REM
with muscle tone during >50% of an epoch occupied 17 * 2% of
the REM sleep time (which was never observed during the con-
trol state). Abnormal epochs containing rapid eye movements
during light NREM sleep (indicative of a dissociate stage between
NREM and REM sleep) were observed during 7 = 2% of light
NREM sleep. They most often occurred before the onset of REM
sleep episodes (Figs. 2B, top, and 5).

MPTP also increased the number of movements and the num-
ber of awakenings during sleep. Loss of balance during sleep was
observed, which sometimes led monkeys to sleep lying on the
floor (which never happened in the control state), and even to fall
from their nest. Although falls were observed in one animal on
awakening from REM sleep, no abnormal movements or behav-
iors could be detected during REM sleep. Enhanced muscle tone
during REM sleep and an increased number of movements were
obvious 1 month after stabilization of parkinsonian symptoms
and were slightly decreased but still visible up to 6 months
after MPTP intoxication. Daytime L-dopa treatment tended to
restore normal sleep-related hypotonia during both nighttime
and daytime sleep (Fig. 5), but this finding was not statistically
significant.

Effects of PPN lesion on sleep architecture

A PPN lesion was performed unilaterally in three MPTP-treated
macaques. Quantitative assessment revealed a loss of 17% of
NADPH * neurons in the first macaque, 27% in the second, and
26% in the third compared with 5 control animals (Fig. 6A). The
loss of noncholinergic neurons in the PPN was 5%, 15%, and 7%,
respectively, and in the adjacent cuneiform nucleus was 5%, 11%,
and 10%, respectively. These lesions impaired gait and worsened
postural parameters, beginning 2 d after the lesion and being
maximal 4-7 d after the lesion. When axial motor symptoms
were maximal, muscle tone of limbs was markedly decreased on
the side contralateral to the lesion but increased on the side ipsi-
lateral, as previously described (Grabli et al., 2013).

Sleep was evaluated without L-dopa medication. We observed
an increase in sleep fragmentation compared with the MPTP
state (data not shown) and in nighttime wake, and a decrease in
sleep efficiency, SWS, and REM sleep (Fig. 6B). Moreover, PPN
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t-dopa treatment.

lesion induced & wave activity occurring during wake time in the
three animals (Fig. 2C), as assessed on videotapes. These sleep
disorders progressively improved from 1 to 3 weeks after PPN
lesion (Fig. 3), similarly to the partial recovery from gait disor-
ders. Three weeks after PPN lesion, all sleep parameters had re-
turned to values before the PPN lesion, with a slight increase in
sleep efficiency, and a decrease of awakenings during the night.
However, the most severely disabled macaque was still unable to
sleep in his usual sitting position, which most likely interfered
with the sleep—wake cycle. Because of severe disequilibrium and
falls, he was killed 3 weeks after PPN lesion. A second PPN lesion
was performed contralaterally in one of the two other macaques.
This second lesion induced a statistically significant and specific
loss of 77% of NADPH ¥ neurons compared with control ani-
mals, accompanied by a negligible 2%—-3% loss of noncholinergic

Ml rReEM
Osws
Os1-2

Sleep disorders after MPTP intoxication and partial improvement after L-dopa treatment. A, Comparison of the
contribution of REM, Stages Tand 2 and SWS, expressed as a percentage of the total sleep period in the 4 macaques in the control
state (CTL), after MPTP intoxication, and after L-dopa treatment. B, Histograms showing increase in duration of WASO, reduction
of sleep efficiency (ratio of total sleep time to the 12 h of nighttime), and development of daytime sleepiness (expressed as
percentage of time spent asleep during the 12 h of daytime), and their improvement after 1-dopa treatment. C, Transitions
between wake, NREM, and REM periods. The mean number of transitions is given and is represented by the thickness of the arrows.
The number of transitions between wake and NREM stages was increased after MPTP intoxication and improved slightly after
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neurons in the PPN and in the cuneiform
nucleus. A slight, transient decrease in
REM sleep and SWS was observed a week
after the lesion, without 6 wave activity
during wake time. Again, the animal slept
slightly better 3 weeks after the second
PPN lesion than after MPTP intoxication,
with a slight increase in sleep efficiency,
and a decrease of awakenings during the
night (Fig. 6B).

Discussion
In this study, we showed that L-dopa
treatment improved sleep disturbances
induced by MPTP intoxication in ma-
caques. Further cholinergic PPN lesion
enhanced sleep quality. To our knowl-
edge, this is the first longitudinal study in
which sleep parameters were analyzed in
the same monkey during the control state,
after MPTP intoxication, under L-dopa
treatment, and after PPN lesion. Because
normal sleep architecture may vary across
subjects, this experimental approach al-
lows a precise description of the patholog-
ical state compared with the control state.
At baseline, nocturnal sleep parame-
ters in the adult macaques of the present
study were similar to those already de-
6 scribed (Hsieh et al., 2008; Barraud et al.,
13 2009). The first MPTP injection induced a
dramatic decrease in SWS and REM sleep,
as previously reported (Barraud et al.,
2009). These symptoms increased after
the stabilization of parkinsonian symp-
toms but without returning to the base-
line score. On the whole, reduced sleep
efficiency as well as a marked increase in
insomnia and the number of nocturnal
awakenings were observed. All these sleep
disturbances were similar to those re-
ported in MPTP-treated macaques (Almi-
rall et al,, 1999; Barraud et al., 2009;
Hyacinthe et al., 2014) and in patients
with advanced PD (Wailke et al., 2011;
Yong et al., 2011), whereas sleep is not
altered in de novo patients (Brunner et al.,
2002; Kaynak et al., 2005). Our MPTP-
treated macaques were markedly disabled
and displayed a severe DA neuronal loss in the substantia nigra
and a much smaller but significant DA degeneration in the ven-
tral tegmental area as previously reported (Mounayar et al.,
2007), and are therefore reminiscent of advanced PD. In addi-
tion, because a robust increase in the firing rate of DA neurons of
the ventral tegmental area occurs during REM sleep (Dahan etal.,
2007), the DA lesion in our MPTP-treated monkeys might ac-
count for the reduction of REM sleep, supporting the involve-
ment of the DA system in the regulation of the sleep—wake cycle.
Although most of the sleep disorders in our parkinsonian ma-
caques were similar to those described in parkinsonian patients,
one element lacking was REM sleep behavior disorder (RBD).
Indeed, the only movements observed during REM sleep were
falls or awakenings; no abnormal behavior or violent movement

Daytime sleep

*k%k

*%
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Examples of EMGrecordings during the 12 h of nighttime sleep, at baseline (CTL) (firstline), after MPTP intoxication (second line), and after L-dopa treatmentin Macaque 2. The increase

in muscle tone and in the number of movements that developed in the MPTP state was slightly improved after L-dopa treatment.

was observed, despite the fact that muscle tone was enhanced.
The neuronal origin of RBD in PD might be a dysfunction of the
subcoeruleus nucleus because it was reported to control atonia
during REM sleep (Boeve et al., 2007), and to display a significant
decrease in signal intensity on magnetic resonance images ob-
tained in PD patients with RBD (Garcia-Lorenzo et al., 2013).
Therefore, the lack of RBD in our parkinsonian macaques might
be the result of the absence oflesion within the locus coeruleus, as
we and others observed (Herrero et al., 1993a). Moreover, the
increased muscle tone during REM sleep in our MPTP-treated
macaques may be equivalent to REM sleep without atonia in
patients with PD (Gagnon et al., 2002; Arnulf, 2012). Similarly,
Verhave et al. (2011) reported an enhancement of muscle tone
during REM sleep in MPTP-treated marmosets, but no increase
in phasic muscle tone (twitching) and no abnormal behavior.
Together, these results suggest that DA deficiency increases tonic
muscle activity during REM sleep (loss of atonia) but does not
affect either the phasic or behavioral components during this
sleep state.

Our results in MPTP-treated macaques show that L-dopa
treatment not only decreased the number of movements and
nocturnal awakenings but also had a beneficial effect on sleep
architecture. L-Dopa was also found to be effective in patients
with advanced PD for treating nighttime bradykinesia during
awakenings but had no impact on the otherwise altered sleep
structure and even induced a trend toward decreased total sleep
period (Wailke et al., 2011). Several reasons may explain this
discrepancy. First, all our animals were young and were treated
with L-dopa twice a day for 8—12 d. In contrast, L-dopa is admin-
istered in middle-aged patients and for years. Thus, age effects
and pharmacokinetics might be different in the patients and our
monkeys. It is thus possible that L-dopa was still bioavailable at
night ata dose sufficiently low to induce beneficial effects on sleep
architecture in our animals, whereas the dosage has to be suitably
adapted to the dopaminergic deficiency in each individual pa-

tient. Second, sleep recordings under L-dopa treatment in our
macaques were directly compared with those obtained after
MPTP intoxication and before any L-dopa medication. These
conditions are impossible to reproduce in PD patients because
sleep recordings under L-dopa are compared with those obtained
after withdrawal of levodopa for no more than 24 h. It is also
possible that the existence of non-DA lesions in PD limits the
positive effect of L-dopa medication.

All our MPTP-treated macaques displayed an increase in day-
time sleepiness, as also reported previously (Rye, 2010). Such
symptoms cannot be solely a consequence of DA treatment be-
cause they were observed in the absence of L-dopa in MPTP-
treated macaques and they often precede PD by several years in
patients (Abbott et al., 2005). Daytime sleepiness would rather be
an early marker of DA loss in humans and the first consequence
of DA deficiency (Arnulf et al., 2002). The fact that daytime sleep
was increased with motor disability and was decreased by L-dopa
treatment further supports a direct role of dopamine in stimulat-
ing arousal systems. This is consistent with previous findings that
high levels of levodopa were associated with increased alertness in
parkinsonian patients (Arnulf et al., 2002; Bliwise et al., 2012).
This raises the hypothesis that DA deficiency plays a role in the
physiopathology of excessive daytime sleepiness. However, it
should be kept in mind that patients with a higher levodopa
equivalent dosage have a more advanced-stage disease.

A PPN lesion in our MPTP-treated macaques without L-dopa
medication induced acute, transient, sleep disturbances, which
were more severe in the most disabled macaque. These acute
disturbances may be explained by postural deficits that resulted
from PPN lesion and most likely interfered with the sleep—wake
cycle. A temporary induction of 8 wave activity during wake time
resulted from PPN lesion in our MPTP-treated macaques, as
already reported after destruction of the reticular formation in
cats (Denoyer et al., 1991) or after administration of an anticho-
linergic compound (Longo, 1956). This reinforces the hypothesis
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Effect of PPN lesion on sleep in three MPTP-treated macaques. A, Photomicrographs of PPN sections labeled for NADPH histochemistry, showing the toxin injection site into the PPN

(arrow) in the left (L) side of Macaque 2 and in both sides of Macaque 3 compared with the right (R) unlesioned side of Macaque 2. B, Left, NADPH * neurons (blue) were mapped in two lesioned
animals. Each dot represents an NADPH ™ neuron. Right, Quantification of the total number of NADPH * neurons in the PPN showing the neuronal loss for unilaterally lesioned macaques (Macaques
2and 4), and for bilaterally lesioned macaque (Macaque 3). C, Values of relevant sleep parameters in the three macaques 1-3 weeks after PPN lesion compared with control (CTL) and MPTP values.
Note a decrease of sleep efficiency, REM sleep and SWS, and an increase of nighttime awakenings (wake). These disorders were much more severe in Macaque 2 than in Macaques 3 and 4. These
parameters progressively returned to values observed after MPTP treatment, except for Macaque 2, which was therefore killed 3 weeks after PPN lesion. Scale bar: 4, 1 mm.

that the cholinergic activation of the cortex, by the PPN projec-
tions to the thalamocortical pathway, results in a suppression of
slow & waves and induction of cortical arousal.

The fact that sleep disturbances progressively returned to values
observed before the PPN lesion, at least in the less severely parkinso-
nian animals, suggests that compensatory processes had occurred.
Transient effects of PPN lesions on REM sleep have also been re-
ported in cats (Webster and Jones, 1988). Postlesion compensatory
mechanisms are still poorly understood, but they may involve the
remaining cholinergic neurons of the PPN or of the adjacent lat-
erodorsal tegmental nucleus. Noradrenergic neurons of the locus
coeruleus and the serotoninergic neurons of the raphe nucleus,

which both participate in sleep regulation, also degenerate in parkin-
sonian patients. The remaining neurons may also take over to com-
pensate for the loss of cholinergic PPN neurons. Thus, the lack of
changes in sleep, and in particular in REM sleep, 3 weeks after PPN
lesion in our MPTP-intoxicated macaques, as reported in normal
cats 2 weeks after discrete PPN lesion (Shouse and Siegel, 1992),
suggests that other systems involved in sleep control were spared.
One of the main findings of our study is that PPN lesion
slightly improved sleep quality after 3 weeks. This is reminiscent
of our previous observations that PPN lesion improved motor
symptoms in MPTP-treated macaques (Grabli et al., 2013). It is
possible that PPN lesion results in a reduction of its excitatory
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outputs to the subthalamic nucleus, which is overactive in PD.
Indeed, a reversal of subthalamic nucleus hyperactivity has also
been reported after PPN lesion in a 6-hydroxydopamine rat
model (Breit et al., 2006). This would suggest that improvement
of sleep quality after PPN lesion is a consequence of a reduction in
nighttime bradykinesia. In this context, recent clinical data ob-
tained in parkinsonian patients who were implanted with elec-
trodes for deep-brain stimulation of the PPN to treat severe gait
disorders indicate that sleep was strongly modified by PPN stim-
ulation. Whereas high-frequency PPN stimulation induced
NREM sleep, low-frequency stimulation increased alertness dur-
ing the daytime and produced a long-term improvement of
nighttime sleep (Arnulf et al., 2010; Peppe et al., 2012). It is dif-
ficult to compare these data with those obtained in MPTP-treated
macaques after PPN lesion. However, our data suggest that the
effects obtained in patients are the result of stimulation of both
cholinergic and noncholinergic neuronal populations. Addi-
tional experiments are needed to determine the neuronal circuits
that mediate parkinsonian sleep disorders.

In conclusion, combining DA and PPN lesions in macaques
allowed us to characterize sleep disorders in a model of advanced
PD. Using this approach, we demonstrated an improvement of
sleep quality after L-dopa therapy and the involvement of the
PPN in the regulation of the sleep/wake cycle.
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